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Diphtherial toxin is produced in maximal yields by Corynebacterium diphthe-
riae C7(8°*") only when iron is present in growth-limiting amounts. Toxin
production is markedly decreased under high-iron conditions. We studied the role
of the bacteriophage 8 genome in this apparent regulation of toxin production by
iron. Using a passive immune hemolysis assay to detect toxin antigen production
in individual plaques, we identified rare phage mutants that were toxinogenic in
high-iron medium. Lysogenic derivatives of C. diphtheriae C7 harboring such
phage mutants were constructed. The lysogens were compared with wild-type
strain C7(B) for their ability to produce toxin in deferrated liquid medium
containing varying amounts of added iron. Quantitative tests for extracellular
toxin were performed by competitive-binding radioimmunoassays. We identified
phenotypically distinct mutant strains that produced slightly, moderately, or
greatly increased yields of toxin antigen under high-iron conditions. The toxin
produced by the mutant lysogens was biologically active and immunochemically
indistinguishable from wild-type toxin. Complementation experiments demon-
strated that the phage mutation designated tox-201 had a cis-dominant effect on
the expression of the toxin structural gene of phage 8. The characteristics of the
tox-201 mutation suggest that it defines a regulatory locus of phage 8 that is

involved in control of toxinogenesis by iron in C. diphtheriae.

The production of diphtherial toxin by Cory-
nebacterium diphtheriae is controlled by bac-
teriophage conversion (5, 11, 12, 15). The struc-
tural gene for toxin is present in several cory-
nebacteriophages, including the well-studied
phage B (37, 55). Many nontoxinogenic mutants
of B have been isolated and characterized (18,
26, 32, 55, 57, 58). The toxin structural gene has
been mapped in relation to other genes of phage
B (19, 50), and fine-structure mapping within the
tox locus has been reported (18, 27). Toxin can
be produced when phage B is present in C.
diphtheriae as a vegetative phage (30), as a
prophage (5, 13), or as a nonreplicating exogen-
ote in cells with lysogenic immunity (13). Non-
toxinogenic mutants of phage 8 are normal with
respect to vegetative and lysogenic phage func-
tions other than toxin production (18, 26, 32, 57).
Thus, the expression of the toxin structural gene
is controlled independently of other known
phage functions.

Genetic regulation of toxinogenesis in C. diph-
theriae involves both the bacterium and the
bacteriophage. Maximal toxin yields can vary

1 Present address: Eastern Virginia Medical School, Nor-
folk, VA 23501.
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greatly when specific fox* corynebacteriophages
are present in different host strains of C. diph-
theriae (3, 31). Several investigators demon-
strated that some phages isolated from nontox-
inogenic strains of C. diphtheriae were tox"* in
other C. diphtheriae host strains (16, 43). Bacha
and Murphy showed recently that toxin was
produced when specific Zox mutants of phage 8
infected C. diphtheriae host strains carrying ap-
propriate nonsense suppressor alleles (2). Mu-
tations associated with decreased toxin yields
have been described both in corynebacterio-
phage B (56) and in its usual laboratory host, C.
diphtheriae C7 (40, 57).

It was established nearly 50 years ago that
toxin production by C. diphtheriae is influenced
dramatically by the amount of iron in the growth
medium (29, 42, 44). Toxin production is maxi-
mal under conditions of iron starvation and is
significantly less than maximal under high-iron
conditions in all of the toxinogenic strains of C.
diphtheriae studied (10, 30, 34, 39, 57). Many
biochemical and ultrastructural correlates of
iron deficiency in C. diphtheriae have been de-
scribed, but the mechanisms directly responsible
for decreased toxin yield under high-iron condi-
tions are not well defined (4, 39, 41).
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Recently, several investigators have used ge-
netic techniques to study the relationships be-
tween iron and toxinogenesis in C. diphtheriae.
Murphy et al. isolated the bacteriophage mutant
B%:" and demonstrated that toxin production by
the C7(B%;") lysogen was partially resistant to
the inhibitory effect of iron (38). Kanei et al.
isolated a mutant called C7(8)hm723 that pro-
duced as much toxin in high-iron medium as
wild-type C7(8) produced in low-iron medium
(23). They demonstrated that the mutation re-
sponsible for this altered phenotype of
C7(B)hm723 was in the genome of the C7 bac-
terial host. Additional bacterial mutants that
produce high yields of toxin under high-iron
conditions have been isolated and are being
characterized in our laboratory (S. J. Cryz, Jr.,
and R. K. Holmes, manuscript in preparation).
Based in part on the properties of the mutants
described above, Murphy and his collaborators
postulated that the toxin structural gene in
phage B is part of a tox operon, that the tox
operon is negatively regulated by a specific re-
pressor, that the bacterial genome codes for a
protein aporepressor, and that the specific re-
pressor is a complex of the aporepressor with
iron (35, 38). Additional studies will be required
either to confirm or to disprove this hypothesis.

In the present report we describe the isolation
and preliminary characterization of additional
B phage mutants that permit increased amounts
of toxin to be produced by infected cells under
high-iron conditions. Our long-range goals are to
use phenotypically distinctive tox regulatory
mutants of phage 8 and of C. diphtheriae C7 to
analyze the molecular mechanisms that mediate
the effects of iron on toxinogenesis.

(A preliminary report of these results was
presented at the 80th Annual Meeting of the
American Society for Microbiology, 11-16 May
1980, Miami Beach, Fla.)

