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FIG. 1. Structures of the plasmids pBT1010 and pBT107. Arrows indicate the approximate extent and
direction of transcription of the regions that encode resistance to ampicillin (Ap"), neomycin (Nm"), and
tetracycline (Tc"). Tnl0 sequences are shown as thick lines, except the 1S10 sequences of pBT1010, which are

shown as open boxes (15).

spotted (0.003 ml) on TYE agar plates containing
various concentrations of tetracycline or anhydrote-
tracycline. The LB broth and TYE agar contained 100
wg of ampicillin per ml; omission of ampicillin from the
TYE agar had no effect on the MICs for tetracycline.
Plates were incubated for 18 to 20 h at 37°C, and the
least amount of drug that caused inhibition of conflu-
ent growth was taken as the MIC. A slight haze or a
few individual colonies was ignored. The exposure of
cultures to inducing levels of tetracycline before plat-
ing appeared to have little effect on the MICs deter-
mined by this method.

The low solubility of anhydrotetracycline (0.5 mg/ml
in ethanol) poses a problem for MIC determinations
with relatively resistant strains. Significant amounts of
ethanol were added to the medium to obtain high
anhydrotetracycline concentrations; however, the eth-
anol added to plates containing up to 22 g of anhydro-
tetracycline per ml did not, by itself, inhibit growth.

B-Galactosidase assays. tetA-lacZ fusion strains
were incubated at 32°C in TYE broth containing 100
wg of ampicillin per ml. Single colonies were inoculat-
ed into 5 ml of medium and incubated overnight. These
cultures were diluted 1:50 into fresh medium and
incubated until the optical density at 550 nm reached
0.3 to 0.6. Cultures to be induced contained the
indicated amounts of tetracycline or anhydrotetracy-
cline during both the pregrowth and subculturing
steps. B-Galactosidase activities were determined as
described by Miller (25).

Minicell analysis. Plasmids pBT1010 and pBT107
were introduced into the minicell-producing strain
P678-54 (1), and minicells were prepared essentially as
described by Roozen et al. (27). Washed minicells
were suspended in labeling medium consisting of 25%
(vol/vol) methionine assay medium (Difco) in M9
minimal salts (25) and then incubated at 37°C for 30
min. Cycloserine (Sigma) was added to 200 png/ml, and
the minicells were incubated for an additional 30 min.
For labeling, [**S]methionine (600 to 1,400 Ci/mmol;
Amersham Corp., Arlington Heights, Ill.) was added

to 10 to 20 pCi/ml, and the minicell suspension was
incubated for 15 min. Samples to be induced received
either 1 pg of tetracycline per ml or 1 pg of anhydrotet-
racycline per ml immediately before the addition of the
[>*SImethionine. Labeled minicells were washed in M9
minimal salts and stored at —20°C. Samples for elec-
trophoresis were prepared as described by Lane (19);
the minicell pellets were suspended in sample buffer
consisting of 60 mM Tris-hydrochloride (pH 8.8), 10%
glycerol, 2% sodium dodecyl sulfate, 2 mM disodium
EDTA, 5 mM dithiothreitol, and 0.075% phenol red,
incubated for 1 h at room temperature, made 12.5 mM
in iodoacetamide, and incubated for an additional 1 h
at room temperature. Approximately 100,000 cpm of
radioactivity was loaded into each well of a 12.5%
polyacrylamide-sodium dodecyl sulfate slab gel (18).
The gels were impregnated with Autofluor (National
Diagnostics), dried under vacuum, and exposed to
Kodak XR-S5 film for 1 to 3 days. The molecular weight
standards (Bio-Rad Laboratories, Richmond, Calif.)
were as follows: lysozyme (14.4 kd), soybean trypsin
inhibitor (21.5 kd), carbonic anhydrase (31.0 kd),
ovalbumin (45.0 kd), bovine serum albumin (66.2 kd),
and phosphorylase B (92.5 kd).

