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A number of ampicillin-resistant strains of Haemophilus influenzae could
donate a gene specifying the type Illa (TEM) B-lactamase to Haemophilus
parainfluenzae, Escherichia coli, and Pseudomonas aeruginosa. Donor strains
rapidly lost their ability to transfer ampicillin resistance on storage or subcul-
ture. Such strains also apparently contained a single species of covalently closed
circular deoxyribonucleic acid of contour length 1.2 um, equivalent to about 2.5
x 10° daltons. No species of plasmid deoxyribonucleic acid large enough to
encode sex factor activity was detected. Despite this, transfer occurred to several
bacterial genera in the presence of deoxyribonuclease, suggesting that transmis-
sibility was by conjugation. The 8-lactamase gene was generally unstable after
transfer and was lost in the absence of selection. Where stable transcipients
were found, this was evidently by insertion of the 8-lactamase gene into the host
chromosome. In P. aeruginosa insertion was always accompanied by induction
of auxotrophy for adenine, suggesting insertion at a specific site. It is believed
that insertion also occurred at one site on the chromosome of Escherichia coli.
Crypticity measurements for B-lactamase activity showed that there was little
or no penetration barrier to -lactam drugs in Haemophilus. This may explain

the long delay in the acquisition of ampicillin resistance by this organism.

Ampicillin-resistant strains of Haemophilus
influenzae have become increasingly common
in recent years, thus contradicting the previ-
ously held assumption that the H. influenzae
population was uniformly susceptible to this
antibiotic. Resistance in all cases so far exam-
ined (8, 9, 15, 18, 25, 27) is due to the acquisition
by H. influenzae of a gene specifying the TEM
or type IIla B-lactamase (22). This gene can
form part of the translocatable genetic element
transposon A (TnA) (11, 12), which is borne on
a range of physically and genetically distinct
plasmids found in a variety of bacterial species
(13).

Transferable kanamycin resistance has been
reported in H. influenzae (6). Furthermore,
transfer of ampicillin resistance between
strains of this organism, but not to Escherichia
coli, has also been described by Thorne and
Farrar (26). We report the transfer of a gene
specifying the type IIla B-lactamase from ampi-
cillin-resistant strains of H. influenzae to H.
parainfluenzae, E. coli, and Pseudomonas
aeruginosa. The behavior and expression of
this gene in these bacterial species is described
together with possible implications for the

! Present address: Department of Microbiology, Univer-
sity of Liverpool, P.O. Box 147, Liverpool L69 3BX, U.K.

spread of drug resistance to previously suscepti-
ble strains of Haemophilus.

MATERIALS AND METHODS

[2-°*H]adenine was obtained from the Radiochemi-
cal Centre, Amersham; pancreatic deoxyribonucle-
ase (DNAse) I was from Sigma Chemical Co., Lon-
don. All other materials have been described previ-
ously (3, 10, 25).

Bacterial strains used. See Table 1.

Growth and storage of bacteria. All organisms
were grown in brain heart infusion (Difco), supple-
mented with 5% (vol/vol) Fildes peptic digest (Ox-
oid) for the growth of Haemophilus organisms
(BHF). Stock cultures were subcultured in BHF im-
mediately on receipt and stored at —70°C. Where
required, liquid medium was solidified by the incor-
poration of 1.2% (wt/vol) agar (Difco). Haemophilus
strains were generally grown in an atmosphere sup-
plemented with 5 to 10% CO,. Where required, anti-
biotics were incorporated at the following concentra-
tions: ampicillin, 20 wg/ml; carbenicillin, 500 ug/ml;
rifampin, 100 ug/ml; streptomycin, 500 uwg/ml; and
tetracycline, 100 ug/ml.

Detection of B-lactamase. B-Lactamase-produc-
ing strains of E. coli and P. aeruginosa were de-
tected by spotting the chromogenic cephalosporin
87/312 on colonies growing on solid media. Forma-
tion of a red color indicated the presence of a B-
lactamase.