MATERIALS AND METHODS

Bacteria, bacteriophages, and conditions of
cultivation. C. diphtheriae C7,(—)***" (hereafter des-
ignated C7) is nontoxinogenic, is sensitive to phage
B*", and is the usual indicator strain and propagating
host for the corynebacteriophages used in this study
(18, 19). The phage strain 8*? is a mutant of 8 that
codes for a nontoxic 26,000-molecular-weight protein
(cross-reacting material [CRM26]) corresponding to
an amino-terminal fragment of diphtherial toxin (18).
Isolation of phage 8*°**' is described below, and con-
struction of the recombinant phage g% ‘=% ox2¥ jg
described elsewhere (63). Phage 8%} was provided by
J. R. Murphy in the lysogenic strain C7(8%") (38).
Procedures for routine cultivation of bacterial strains,
for propagation and assay of bacteriophages, and for
construction of lysogenic derivatives of C7 have been
described previously (18, 19). Strains of C. diphtheriae
to be tested quantitatively for production of toxin or
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related CRMs were grown with rotary shaking for 18
h at 37°C in 10-ml portions of deferrated PGT-maltose
medium to which iron was added at concentrations
from 0 to 1.6 ug of Fe** per ml (20). Culture superna-
tants were collected, sterilized by filtration through
membrane filters (type GA; pore diameter, 0.45 um;
Gelman Sciences, Inc., Ann Arbor, Mich.), stored at
4°C, and tested within 24 h for toxin or CRM by
appropriate radicimmunoassays. In experiments on
the time course of growth and toxin production, flasks
containing deferrated PGT-maltose medium with
0.075, 0.3, or 1.0 ug of added Fe** per ml were inocu-
lated with samples from iron-starved cultures of ap-
propriate C. diphtheriae strains and were incubated
as described above. Samples were removed at intervals
for measurements of absorbance at 590 nm and of
extracellular toxin.

Diphtherial toxin, toxoid, and antitoxin. Puri-
fied diphtherial toxin Dc202, purified fragment A, and
formolized toxoid prepared from Dc202 toxin have
been described previously (8). A goat was immunized
with Dc202 toxoid, and immunoglobulin G containing
25 antitoxin units (A.U.) per mg was prepared from
the goat antiserum (62). Hyperimmune rabbit antise-
rum R21 containing 600 A.U./ml was raised against
toxoid prepared from a sample of purified unnicked
diphtherial toxin Jn141 (8).

Tests for diphtherial toxin. (i) Passive immune
hemolysis assay. The diphtherial toxin antigen pro-
duced in individual plaques of corynebacteriophages
was detected by using the passive immune hemolysis
assay method described elsewhere (62).

(ii) Elek tests. Qualitative tests for production of
toxin antigen by lysogenic C. diphtheriae strains were
performed by a modification of the method of Elek
(18). DA-1 medium (62) was substituted for the me-
dium used in our earlier studies (18). For some exper-
iments, DA-1 medium was supplemented with varying
concentrations of ferrous iron, as indicated below.

(iii) Radioimmunoassays. Competitive-binding
radioimmunoassays for toxin antigen or for related
nontoxic CRMs in supernatants from cultures of C.
diphtheriae were developed in our laboratory and
were performed as described elsewhere (8). The assays
for toxin used R21 antitoxoid and '*I-labeled toxin.
CRM26, which is encoded by the tox-2 allele in phage
B, did not cross-react substantially in this assay but
could be detected in a second competitive-binding
radioimmunoassay in which R21 antitoxoid and '*I-
labeled fragment A were used. Toxin could be mea-
sured either in the presence or in the absence of
CRM26, whereas specific assays for CRM26 were per-
formed only with culture supernatants that did not
also contain toxin (8).

(iv) Toxicity tests. The toxicities of various strains
of C. diphtheriae were determined in rabbits by intra-
cutaneous tests (18, 19).

Methods for induction of mutants in phage 8.
(i) Mutagenesis with ethyl methane sulfonic acid
ester. Samples containing 5-ml portions of phage 8
stocks (0.1 X 10" to 2 x 10" PFU/ml) were centrifuged
for 90 min at 19,000 X g and 4°C. Supernatants were
discarded, and the phage pellets were suspended in
1.0-ml volumes of 0.2 M Tris-chloride buffer (pH 7.5).
Samples containing 2 ml of 0.02 M ethyl methane
sulfonic acid ester in 0.2 M Tris buffer (pH 7.5) were
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added to the 1-ml phage suspensions. After incubation
at 37°C for 60 min, samples were diluted 10-fold in 0.2
M Tris buffer (pH 7.5), and phage assays were per-
formed. These conditions resulted in effective muta-
genesis with little inactivation of infectivity.

(ii) Mutagenesis with nitrous acid. Phage were
treated by a modification of the method of Bautz-
Freese and Freese (6). Phage from 11.5-ml volumes of
phage B stocks were collected by centrifugation as
described above and were suspended in 1.5-ml portions
of TEN buffer (10 mM Tris-chloride, 1 mM EDTA,
0.25 M NaCl, pH 8). After samples were removed for
phage assays, a 1.5-ml portion of freshly prepared,
filter-sterilized 0.2 M NaNO. in 0.5 M sodium acetate
buffer (pH 4.2) was added to each phage suspension.
The mixtures were incubated for 10 min at room
temperature, diluted fivefold into 0.5 M Tris-chloride
buffer (pH 8.2) containing 1 mM MgSO,, sterilized by
membrane filtration, and assayed for infectious phage.
This treatment reduced infectivity by 90 to 99%.

(iii) Mutagenesis with N-methyl-N’-nitro-N-ni-
trosoguanidine. Mutagenesis with N-methyl-N’-ni-
tro-N-nitrosoguanidine at concentrations of 25 to 90
pg/ml was performed by a minor modification of
method II of Holmes and Barksdale (19).