RESULTS

Inhibition by tetracycline and anhydrotetracy-
cline. Tnl0 tet was introduced into two different
E. coli K-12 strains by transposition from a
\::Tnl0 phage into the bacterial chromosome or
by transformation with pBT1010 or pBT107
plasmid DNA; MICs of tetracycline and anhy-
drotetracycline were determined (Table 2). A
single chromosomal copy of Tnl0 tet confers
relatively high level tetracycline resistance in
JA221 (160 pg/ml), whereas the multicopy zet
plasmids pBT1010 and pBT107 confer four- to
fivefold lower levels of tetracycline resistance in
this strain. The negative gene dosage effect is
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TABLE 2. Resistance of JA221 and B2550 derivatives to tetracycline and anhydrotetracycline

MIC (p.g/ml)
Strain Plasmid -ZnCl, +ZnCl,
Tetracycline Anhydrotetracycline Tetracycline Anhydrotetracycline

JA221 pACYC177 2.5 10 3.0 8.0
JA221::Tnl0 pACYC177 160 18 120 14
JA221 pBT1010 40 1.0 16 0.4
JA221 pBT107 30 1.0 12 0.4
B2550 pACYC177 2.0 4.0 2.5 4.0
B2550::Tnl0 pACYC177 120 6.0 100 5.0
B2550 pBT1010 10 0.16 4.0 0.05
B2550 pBT107 10 0.16 4.0 0.05

more pronounced in the B2550 background,
where pBT1010 and pBT107 confer 12-fold low-
er levels of tetracycline resistance than a single
copy of Tnl0 in the chromosome.

Anhydrotetracycline is about fourfold less
effective than tetracycline as an inhibitor of
JA221(pACYC177). We assume that this differ-
ence reflects the relative efficacies of tetracy-
cline and anhydrotetracycline as inhibitors of
protein synthesis, although differences in the
extent to which JA221(pACYC177) accumulates
tetracycline, as compared with anhydrotetracy-
cline, could also effect the MICs. The overall
pattern of anhydrotetracycline resistance differs
from the pattern of tetracycline resistance in two
ways. First, single-copy Tnl0 confers only mar-
ginal resistance to anhydrotetracycline. Second,
strains harboring multicopy et plasmids are not
only less resistant to anhydrotetracycline than
single-copy Tnl0 strains, they are less resistant
to anhydrotetracycline than are strains that lack
Tnl0 tet altogether. In the JA221 background,
pBT1010 and pBT107 confer 18-fold lower levels
of anhydrotetracycline resistance than single-
copy TnlI0, and 10-fold lower anhydrotetracy-
cline resistance than pACYC177. As with tetra-
cycline resistance, the difference is even greater
in the B2550 background, where pBT1010 and
pBT107 confer 40-fold lower anhydrotetracy-
cline resistance than single-copy Tnl0 and 25-
fold lower anhydrotetracycline resistance than
pACYC177. Thus multicopy tet strains are hy-
persensitive to anhydrotetracycline and, as with
the reduced tetracycline resistance of these
strains, the anhydrotetracycline hypersensitivity
is significantly influenced by differences be-
tween E. coli K-12 backgrounds.

Effect of ZnCl,. A survey of the effects of
divalent metals revealed that the resistance of
multicopy ret strains to tetracycline and anhy-
drotetracycline is further reduced by ZnCl, (Ta-
ble 2). Whereas 0.6 mM ZnCl, has only a modest
effect on the resistance of either JA221-
(pPACYC177) or JA221::Tnl0(pACYC177) to tet-

racycline and anhydrotetracycline, it reduces
the resistance of JA221(pBT1010) and
JA221(pBT107) to tetracycline and anhydrotet-
racycline by two- to threefold. ZnCl, has a
comparable effect on B2550 derivatives.

Induction of tetracycline resistance. Maximal
expression of the Tnl0 tetracycline resistance
phenotype is induced by exposure to subinhibi-
tory tetracycline. Anhydrotetracycline is about
100-fold more effective than tetracycline as an
inducer of tetracycline resistance in single-copy
TnlO0 strains (Fig. 2).