Suspensions of H. influenzae were prepared by
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TaBLE 1. Bacterial strains used®

Species Designation Genetic markers Origin
Haemophilus influenzae 23142 amp* C. Thornsberry
2486 amp® P. Cavanagh
H. parainfluenzae 28366 P. Cavanagh
Escherichia coli w3110 Ref. 10
W3110 (R2486) W3110 x 2486 This paper
UB1139 (pUB306) thy™ leu™ met™ nal* Ref. 3 and 5
RP1 —ampicillin susceptible P. M. Bennett
J5-3 (pUB307) pro~ met™ nal®
RP1-—-TnA deleted
Pseudomonas aeruginosa Ps18 rifT Ref. 10
PAOS str’ met™ ilv- V. Stanisich
Ps18 (R23142) rif* amp® (Ps18 x 23142) This paper

¢ Abbreviations: amp®, nal, rif*, str*, resistance to ampicillin, nalidixic acid, rifampcin, and streptomy-
cin, respectively. RP1 specifies resistance to ampicillin, tetracycline, and neomycin/kanamycin.

picking several colonies of the test organism from a
fresh overnight culture and emulsifying in physio-
logical saline (0.5 ml). Samples (50 ul) of the cell
suspensions were distributed into the wells of a
Cooke microtiter plate that contained 50 ul of an
aqueous solution of 87/312 (500 g/ml in 0.1 M phos-
phate buffer, pH 7.0). A color change from yellow to
red indicated the presence of B-lactamase.

Preparation of enzymes. Enzymes were prepared
as described in reference 25.

B-Lactamase assays. All assays were performed
iodometrically by the method of Perret (20) as modi-
fied by Novick (19). Ampicillin was used as sub-
strate at a concentration of 6 mM, and assays were
performed at pH 7.0 and 37°C. Enzyme units are
defined as micromoles of substrate hydrolyzed per
minute.

Crypticity measurements. These were deter-
mined by incubation of ampicillin with washed cells
of the relevant organism (i) intact and (ii) sonicated
(for 3 min at 37°C). Estimation of the amount of
substrate destroyed in each instance gives a mea-
sure of the available B-lactamase activity. Cryptic-
ity = (specific enzyme activity of broken cells)/(spe-
cific enzyme activity of whole cells).

Genetic transfer. Exponential-phase cultures of
donor strains were mixed 1:10 with recipient strains,
and incubation continued at 37°C without shaking
for 4 h. In some cases, pancreatic DNase I was
included in the mating mixture at a concentration of
20 pg/ml. Mating mixtures were Vortex-mixed at
the end of the mating period, and dilutions were
plated on appropriately supplemented agar.

Elimination of drug resistance. Organisms were
grown in the presence of ethidium bromide (2 ug/ml)
for 18 h at 37°C. Dilutions of the culture were then
plated on drug-free BHF medium and incubated for
18 h at 37°C. Suitable plates were then replicated
onto similar medium containing ampicillin.

Isolation of plasmid deoxyribonucleic acid
(DNA). P. aeruginosa Psal8 (R23142) was labeled
with [*H]adenine (5 wuCi/ml; 5 ug/ml). All other
bacteria were labeled with [*H]thymidine, lysed,

TaBLE 2. Transfer of type Illa B-lactamase gene
from Haemophilus influenzae

Transfer frequency®

Donor Recipient In ab- In pres-
sence of  ence of

DNase DNase

H. influenzae H. parainflu- 1x10% 3x10°¢
23142 enzae 8 x10° 7 x10°°
E. coli W3110 3 x10° 2x10°°

P. aeruginosa
Ps18

2 Transfer frequencies were determined by dividing the
number of ampicillin-resistant recipients present at the end
of the mating by the number of donor cells present at the
beginning of mating.

and analyzed by ethidium bromide-CsCl gradient
centrifugation as described previously (10).

Electron microscopy of DNA. Preparations of
plasmid DNA were examined by electron micros-
copy as described in reference 3.