Screening for tox regulatory mutants of phage
B. The passive immune hemolysis assay (62) was used
to screen for mutant 8 phages that permitted detect-
able quantities of toxin to be produced during forma-
tion of plaques in high-iron medium. Deferrated agar
(DA-1 and DA-0.35 [62]) was supplemented with 0.8
or 1.6 ug of Fe?* per ml, and the mutagenized phage
stocks were diluted and assayed to yield approximately
1,000 plaques per plate. Plaques of wild-type phage 8
in deferrated agar medium with no added iron served
as positive controls for detecting toxin antigen by the
passive immune hemolysis assay. The C7 indicator
cells which were used for assays of mutagenized or
control phage stocks were grown in low-iron medium.
Rare mutant plaques exhibiting small hemolytic halos
in the high-iron agar medium were picked and assayed
under routine conditions to recover viable phage. In-
ocula picked from individual turbid plaques were ex-
amined qualitatively for toxin production in Elek tests
in media containing 0 to 3.2 ug of added Fe?* per ml in
increments that did not exceed twofold dilutions.
C7(8**") and C7 were included as positive and nega-
tive controls for the Elek tests. We identified phage
mutants that gave positive Elek tests in media con-
taining sufficient iron so that controls with C7(8**")
were negative. These mutants were purified by re-
peated single-plaque isolations and were saved for
further characterization.

Complementation tests. All reagents were pre-
pared in acid-cleaned glassware with quartz-distilled
water. The strains of C. diphtheriae used for comple-
mentation tests were cultivated in deferrated PGT-
maltose medium containing 0.075 pug of added Fe®* per
ml for 18 h; 1-liter flasks containing 100-ml volumes of
deferrated PGT-maltose medium supplemented with
0.075 pg of Fe** per ml (low iron) or 1.0 ug of Fe** per
ml (high iron) were inoculated with samples from the
low-iron 18 h cultures to give approximately 5 X 107
colony-forming units per ml and were incubated with
shaking at 37°C until mid-log phase (absorbance at
590 nm, 0.5; 2 X 10° to 4 X 10° colony-forming units
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per ml). Samples were removed for viable counts, and
20-ml volumes of the cultures were transferred into
125-ml flasks and then superinfected with phages or
left uninfected as controls. The superinfecting phage
stocks had been freshly prepared the previous day,
deferrated by incubation overnight at 4°C with sterile
Chelex 100 resin (2 g/10 ml; Bio-Rad Laboratories,
Richmond, Calif.), filtered, and titrated for infectivity.
The superinfecting phages were added at multiplicities
of approximately 20 PFU/colony-forming unit and
were allowed to adsorb for 20 min. Samples removed
and assayed at that time typically showed that 80% or
more of the input phage had been adsorbed. Sterile
Tween 80 (Sigma Chemical Co., St. Louis, Mo.) was
added to each flask at a final concentration of 0.2% to
prevent further phage absorption (17). The cultures
were then incubated for 18 h at 37°C with shaking.
Absorbance of the cultures at 590 nm was measured,
and culture supernatants were collected, sterilized by
membrane filtration, and tested for diphtherial toxin
or CRMs by appropriate radioimmunoassays. The su-
perinfecting phage stocks were also tested by radioim-
munoassays to determine how much preformed toxin
they contained, and the small amounts of toxin antigen
in the superinfecting phage stocks were subtracted as
background from the results obtained in the comple-
mentation experiments.

RESULTS

The addition of excess iron to cultures of C.
diphtheriae C7(B) decreases the yield of diphth-
erial toxin. To investigate the role of phage 8 in
this phenomenon, we characterized mutations in
B that were associated with increased production
of toxin during infection of C. diphtheriae in
high-iron medium.

Stocks of B phage were treated with various
chemical mutagens. To document the effective-
ness of mutagenesis, we determined the frequen-
cies of clear plaque mutants in the mutagenized
phage stocks. Spontaneous clear plaque mutants
are very rare and were not observed in this study
or in our previous studies (18, 19). The frequen-
cies of clear plaque mutants per viable phage
after chemical mutagenesis were as follows: N-
methyl-N’-nitro-N-nitrosoguanidine, 2.5 x 1073
to 4 X 107% ethyl methane sulfonic acid ester,
0.6 X 1072 to 1.5 X 1073 and nitrous acid, 0.6 X
107® to 1.5 X 1073, The mutagenized 8 phage
stocks were screened for tox regulatory mutants
by using our passive immune hemolysis assay in
high-iron medium (62). We looked for the rare
plaques that were surrounded by hemolytic
halos, indicating production of detectable
amounts of toxin antigen under these conditions.
The results of these experiments are summa-
rized in Table 1.

After mutagenesis of phage 8 with N-methyl-
N’-nitro-N-nitrosoguanidine, ethyl methane sul-
fonic acid ester, or nitrous acid, tox regulatory
mutants were observed at frequencies of 6 X
107° to 24 X 107° per viable phage. Inocula from
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TABLE 1. Isolation of tox regulatory mutants of phage B

Qualitative tests for production of
toxin in high-iron medium

. - Elek test:
. . No. of indepen- Passive immune he- - .
Phage strain Mutagenic agent dent expt molysis test (no. of concn oful""z"
hemolytic plaques/ required for
totl:1 no. 2‘ negative test
plaques) (ug/ml)®
I sl — — — 0.08
Ba — — - 0.08
o=t NTG¢ 4 5/24,600 1.2
B2 NTG 0.4
Three mutants® NTG 0.2
Bro=2s EMS/ 4 7/110,000 0.2
Six mutants® EMS 0.2
Seven mutants® Nitrous acid 3 7/29,800 0.2

2 Mutants were screened by using the passive immune hemolysis plaque assay. Media were supplemented
with iron to yield a final concentration of 0.8 or 1.6 ug of Fe** per ml.

® Deferrated medium was supplemented with iron at concentrations of 0 to 3.2 ug of added Fe** per ml.

c—, C7 (8°~") and C7(B%5") were tested as controls for toxin production in the passive immune hemolysis
assays and Elek tests. Hemolytic plaques were never observed surrounding plaques of wild-type C7(8*") in

numerous experiments done under high-iron conditions.

4 NTG, N-methyl-N’-nitro-N-nitrosoguanidine.

* These mutants were not assigned specific strain designations. 8~ was considered to be representative of

this phenotypic class of mutants.
/ EMS, Ethyl methane sulfonic acid ester.

wild-type and mutant plaques were compared
by Elek tests in media supplemented with vary-
ing quantities of iron. In this manner, we iden-
tified three phenotypically distinct classes of
mutants that showed markedly, moderately, and
slightly increased resistance to the inhibitory
effects of iron on toxinogenesis. Phages 8",
B*=22, and B°*?* were selected as representa-
tive strains for further studies.