Induction of B-galactosidase in fet-lac fusion
strains. The effectiveness of tetracycline and
anhydrotetracycline as inducers can also be
demonstrated at the level of zet gene expression.
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FIG. 2. Comparison of tetracycline and anhydro-
tetracycline as inducers of tetracycline resistance.
B2550::Tnl0(pACYC177) was inoculated into LB
broth containing the indicated amounts of tetracycline
(O) or anhydrotetracycline (@). Cultures were incu-
bated overnight, diluted 1:50 into the same media, and,
after log phase growth had resumed, challenged by the
addition of 50 pg of tetracycline per ml. Absorbance at
550 nm (A) was monitored at 30-min intervals over a
period of 120 min. The specific growth rate (K) was
calculated using the equation K = (InA, — InA,)/(t —
to) in which ¢ is expressed in minutes.
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Levels of B-galactosidase activity in strains car-
rying tetA-lacZ gene fusions provide an indirect
measure of transcription initiated at the retA
promoter. Since A tetA-lacZ43 does not carry
the retR repressor gene, B2550(\ tetA-lacZ43)
lysogens synthesize high levels of B-galacto-
sidase; the presence of functional refR on a
plasmid or on a second lysogenic phage results
in a 15- to 100-fold repression of B-galactosidase
activity, depending on the source of the tet
repressor. The ability of tetracycline and anhy-
drotetracycline to induce B-galactosidase syn-
thesis was determined in a single-copy fet strain,
B2550(\ tetA-lacZ43)(\::Tnl0,)(pACYC177)
(Fig. 3a), and in a multicopy et strain, B2550(\
tetA-lacZ43)(pBT107) (Fig. 3b). Anhydrotetra-
cycline is 50- to 100-fold more effective than
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FIG. 3. Comparison of tetracycline and anhydro-
tetracycline as inducers of B-galactosidase in retA-
lacZ fusion strains. (a) B2550(A tetA-lacZ43)-
(A::Tnl0,(pACYC177) was inoculated into LB broth
containing the indicated amounts of tetracycline (M)
and anhydrotetracycline (@). Cultures were incubated
overnight, subcultured, and, after several generations
of log phase growth, assayed for B-galactosidase activ-
ity. In the absence of inducers, 265 U of g-galacto-
sidase was synthesized; in the absence of tetR repres-
sor B2550(\ tetA-lacZ43)(pACYC177) 5,550 U of -
galactosidase was synthesized. (b) B2550(\ rerA-
lacZ43)(pBT107) was treated as in (a). In the absence
of inducers, 115 U of B-galactosidase was synthesized.

MULTICOPY TnlI0 tet PLASMIDS 553

tetracycline as an inducer in both strains; how-
ever, half-maximal induction in the multicopy
strain requires approximately 10-fold higher lev-
els of each inducer. Whereas it is possible to
approach maximal induction in the single-copy
strain, growth of the multicopy strain is signifi-
cantly inhibited by concentrations of inducers
that result in greater than 40 to 50% maximal
induction of B-galactosidase levels.

Induction of tet proteins in minicells. The abili-
ty of the multicopy plasmids pBT1010 and
pBT107 to direct the synthesis of tet proteins in
minicells was examined. Two ret-specific pro-
teins can be detected in minicells containing
these plasmids, the tetA gene product, which
has an apparent molecular mass of 36 kd (16,
20), and the tetR gene product, which has an
apparent molecular mass of 25 kd (3, 33). Both
tetracycline and anhydrotetracycline induce sig-
nificant synthesis of the 36-kd protein and, to a
lesser extent, the 25-kd protein in minicells
containing either pBT1010 or pBT107 (Fig. 4).
The minicell strain P678-54 exhibits a relatively
severe negative gene dosage effect (data not
shown); the concentration of anhydrotetracy-
cline used here (1 pg/ml) is sufficient to com-

pBT1010 pBT107
0 A T O A T

36~ P e
257 . i A~

FIG. 4. Induction of ret protein synthesis in mini-
cells. Minicells harboring either pBT1010 or pBT107
were labeled with [**S]methionine in the absence of
anhydrotetracycline or tetracycline (0) or in the pres-
ence of either 1 pg of anhydrotetracycline per ml (A)
or 1 pg of tetracycline per ml (T). The figure shows a
fluorogram of labeled proteins fractionated on a 12.5%
acrylamide-sodium dodecyl sulfate gel. The positions
of the 36-kd zetrA protein and the 25-kd retR protein are
indicated.
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pletely inhibit the growth of P678-54 when it
contains either pBT1010 or pBT107.