RESULTS

Transferability of ampicillin resistance
from H. influenzae. All ampicillin-resistant
strains of H. influenzae examined here contain
a type Illa B-lactamase (25). Because the gene
specifying this enzyme is commonly found on R
factors (22), attempts were made to transfer
ampicillin resistance to other bacteria. The
strains used could indeed transfer resistance to
a variety of organisms (Table 2). Donor ability,
but not resistance, declined rapidly on storage
or subculture. However, strains that had ap-
parently lost their ability to transfer directly to
E. coli could do so indirectly if an intermediate
H. influenzae donor strain was used in a tripar-
ental cross. To eliminate the possibility of gene
transfer by transformation, matings were re-
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peated in the presence of DNase (Table 2). No
appreciable difference in transfer rate could be
determined in the presence or absence of
DNase.

The B-lactamase gene was highly unstable
when transferred to H. parainfluenzae. The
presence of the gene could, however, be de-
tected readily in unstable recipient strains by
the analytical isoelectric-focusing technique as
previously described (25). Direct transfers from
H. influenzae to E. coli were again character-
ized by instability of the B-lactamase gene.
However, transfers either directly to P. aerugi-
nosa or by triparental matings to E. coli always
resulted in stable transcipients. In all cases,
furthermore, the g-lactamase gene was not fur-
ther transferable from such stable transcipients
to other strains.

Properties of extrachromosomal DNA in
strains carrying the B-lactamase gene. All
strains of H. influenzae used that were capable
of acting as donors of the B-lactamase gene
contained covalently closed circular DNA
amounting to about 2% of the chromosomal
DNA as judged by ethidium bromide-CsCl gra-
dient centrifugation (Fig. 1). Donor strains of
H. influenzae could be cured of ampicillin re-
sistance by growth in medium containing
ethidium bromide (Table 3). Cured strains con-
tained no extrachromosomal DNA (e.g., Fig.
1). Concomitant loss of this DNA and resistance
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Fic. 1. Ethidium bromide-CsCl density gradient
centrifugation of DNA from strains of H. influenzae.
Radioactive cultures were lysed and analyzed sepa-
rately on ethidium bromide-cell gradients. Symbols:
(®) DNA from strain 2486 (ampicillin resistant);
(O) DNA from strain UB 2824 (ampicillin-suscepti-
ble variant of 2486). Note the change of scale be-
tween fractions 20 and 21 in each case.
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shows that the B-lactamase gene is plasmid
linked. Circular DNA in donor strains had a
contour length of about 1.2 = 0.02 um, equiva-
lent to a molecular weight of about 2.5 Mdal
(17) (Fig. 2). No larger plasmid DNA molecules
were detected in any donor strain. In addition,
transcipients from crosses either to E. coli or P.
aeruginosa that had received the g-lactamase
gene contained no detectable extrachromo-
somal DNA.

Properties of strains of E. coli and P.
aeruginosa receiving the B-lactamase gene.
All strains of P. aeruginosa tested (30 clones
from three separate matings) that had received
the B-lactamase gene from H. influenzae were
found to have become auxotrophic for adenine.
Since these strains contain no extrachromo-
somal DNA (see above), this is probably due to
insertion of the B-lactamase gene into the chro-
mosomes of P. aeruginosa, causing disruption
of one of the two loci known for adenine produc-
tion in this organism (14). Detailed mapping of
the site of insertion was precluded because the
strains of P. aeruginosa used would not receive
the Pseudomonas sex factor FP2 (J. R. Saun-
ders, unpublished data).

No equivalent induction of auxotrophic mu-
tations was observed in E. coli strains that had
received the B-lactamase gene from H. influ-
enzae. However, preliminary mapping experi-
ments place the site of insertion of the B-lacta-
mase gene close to trp on the chromosome of E.
coli (J. R. Saunders, unpublished data).