Intracutaneous tests in rabbits demonstrated
that C7 strains lysogenic for phages B,
B2 and B*** produced biologically active
diphtherial toxin. Quantitative bioassays of cul-
ture supernatants demonstrated that these mu-
tant strains produced at least as much toxin as
wild-type C7(8).

We compared mutant lysogens with wild-type
C7(B) in more detail by using competitive-bind-
ing radioimmunoassays for quantitative mea-
surements of toxin. The mutant and wild-type
strains were grown for 18 h in deferrated liquid
medium supplemented with varying concentra-
tions of iron. Figure 1A shows the results of a
typical experiment with strains C7(8),
C7(B%5"), C1(B*=2M), C7(B*??), and C7(B8**).
Figure 1B illustrates the reproducibility of re-
sults obtained in successive experiments with
C7(B) and C7(8*=*"'), With no added iron, bac-
terial growth was severely restricted (data not
shown), and toxin production was poor. With

0.075 pg of added Fe** per ml, toxin production
was maximal for each strain, and all of the
mutant lysogens produced more toxin than the
wild type. At higher concentrations of iron, all
strains produced submaximal yields of toxin.
The absolute amounts of toxin produced under
high-iron conditions were reproducible but var-
ied greatly from strain to strain. With wild-type
C7(B) the average toxin yield was 5.7 ug/ml
under optimal conditions and 0.024 ug/ml under
high-iron conditions. In contrast, C7(8**") pro-
duced 21 pug of toxin per ml under optimal con-
ditions and 4.5 ug/ml under high-iron conditions.
Thus, C7(8°*%') produced almost 200 times
more toxin than wild-type C7(8) under high-iron
conditions.

The time course of toxin production in liquid
medium containing varying concentrations of
iron was studied with strains C7(8) and C7
(B*=?"). Cultures were grown in deferrated PGT
medium containing 0.075, 0.3, or 1.0 ug of added
Fe’* per ml, and samples were removed at inter-
vals over 24 h to measure absorbance and extra-
cellular toxin (Fig. 2 and 3). With wild-type
C7(B) in low-iron medium, toxin accumulated
rapidly after 9 h (Fig. 2A), during the final
generations of bacterial growth (Fig. 3A). With
C7(8°**') toxin was also produced rapidly after
a lag of 9 h (Fig. 2B) during the final generations
of bacterial growth (Fig. 3B). Although rela-
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F16. 1. Production of toxin by C. diphtheriae in liquid cultures containing varying concentrations of
ferrous iron. (A) Comparison of toxin production by C. diphtheriae strains C7(8*"), C7(8*°**"), C7(B"**?,
C7(8°=*), and C7(BS7’) in 18-h cultures. Supernatants were collected and assayed for toxin by radioimmu-
noassay, as described in the text. (B) Reproducibility of toxin yields in cultures of C. diphtheriaeC7(8"*") (n
= 5) and C7(°*®™') (n = 3) containing varying concentrations of added Fe®*. Bars indicate standard

deviations.

tively large amounts of toxin were produced by
C7(8*=?') under high-iron conditions, the dif-
ferential rate of toxin production during the late
log phase of bacterial growth was lower in the
cultures with excess iron. Because C7(8%*?")
produced large amounts of toxin in high-iron
medium only during late log phase, it seems
probable that physiological changes associated
with the terminal stages of growth are important
for regulation of toxinogenesis in C. diphtheriae.

We designed a complementation system to
analyze expression of the toxin structural gene
in cells containing both wild-type and mutant
alleles of the tox-201 locus. These experiments
were based on the following two previous obser-
vations: (i) the CRM protein encoded by the
tox-2 allele of the toxin structural gene can be
easily distinguished from native diphtherial
toxin by using specific radioimmunoassays (8);
and (ii) different alleles of the toxin structural
gene carried on prophage and superinfecting
phage genomes can both be expressed in cells
with lysogenic immunity (13). We prepared mid-
log-phase cultures of lysogenic C. diphtheriae
growing under defined low-iron or high-iron con-
ditions, superinfected them with genetically

marked B phages at sufficiently high multiplici-
ties so that the cells would remain superinfected
into stationary phase, and analyzed quantita-
tively the expression of the toxin structural gene
alleles located cis or trans with respect to the
tox-201 mutation. The results of this series of
experiments are summarized in Table 2.

In control experiments without superinfecting
phage, production of toxin by C7(8) and produc-
tion of CRM by C7(8*%) were decreased to very
low levels under high-iron conditions. In con-
trast, the relative yield of toxin from C7(8°*>")
and the relative yield of CRM from C7
(B #*2) were high under high-iron condi-
tions. Toxin production in C7(8“*?) superin-
fected with B**" decreased markedly under
high-iron conditions in a manner comparable to
the C7(B) control (Table 2, experiments 1 and
2). In contrast, cultures of C7(8°*?) superin-
fected with 8**! produced half as much toxin
as the C7(8~*") control cultures in both high-
iron and low-iron medium (Table 2, experiments
2 and 3). Thus, tox-201 was dominant over the
wild-type regulatory allele. This conclusion was
confirmed by demonstrating that the high levels
of toxin production characteristic of C7(8**2")
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F16. 2. Time course of toxin production by C. diph-
theriae in cultures containing varying concentrations
of added iron. Cultures in deferrated liquid medium
supplemented with 0.075 ug of added Fe®* per ml
L), 0.3 re of added Fe** per ml (O), or 1.0 ug of
added Fe** per ml (®) were incubated, and samples
of supernatants were tested for toxin as described in
the text. (A) C7(8"*"). (B) C7(B=>").