DISCUSSION

We find, in agreement with others (7, 9, 30),
that the Tnl0 tetracycline resistance determi-
nant shows a negative gene dosage effect. In the
two E. coli K-12 backgrounds examined, the
multicopy Tnl0 tet plasmids pBT1010 and
pBT107 confer 4- to 12-fold lower levels of
tetracycline resistance than a chromosomal
copy of Tnl0 (Table 2). The near identity of
pBT107 and pBT1010, in this regard, strongly
suggests that the region of Tnl/0 responsible for
the negative gene dosage effect is within the
central 2,790-bp Bg/II fragment that encodes the
tetA and tetR genes (3, 9, 16, 32). Whereas
pBT107 and pBT1010 show a significant nega-
tive gene dosage effect for tetracycline resist-
ance, other pACYC177-Tnl0 tet plasmids that
we have examined do not (data not shown).
Differences between the tetracycline resistance
phenotypes of multicopy Tnl0 tet strains, as
reported in the literature (7, 9, 10, 16, 30, 32),
undoubtedly reflect several factors, including
differences in plasmid copy number, the extent
of the Tnl0 tret DNA present, the influence of
vector promoters on fet expression, strain differ-
ences, and, perhaps most importantly, the ease
with which mutants that alter this phenotype are
inadvertently selected (26).

Although multicopy Tnl0 tet strains are less
tetracycline resistant than single-copy tet
strains, they are nevertheless more resistant
than tetracycline-sensitive control strains.
Resistance to the tetracycline derivative 5a,6-
anhydrotetracyline does not follow this pattern.
In the two E. coli K-12 backgrounds examined,
pBT1010 and pBT107 confer hypersensitivity to
anhydrotetracycline; pBT1010- and pBT107-
containing strains are 10- to 25-fold more sensi-
tive to anhydrotetracycline than are tetracy-
cline-sensitive control strains (Table 2). Since
anhydrotetracycline is somewhat less effective
than tetracycline as an inhibitor of tetracycline-
sensitive strains, we considered the possibility
that hypersensitivity to anhydrotetracycline re-
flects the action of anhydrotetracycline as an
inducer of Tnl0 tet gene expression, rather than
its action as an inhibitor of protein synthesis. In
fact, anhydrotetracycline is about 100-fold more
effective than tetracycline as an inducer of tetra-
cycline resistance in single-copy Tn10 tet strains
(Fig. 2), and it is 50- to 100-fold more effective
than tetracycline as an inducer of B-galacto-
sidase synthesis in both single-copy and multi-
copy tet strains carrying tetA-lacZ gene fusions
(Fig. 3). We interpret the latter result to mean
that anhydrotetracycline is about 50- to 100-fold
more effective than tetracycline as an inducer of

J. BACTERIOL.

transcription initiation at the retA promoter. In
contrast to what we have observed for Tnl0 tet
in E. coli K-12, anhydrotetracycline is apparent-
ly no more effective than tetracycline as an
inducer of tetracycline resistance in Staphylo-
coccus aureus (29).

We also find that multicopy Tnl0 tet strains
are hypersensitive to heated chlortetracycline,
although the effect is less pronounced for heated
chlortetracycline than for anhydrotetracycline
(26). Heated chlortetracycline is an ingredient of
media that favor the growth of tetracycline-
sensitive derivatives of Tnl0-containing Salmo-
nella typhimurium and E. coli strains (4, 23), and
it is reported to act as a gratuitous inducer of
Tnl10 tet gene expression under these conditions.
Thus hypersensitivity of multicopy strains to
anhydrotetracycline and heated chlortetracy-
cline appears to reflect the greater activity of
anhydrotetracycline and heated chlortetracy-
cline as inducers of tet gene expression com-
pared with their activity as inhibitors of protein
synthesis. The relationship between induction
and inhibition of multicopy strains is also evi-
dent in the experiment shown in Fig. 3b. Growth
of B2550(\ tetA-lacZ43) containing the multi-
copy plasmid pBT107 is significantly inhibited
by concentrations of either tetracycline or anhy-
drotetracycline that result in greater than about
40 to 50% maximal induction of B-galactosidase
activity. Transcription of the pBT107 retA re-
gion in this strain is presumably induced to the
same extent as B-galactosidase under these con-
ditions. In addition, the introduction of either
pBT107 or pBT1010 into the minicell-producing
strain P678-54 confers sensitivity to 1 pg of
anhydrotetracycline per ml, although minicells
isolated from these strains synthesize significant
levels of ret proteins when induced with this
concentration of anhydrotetracycline (Fig. 4).