Attempts were made to mobilize the TEM g-
lactamase gene from the insertion site in the
chromosomes of these two organisms. This was
done by infecting such strains with derivatives
of the R factor RP1 that no longer specify -
lactamase. These were pUB 306, a derivative of
RP1 that contains point mutations both in the
type IIla B-lactamase gene and in the gene
specifying intrinsic resistance to penicillins (5;
N. Curtis, personal communication), and pUB
307, a variant of RP1 in which the whole of
TnA, and hence the B-lactamase gene, has been
deleted (23). Strains of P. aeruginosa and E.
coli were maintained for about 20 generations
in the absence of drug selection and then tested
for transfer ability. Neither R factor was able to
mobilize the inserted B-lactamase gene (Table

TaBLE 3. Curing of ampicillin resistance from
Haemophilus influenzae

Strain Total colonies  Ampicillin-suscepti-

tested ble colonies
23142 690 5
2486 403 4




342 SAUNDERS AND SYKES

"
g #%Y Mﬂ;’;;,l
O Lot K

e b B T ST 5k
£ o rea S S g A
$en 2 A o
ey e W e
N s B

e

3

ANTIMICROB. AGENTS CHEMOTHER.

','—v l.‘"'..‘,':" % .
e e o 4

Fic. 2. Electron micrograph of extrachromosomal DNA from H. influenzae 2486. Bar represents 0.1 um.

4) in either species, although the R factors were
evidently capable of transferring themselves.
Furthermore, the presence of either R factor did
not promote the reversion of P. aeruginosa to
adenine prototrophy.

B-Lactamase production and crypticity val-
ues. Both donor and transcipient strains pro-
duced similar levels of cell-free B-lactamase
(Table 5), as did ampicillin-resistant strains
that had lost transfer ability (data not shown).
However, hydrolysis of ampicillin by whole-cell
preparations varied markedly. Whole-cell cul-
tures of the Haemophilus strains hydrolyzed
ampicillin at a similar rate to the cell-free
extracts. In the case of the E. coli and Pseu-
domonas transcipients, whole-cell cultures
were much less efficient at hydrolyzing the sub-
strate than their corresponding cell-free en-
zyme preparations (Table 5).

DISCUSSION

We have demonstrated that the ampicillin
resistance found in the H. influenzae strains
studied here is plasmid linked. Resistance is
due to the type Illa B-lactamase and is specified
by an extrachromosomal element of about 2.5
Mdal. We proposed to call this plasmid pUB702.
Assuming that the.amount of covalently closed
circular DNA present in resistant strains
(about 2% of the chromosomal DNA) represents

TABLE 4. Transfer of inserted B-lactamase gene by
derivatives of RP1 ®

Transfer frequency *

Plas- . .
mid ~ Selection on: as;"g’;‘n’: - FromE. coli
Ps18 R23142 W3110 (2486)
pUB306 Tetracycline 3 x 104 5% 107
(100 pg/ml)
Carbenicillin <10~ <10~
(500 ng/ml)
pUB307 Tetracycline 1x 10°* 3 x 104
(100 pg/ml)
Carbenicillin <1071 <5 x 10~

(500 pg/ml)

@ The recipient in all cases was P. aeruginosa PAOS8, and
counterselection was by streptomycin (500 pg/ml).

TABLE 5. B-Lactamase activity of cell-free
preparations and crypticity values

Enzyme

Organism units/mg of Crz:;:::ty
protein
Haemophilus influenzae 0.03 1
2486
Escherichia coli W3110 0.035 30
(R2486)
H. influenzae 23142 0.03 1
Pseudomonas aeruginosa 0.03 40