under high-iron conditions were maintained
after superinfection with wild-type 8*** (Table
2, experiment 3). To determine whether domi-
nance of tox-201 was expressed in the cis or
trans orientation, we constructed a recombinant
B phage carrying both ¢0x-201 and tox-2 alleles
and performed the experiments shown in Table
2, experiment 4. When C7(8°%°! °*%) was super-
infected with wild-type phage 8, production of
toxin decreased markedly under high-iron con-
ditions in a manner similar to the wild-type
C7(B) control (Table 2, experiments 1 and 4).
Thus, the 8= =2 prophage did not code for
a diffusible positive regulator that stimulated
high yields of toxin from the superinfecting
B°*" phage under high-iron conditions. As ex-
pected however, the mutant phenotype of the
superinfecting 8" phage was expressed in the
C7(B°=%" x2) host (Table 2, experiments 2 and
4). We conclude that the altered regulatory phe-
notype controlled by the tox-201 mutation is
expressed in a cis-dominant manner.
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DISCUSSION

Many investigators have observed that pro-
duction of diphtherial toxin by C. diphtheriae is
decreased by excess iron in the culture medium
(4, 29, 39, 41, 42, 44). For convenience, we refer
to this phenomenon as the iron effect. To ex-
amine the role of the 8 phage genome in the iron
effect, we isolated and characterized mutants
that produced more toxin than wild-type phage
B during growth in C. diphtheriae under high-
iron conditions. Three phenotypically distinct
classes of mutants were identified (Table 1).
B*=™! was significantly more resistant to the
iron effect than other mutants isolated in this
study or 82" (38). All of our data indicated that
the tox-201 mutation affected regulation of tox-
inogenesis but did not alter the structure or
activity of diphtherial toxin. Complementation
analysis demonstrated that the tox-201 mutation
affected expression of the toxin structural gene
in a cis-dominant manner (Table 2). With
C7(8**") and wild-type C7(8), the highest dif-
ferential rates of toxin production were observed
only during the terminal stages of bacterial
growth in batch cultures in low-iron medium
(Fig. 3). When excess iron was present, the dif-
ferential rate of toxin production decreased sig-
nificantly with C7 (8°?"!) but decreased almost
to undetectable levels with wild-type C7(8). We
conclude that toxin production by C. diphthe-
riae C7(B) is regulated in a complex manner that
depends both on the availability of iron and on
the stage of bacterial growth. The iron effect in
C. diphtheriae C7(B) is controlled at least in
part by the genetic locus defined by the tox-201
mutation in phage 8. However, production of
toxin by C. diphtheriae also has characteristics
that resemble production of secondary metabo-
lites in other bacterial systems (61).

Relatively little is known about the molecular
mechanisms that regulate toxinogenesis in C.
diphtheriae. The isolation of tox mutants of
phage B that coded for nontoxic CRMs related
to toxin (18, 26, 32, 55, 57, 58) and the demon-
stration that toxin or appropriate CRMs were
synthesized in vitro in bacterial extracts pro-
grammed with wild-type or mutant 8 phage
DNAs (37) established unequivocally that the
genome of phage B contains the structural gene
for toxin. Diphtherial toxin is produced as an
extracellular protein (4, 7, 41, 48), and no sub-
stantial pool of intracellular toxin exists in toxin-
producing cells of C. diphtheriae (4, 7, 41, 45).
Radioisotopic tracer experiments showed that
toxin is formed by C. diphtheriae in association
with the cell membrane (60) and is secreted
rapidly (59). Recent studies indicate that toxin
is synthesized by membrane-associated poly-
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F16. 3. Differential rates of toxin production by C. diphtheriae C7("°*") (A) and C7(8°**") (B) in cultures
containing varying concentrations of added iron. Extracellular toxin was plotted as a function of bacterial
growth (absorbance at 590 nm [Asx]). The concentrations of added Fe®* were as follows: 0.075 ug/ml (b), 0.3
pg/ml (O), and 1.0 pg/ml (®). Experimental procedures were as described in the legend to Fig. 2 and in the
text.

TABLE 2. Complementation tests: control of expression of the toxin structural gene by the tox-201

regulatory allele
Expt  Lysogenic bacterial strain Sup;nh:t::tmg Iron concn®  Toxin concn (ug/ml)® CRM%I;B?W {8/
1 C7(8*") None Low 10 ND°¢
High 0.05 ND
2 C7(8**?%) None Low <0.01¢ 1.1 £0.14
High <0.01 0.03 + 0.01
B Low 9.5 £ 5.7 ND
High 0.02 £+ 0.01 ND
o=t Low 1770 ND
High 0.54 + 0.22 ND
3 C7(8=) None Low 32+ 55 ND
High 1.2 +£ 042 ND
B Low 36 + 0.71 ND
High 1.2 + 0.08 ND
o= Low 36 + 4.2 ND
High 1.2 + 048 ND
4 C7(Btox201 tox2ye None Low <0.01 4319
High <0.01 0.57 £ 0.11
B Low 42+12 ND
High 0.02 + 0.01 ND
gzt Low 9.1+27 ND
High 0.23 + 0.10 ND

2 Low iron, 0.075 ug of added Fe?** per ml; high iron, 1.0 ug of added Fe?* per ml.

® Determined by radioimmunoassays as described in the text and reference 9. CRM26 was measured as
equivalents of purified fragment A. )

°ND, Not done.

¢ The smallest quantity of toxin or CRM antigen detectable by the radicimmunoassays was 0.01 pg/ml.