The sensitivity of multicopy tet strains to
tetracycline and anhydrotetracycline is en-
hanced by ZnCl,. Bochner et al. (4) noted a
similar effect of ZnCl, on the sensitivity of
single-copy Tnl0 strains to media containing
heated chlortetracycline and the lipophilic che-
lating agent fusaric acid. Although the role of
ZnCl, in these phenomena is uncertain, our
observations eliminate several possible mecha-
nisms of action. ZnCl, does not enhance the
intrinsic sensitivity of E. coli K-12 to either
tetracycline or anhydrotetracycline (Table 2),
and it does not enhance the effectiveness of
anhydrotetracycline as an inducer of B-galacto-
sidase synthesis in tetA-lacZ fusion strains (data
not shown).

Previous explanations of the reduced tetracy-
cline resistance phenotype of multicopy et plas-
mids have assumed regulatory mechanisms that
diminish expression of the tet genes in the
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multicopy state and thereby reduce protection
against the inhibitory action of tetracycline on
ribosome function. Taylor et al. (30) proposed
that increased synthesis of tet repressor in multi-
copy tet strains could account for reduced syn-
thesis of tetracycline resistance functions.
Shales et al. (28) and Chopra et al. (7) proposed
that Tnl0 tetracycline resistance reflects the
sum of three distinct resistance mechanisms,
and that the negative gene dosage effect is the
result of decreased expression of two of these
mechanisms due to increased expression of the
third mechanism. Coleman and Foster (9) dem-
onstrated that increased synthesis of et repres-
sor is not the basis of the negative gene dosage
effect; instead, they suggested a possible mecha-
nism involving feedback inhibition at the level of
translation resulting in reduced synthesis of the
36-kd tetA protein and a corresponding decrease
in tetracycline resistance.

Although reduced et gene expression can, in
principle, provide an explanation for the re-
duced tetracycline resistance of multicopy tet
strains, it cannot readily account for the hyper-
sensitivity of these strains to anhydrotetracy-
cline and heated chlortetracycline. Regardless of
the mechanism involved, we propose that the
reduced tetracycline resistance of multicopy tet
strains and their hypersensitivity to anhydrotet-
racycline and heated chlortetracycline have a
common physiological basis. Two observations
lend further support to this proposal. First, the
relative sensitivity of these strains to tetracy-
cline, like their sensitivity to anhydrotetracy-
cline, is enhanced by ZnCl,. Second, strain
differences (B2550 versus JA221) that influence
the sensitivity of multicopy tet strains to tetracy-
cline have a similar effect on their sensitivity to
anhydrotetracycline. Taken together, our obser-
vations lead uUs to propose that the relative
sensitivity of multicopy tet strains to tetracy-
cline and their hypersensitivity to anhydrotetra-
cycline and heated chlortetracycline are caused
by the induction of multiple copies of the ter
genes and the consequently higher levels of et
gene products, one or more of which inhibits the
growth of E. coli K-12. Direct quantitation of tet
proteins in whole cells has not, as yet, been
possible. However, mutations in the et region
of JA221(pBT107) that overcome the hypersen-
sitivity of this strain to anhydrotetracycline and
heated chlortetracycline appear to either reduce
expression of the retA gene or alter the tetA
structural gene per se, suggesting that it is
overexpression of the 36-kd tetA gene product
that is inhibitory (26).
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