(R23142)
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the lower limit of plasmid DNA and that the
molecular weight of the H. influenzae chromo-
some is 1.7 x 10° (7), then this plasmid is pres-
ent at about 14 copies per chromosome equiva-
lent. The molecular properties of pUB702 are
closely similar to those of the smaller (3 Mdal)
of two plasmid species, named RSF0885, iso-
lated by Falkow and co-workers (7, 8) from a
series of ampicillin-resistant H. influenzae.
Our strains were capable of donating the TEM
B-lactamase gene to other bacteria even in the
presence of DNase, thus eliminating transfor-
mation as the mechanism of transfer. The abil-
ity to transfer to such widely differing orga-
nisms as H. parainfluenzae, E. coli, and P.
aeruginosa tends also to rule out transduction.
It seems more likely that transfer was by conju-
gation. It is therefore surprising that no plas-
mid species large enough to encode sex factor
activity were found. This may be because such
strains contained a sex factor not detected by
the methods used, or alternatively lost from the
cells relatively rapidly. Support for the latter
explanation comes from the observation that
donor ability but not B-lactamase production
was lost rapidly. Transfer of resistance could
therefore have occurred via a plasmid coaggre-
gate (4) or class Il transfer system (1), involving
an unstable sex factor. An alternative explana-
tion that we cannot rule out is that the donor
strains originally contained pUB702 plus an-
other unstable self-transmissible plasmid
carrying an identical B-lactamase gene.
Although the TEM B-lactamase gene could
be easily transferred to other bacterial species,
it was generally unstable in H. parainfluenzae
and E. coli. Similarly, Elwell et al. (8) found
that RSF 0885 was unstable when transformed
into E. coli. Despite this general instability, we
could find stable transcipients especially in P.
aeruginosa, where all such strains ‘were highly
stable. Stability was evidently due to insertion
at specific sites in the chromosomes of P.
aeruginosa and E. coli. This is in line with the
transposable nature of the gene specifying the
TEM B-lactamase (3, 11, 12). Generally, trans-
posons can be repeatedly translocated to other
genomes (11, 12). This was not the case with the
inserted B-lactamase gene studied here, which
could not be mobilized by R factors known to
accept TnA. De Graaff et al. (7) have shown
that the RSF 0885 contains only about one-third
of the base sequences found in TnA. Assuming
that pUB702 and RSF 0885 are closely similar,
insertion of the B-lactamase gene into the ge-
nomes of these two bacterial species may there-
fore have been by normal recombination with
pUBT702 rather than by transposition per se.
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The induction of auxotrophic mutations in P.
aeruginosa by insertion of the p-lactamase
gene from Haemophilus is nevertheless consist-
ent with the ability of transposons to cause
insertion mutations (12, 16). It is perhaps sur-
prising that there is apparently one (possibly
two) site for insertion of the gene in P. aerugi-
nosa at ade. This suggests relatively limited
homology between the gene and the host chro-
mosome. Similarly, in E. coli the gene has
apparently inserted near trp, close to the site
reported for TnA in E. coli (3, 21). TnC, which
specifies linked resistance to streptomycin and
trimethoprim, also apparently integrates at a
single site on the chromosome of E. coli (2).

The ability of the gene specifying TEM B-
lactamase to migrate between DNA molecules
is well known. This has many implications for
the spread of resistance to B-lactam antibiotics
to different bacterial species. Because ampicil-
lin resistance has only recently emerged in the
population of H. influenzae, it seems likely that
this species has acquired the TEM g-lactamase
by contact with members of the Enterobacteria-
ceae. The molecular properties of R plasmids
specifying either ampicillin or tetracycline re-
sistance in Haemophilus sp. do not, however,
coincide in gross terms with those of any known
plasmids found in enteric organisms (7, 8; J. R.
Saunders, M. H. Richmond, L. P. Elwell, and
S. Falkow, manuscript in preparation). It is
possible that the TEM B-lactamase, and other
resistance genes, have been deposited in H.
influenzae by transient passage of an R factor
itself incapable of survival in this species.
Transposition of the resistance genes to exist-
ing replicons in Haemophilus has therefore
probably resulted in stable acquisition of these
genes but not their initial vectors. The reverse
of this process, that is, transfer of the B-lacta-
mase gene from H. influenzae to E. coli and P.
aeruginosa without concomitant retention of
transfer ability, is shown in this paper.

The TEM B-lactamase confers low levels of
resistance to ampicillin in H. influenzae rela-
tive to other bacteria. Moreover, crypticity val-
ues for B-lactam antibiotics are extremely low
in this organism (18; this paper). It is known in
gram-negative bacteria that resistance to these
antibiotics depends not only on the possession
of a B-lactamase, but also on the penetration
barrier afforded by the outer membrane (22,
24). The virtual absence of such a barrier in H.
influenzae would reduce the effectiveness of the
TEM B-lactamase in protecting the organism.
Hence the relatively long delay in acquisition of
ampicillin resistance could be due both to the
likelihood of successful transfer after contact
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with a resistant enteric organism and to the
' poor selective advantage conferred by the en-
zyme in Haemophilus.
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