¢ The B2 **Z prophage also contained the host range markers & and h’. See text.
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somes as a larger precursor molecule that is
cotranslationally secreted and proteolytically
processed to extracellular toxin (51, 52).

mRNA extracted from toxin-producing cells
of C. diphtheriae can be translated in vitro to
produce toxin in appropriate extracts from Esch-
erichia coli (28) or C. diphtheriae (24). When
excess iron is added to toxin-synthesizing contin-
uous cultures of C. diphtheriae, formation of
extracellular toxin ceases abruptly (47). The ki-
netics of decay of toxin-specific mRNA in vivo,
as measured by determinations of residual toxin-
synthesizing capacity, are indistinguishable after
the addition of iron or rifampin (36). These data
support the hypothesis that regulation of tran-
scription of toxin-specific mRNA is affected by
iron. Factors in crude or partially purified ex-
tracts of C. diphtheriae have been reported to
inhibit selectively both phage 8 DNA-directed
(37) and mRNA-directed (24) in vitro synthesis
of diphtherial toxin. These factors were not
highly purified, nor have their mechanisms of
action been clearly defined at the biochemical
level.

Mutations have been identified in the ge-
nomes of phage B (38; see above) and C. diph-
theriae C7 (23; Cryz and Holmes, manuscript in
preparation) that confer complete or partial re-
sistance to the iron effect. The cis-dominant
expression of the 897 and B°** regulatory
mutants (38; see above), the reported properties
of the bacterial mutation in C. diphtheriae
C7(8)hm723 (23), the presence of a toxin-specific
repressor-like factor in extracts of C. diphtheriae
(37, 38), and the rapid decay of toxin-synthesiz-
ing capacity after addition of iron to cultures of
C. diphtheriae (36) are all consistent with the
model of Murphy and his collaborators (35, 38)
postulating a negatively regulated tox operon in
phage B. Nevertheless, these data are not suffi-
cient to prove the model or to exclude other
possible models for regulation of diphtherial
toxin.

The observations summarized above concern-
ing the iron effect on toxinogenesis in C. diph-
theriae should be compared with studies of met-
abolic regulation in other bacterial systems (21,
25, 33, 54). The most likely genetic elements to
be considered as candidates for the cis-dominant
tox-201 regulatory site are the promoter, the
operator, and the attenuator. Each of these sites
should be closely linked to the proximal end of
the transcriptional unit which it regulates. Re-
cent mapping experiments in our laboratory con-
firmed the prediction that the tox-201 mutation
is contiguous to the tox locus of phage B and is
closely linked to the toxin structural gene on the
side corresponding to the amino-terminal end of
diphtherial toxin (63).
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The tox-201 regulatory mutation in phage B is
associated with a complex phenotype. Strain
C7(8***") produced almost four times as much
toxin as wild-type C7(8) under optimal low-iron
conditions. Under high-iron conditions, the yield
of toxin from C7(8°*®') was almost 200 times
greater than the yield from wild-type C7(B).
Toxin was produced by C7(8°**') only during
the terminal stages of bacterial growth. Excess
iron decreased the differential rate of synthesis
of toxin by C7(8°*%"), but this iron effect was
much less dramatic than with wild-type C7(B).
These phenotypic properties of the zox-201 mu-
tation resemble some characteristics of both su-
perpromoter (p°) mutations (1, 9, 46, 49) and
operator-constitutive (o) mutations (21, 33, 54),
but attenuator mutations can also cause consti-
tutive cis-dominant expression of the structural
genes of an operon (22, 53). In E. coli abnormal
species of tRNA that are incompletely modified
are produced under conditions of iron starvation,
both in vitro and in infected animals (14). The
possibility that altered tRNA’s may also be pro-
duced by C. diphtheriae under conditions of iron
starvation and that they could influence expres-
sion of the toxin structural gene or other genes
by mechanisms involving attenuation has not
been excluded. Further studies will be needed to
define at a molecular level the regulatory mech-
anism affected by the z0x-201 mutation in phage

The role of excess iron provides one of the
most striking examples of a specific metabolic
factor that affects toxinogenesis in C. diphthe-
riae, and therefore the iron effect has received
extensive study. However, it is also clear that
the regulation of toxinogenesis is complex and
that factors other than iron are important for
toxinogenesis. In the present study, our results
with the mutant lysogen C7(8°**') demon-
strated that toxin was formed only during the
terminal stages of bacterial growth even in high-
iron medium in which iron was not the growth-
limiting factor. Thus, some physiological change
associated with the terminal stages of growth
may represent a necessary factor for toxino-
genesis that is distinct from iron deficiency. Mu-
tants of phage 8 and of C. diphtheriae C7 that
are altered in the regulation of toxinogenesis will
be useful for continuing studies of the genetics,
biochemistry, and molecular biology of toxino-
genesis in C. diphtheriae.

ACKNOWLEDGMENTS

This work was supported in part by Public Health Service
research grant 5 R22 Al 14107 from the National Institute of
Allergy and Infectious Diseases and by research grant R07301
from the Uniformed Services University of the Health Sci-
ences.



944  WELKOS AND HOLMES

We thank Stanley J. Cryz, Jr., for assistance in preparing
the goat diphtherial antitoxin and Irmgard Dinger for secre-
tarial assistance.

LITERATURE CITED

1. Arditti, R., T. Grodzicker, and J. Beckwith. 1973.
Cyclic adenosine monophosphate-independent muta-
tions of the lactose operon in Escherichia coli. J. Bac-
teriol. 114:652-655.

2. Bacha, P., and J. R. Murphy. 1978. Isolation and char-
acterization of extragenic suppressor strains of Coryne-
bacterium diphtheriae. J. Bacteriol. 136:1135-1142.

3. Barksdale, L. 1959. Lysogenic conversions in bacteria.
Bacteriol. Rev. 23:202-212.

4. Barksdale, L. 1970. Corynebacterium diphtheriae and
its relatives. Bacteriol. Rev. 34:378-422.

5. Barksdale, W. L., and A. M. Pappenheimer. 1954.
Phage-host relationships in nontoxigenic and toxigenic
diphtheria bacilli. J. Bacteriol. 67:220-232.

6. Bautz-Freese, E., and E. Freese. 1961. Induction of
reverse mutations and cross reactivation of nitrous acid-
treated phage T4. Virology 13:19-30.

7. Collier, R. J. 1975. Diphtheria toxin: mode of action and
structure. Bacteriol. Rev. 39:54-85.

8. Cryz, S. J., Jr., S. L. Welkos, and R. K. Holmes. 1980.
Immunochemical studies of diphtherial toxin and re-
lated nontoxic mutant proteins. Infect. Immun. 30:835-
846.

9. de Crombrugghe, B., B. Chen, M. Gottesman, 1. Pas-
tan, H. E. Varmus, M. Emmer, and R. L. Perlman.
1971. Regulation of lac mRNA synthesis in a soluble
cell-free system. Nature (London) New Biol. 230:37-40.

10. Edwards, D. C., and P. A. Seamer. 1960. The uptake of
iron by Corynebacterium diphtheriae growing in sub-
merged culture. J. Gen. Microbiol. 22:705-712.

11. Freeman, V. J. 1951. Studies on the virulence of bacte-
riophage-infected strains of Corynebacterium diphthe-
riae. J. Bacteriol. 61:675-688.

12. Freeman, V. J., and 1. U. Morse. 1952. Further obser-
vations on the change to virul of bacteriophag
infected avirulent strains of Corynebacterium diphthe-
riae. J. Bacteriol. 63:407-414.

13. Gill, D. M., T. Uchida, and R. A. Singer. 1972. Expres-
sion of diphtheria toxin genes carried by integrated and
nonintegrated phage beta. Virology 50:664-668.

14. Griffiths, E., J. Humphreys, A. Leach, and L. Scan-
lon. 1978. Alterations in the tRNA’s of Escherichia coli
recovered from lethally infected animals. Infect. Im-
mun. 22:312-317.

15. Groman, N. B. 1953. Evidence for the induced nature of
the change from nontoxigenicity to toxigenicity in Cor-
ynebacterium diphtheriae as a result of exposure to
specific bacteriophage. J. Bacteriol. 66:184-191.

16. Groman, N. B. 1956. Conversion in Corynebacterium
diphtheriae with phages originating from nontoxigenic
strains. Virology 2:843-844.

17. Groman, N. B., and D. Bobb. 1955. The inhibition of
absorption of Corynebacterium diphtheriae phage by
Tween 80. Virology 1:313-323.

18. Holmes, R. K. 1976. Characterization and genetic maping
of nontoxinogenic (tox) mutants of corynebacterio-
phage beta. J. Virol. 19:195-207.

19. Holmes, R. K., and L. Barksdale. 1969. Genetic analysis
of tox* and tox~ bacteriophages of Corynebacterium
diphtheriae. J. Virol. 3:586-598.

20. Holmes, R. K., and R. B. Perlow. 1975. Quantitative
assay of diphtherial toxin and of immunologically cross-
reacting proteins by reversed passive hemagglutination.
Infect. Immun. 12:1392-1400.

21. Jacob, F., and J. Monod. 1961. Genetic regulatory mech-
anisms in the synthesis of proteins. J. Mol. Biol. 3:318-
356.

22.

23.

25.

26.

27.

31.

—

32.

33.

37.

41.

J. VIROL.

Johnston, H. M., W. M. Barnes, F. G. Chumley, L.
Bossi, and J. R. Roth. 1980. Model for regulation of
the histidine operon of Salmonella. Proc. Natl. Acad.
Sci. U.S.A. 77:508-512.

Kanei, C., T. Uchida, and M. Yoneda. 1977. Isolation
from Corynebacterium diphtheriae C7(B) of bacterial
mutants that produce toxin in medium with excess iron.
Infect. Immun. 18:203-209.

. Kato, I. 1970. Relationship of bacterial structure and

metabolism to toxin production, p. 401-443. In S. J. Ajl,
S. Kadis, and T. C. Montie (ed.), Microbial toxins, vol.
1. Academic Press, Inc., New York.

Keller, E. B, and J. M. Calvo. 1979. Alternative second-
ary structures of leader RNAs and the regulation of the
trp, phe, his, thr, and leu operons. Proc. Natl. Acad. Sci.
U.S.A. 76:6186-6190.

Laird, W., and N. Groman. 1976. Isolation and charac-
terization of tox mutants of corynebacteriophage beta.
J. Virol. 19:220-227.

Laird, W., and N. Groman. 1976. Orientation of the tox
gene in the prophage of corynebacteriophage beta. J.
Virol. 19:228-231.

Lightfoot, H. N., and B. H. Iglewski. 1974. Synthesis of
diphtheria toxin in E. coli cell-free lysates. Biochem.
Biophys. Res. Commun. 56:351-357.

. Locke, A., and E. R. Main. 1931. The relation of copper

and iron to the production of toxin and enzyme action.
J. Infect. Dis. 48:419-435.

Matsuda, M., and L. Barksdale. 1967. System for the
investigation of the bacteriophage-directed synthesis of
diphtherial toxin. J. Bacteriol. 93:722-730.

Matsuda, M., C. Kanei, and M. Yoneda. 1971. Degree
of expression of the tox* gene introduced into coryne-
bacteria by phages derived from diphtheria bacilli hav-
ing different capacities to produce toxin. Biken J. 14:
365-368.

Matsuda, M., C. Kanei, and M. Yoneda. 1972. A phage
mutant-directed synthesis of a fragment of diphtheria
toxin protein. Biochem. Biophys. Res. Commun. 46:43-
47.

Miller, J., and W. Reznikoff (ed.). 1978. The operon.
Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.

. Mueller, J. H., and P. A. Miller. 1941. Production of

diphtheria toxin of high potency (100 LF) on a repro-
ducible medium. J. Immunol. 40:21-32.

. Murphy, J. R., and P. Bacha. 1979. Regulation of diph-

theria toxin production, p. 181-186. In D. Schlessinger
(ed.), Microbiology—1979. American Society for Micro-
biology, Washington, D.C.

Murphy, J. R., J. L. Michel, and M. Teng. 1978. Evi-
dence that the regulation of diphtheria toxin production
is directed at the level of transcription. J. Bacteriol.
135:511-516.

Murphy, J. R., A. M. Pappenheimer, Jr., and S. T. de
Borms. 1974. Synthesis of diphtheria tox-gene products
in Escherichia coli extracts. Proc. Natl. Acad. Sci.
U.S.A. 71:11-15.

Murphy, J. R., J. Skiver, and G. McBride. 1976. Iso-
lation and partial characterization of a corynebacterio-
phage B, tox operator constitutive-like mutant lysogen
of Corynebacterium diphtheriae. J. Virol. 18:235-244.

Pappenheimer, A. M., Jr. 1955. The pathogenesis of
diphtheria, p. 40-56. In J. W. Howie and A. J. O'Hea
(ed.), Mechanisms of microbial pathogenicity. Fifth
Symposium of the Society for General Microbiology.
Cambridge University Press, Cambridge.

Pappenheimer, A. M., Jr. 1971. The evolution of an
infectious disease in man, p. 174-188. In J. Monod and
E. Borek (ed.), Of microbes and life. Columbia Univer-
sity Press, New York.

Pappenheimer, A. M., Jr. 1977. Diphtheria toxin. Annu.
Rev. Biochem. 46:69-74.



VoL. 37,1981

42. Pappenheimer, A. M., Jr., and S. J. Johnson. 1936.
Studies in diphtheria toxin production. I. The effect of
iron and copper. Br. J. Exp. Pathol. 17:335-341.

43. Parsons, E. L 1955. Induction of toxigenicity in nontoxi-
genic strains of C. diphtheriae with bacteriophages
derived from nontoxigenic strains. Proc. Soc. Exp. Biol.
Med. 90:91-93.

44. Pope, C. G. 1932. The production of toxin by C. diphthe-
riae. I1. Effects produced by the addition of iron and
copper to the medium. Br. J. Exp. Pathol. 13:218-223.

45. Raynaud, M., A. Turpin, R. Mangalo, and B. Bizzini.
1954. Croissance et toxinogenése. Ann. Inst. Pasteur
Paris 87:599-616.

46. Reznikoff, W. S., and J. N. Abelson. 1978. The lac
promoter, p. 221-244. In J. Miller and W. Reznikoff
(ed.), The operon. Cold Spring Harbor Laboratory, Cold
Spring Harbor, N.Y.

47. Righelato, R. C., and P. A. van Hemert. 1969. Growth
and toxin synthesis in batch and chemostat cultures of
Corynebacterium diphtheriae. J. Gen. Microbiol. 58:
403-410.

48. Roux, E., and A. Yersin. 1888. Contribution a I'étude de
la diphtérie. Ann. Inst. Pasteur Paris 2:629-661.

49. Silverstone, A. E,, R. R. Arditti, and B. Magasanik.
1970. Catabolite-insensitive revertants of lac promoter
mutants. Proc. Natl. Acad. Sci. U.S.A. 66:773-779.

50. Singer, R. 1973. Temperature sensitive mutants of toxi-
nogenic corynebacteriophage beta. I. Genetics. Virology
55:347-356.

51. Smith, W. P. 1980. Cotranslational secretion of diphtheria
toxin and alkaline phosphatase in vitro: involvement of
membrane protein(s). J. Bacteriol. 141:1142-1147.

52. Smith, W. P., P.-C. Tai, J. R. Murphy, and B. D.
Davis. 1980. Precursor in cotranslational secretion of
diphtheria toxin. J. Bacteriol. 141:184-189.

53. Stauffer, G. V., G. Zurawski, and C. Yanofsky. 1978.
Single base-pair alterati in the Escherichia coli
operon leader region that relieve transcription termi-

REGULATION OF TOXINOGENESIS IN C. DIPHTHERIAE 945

nation at the &rp attenuator. Proc. Natl. Acad. Sci.
U.S.A. 75:4833-4837.

54. Stent, G. S., and R. Calendar. 1978. Molecular genetics,
2nd ed. W. H. Freeman and Co., San Francisco.

55. Uchida, T., D. M. Gill, and A. M. Pappenheimer, Jr.
1971. Mutation in the structural gene for diphtheria
toxin carried by temperate phage 8. Nature (London)
New Biol. 233:8-11.

56. Uchida, T., C. Kanei, and M. Yoneda. 1977. Mutations
in corynephage 8 that affect the yields of diphtheria
toxin. Virology 77:876-879.

57. Uchida, T., A. M. Pappenheimer, Jr., and R. Greany.
1973. Diphtheria toxin and related proteins. I. Isolation
and properties of mutant proteins serologically related
to diphtheria toxin. J. Biol. Chem. 248:3838-3844.

58. Uchida, T., A. M. Pappenheimer, Jr., and A. A. Har-
per. 1972. Reconstitution of diphtheria toxin from two
nontoxic cross-reacting mutant proteins. Science 175:
901-903. .

59. Uchida, T., and M. Yoneda. 1967. Estimation of the
time required for the process of diphtheria toxin for-
mation. Biken J. 10:121-128.

60. Uchida, T., and M. Yoneda. 1967. Evidence for the
association of membrane with the site of toxin synthesis
in Corynebacterium diphtheriae. Biochim. Biophys.
Acta 145:210-213.

61. Weinberg, E. D. 1977. Mineral element control of micro-
bial secondary metabolism, p. 289-316. In E. D. Wein-
berg (ed.), Microorganisms and minerals. Marcel Dek-
ker, Inc., New York.

62. Welkos, S. L., and R. K. Holmes. 1979. Characterization
of a screening test for diphtherial taonn a.ntlgen pro-
duced by individual plaques of cory dJ.
Clin. Microbiol. 9:693-698.

63. Welkos, S. L., and R. K. Holmes. 1981. Regulation of
toxinogenesis in Corynebacterium diphtheriae. I1. Ge-
netic mapping of a tox regulatory mutation in bacterio-
phage 8. J. Virol. 37:946-954.




