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ABSTRACT Although catalase is thought to be a major
defense against hydrogen peroxide (H202), the catalase activity
within individual Escherichia coil fails to protect against ex-
ogenous H202. Contrary to earlier reports, we find that dilute
suspensions, of wild-type and catalase-deficient E. colt are
identical in their sensitivity to H202, perhaps because even
wild-type, catalase-positive E. colU cannot maintain an inter-
nal/externail concentration gradient of this highly diffusible
oxidant. However, concentrated suspensions or colonies of
catalase-positive E. colt do preferentially survive H202 chal-
lenge and can even cross-protect adjacent catalase-deficient
organisms. Furthermore, high-density catalase-positive-but
not catalase-negative-E. colt can survive and multiply in the
presence of competitive, peroxide-generating streptococci.
These observations support the concept that bacterial catalase
may defend colonial, but not individual, E. colU against envi-
ronmental H202. Group protection by the activity of enzymes
that mitigate oxidative stress may have been a driving force in
the evolution of multicellular organisms.

Biologically hazardous reactive oxygen species, such as
hydrogen peroxide (H202), arise from a variety of chemical
(1-3) and metabolic (4-7) reactions. Accordingly, all aerobic
organisms possess enzymatic systems that protect against
H202 cytotoxicity. These systems include reduced glu-
tathione and associated enzymes and catalases. The relative
importance of glutathione-associated enzymes versus cata-
lases may depend on the source and extent of H202 exposure
(8-11). For many kinds of bacteria, catalase may be most
important in protection against high H202 concentrations
because catalases generally have very high turnover numbers
(12). Furthermore, many bacteria such as Escherichia coli
lack glutathione peroxidase (13) and cannot use glutathione
for enzymatic catabolism of H202. In fact, glutathione ap-
pears dispensable in the defense of E. coli against H202 (14).
Although other metabolic pathways for H202 detoxification
may exist in E. coli (15, 16), the quantitative importance of
these alternative mechanisms is unclear.

Therefore, that microbial catalase is reported to be an
effective defense against relatively high concentrations of
exogenous H202 is not surprising (17-24). These earlier find-
ings are, however, puzzling when one compares the ready
diffusibility ofH202 with the small cellular dimensions ofmost
microbes. That is, H202 should so rapidly permeate small
organisms that even very high intracellular catalase activity
might not produce an outside/inside concentration gradient.
To investigate this apparent ambiguity, we have carefully
tested the susceptibility of catalase-deficient E. coli to killing
by H202. The results indicate that bacterial catalase does not
protect isolated organisms against H202 challenge but does
favor the survival of high-density and colonial E. coli. Such
group enzymatic defense in unicellular organisms may have
been a driving force in the evolution of multicellularity.

MATERIALS AND METHODS
Reagents. Brain heart infusion broth, Todd-Hewitt broth,

Lennox L agar (LB agar), and Bactoagar were obtained from
GIBCO/BRL. The bicinchoninic acid protein microassay
was from Pierce. All other enzymes and chemicals were
purchased from Sigma.

Bacterial Strains and Culture Conditions. A catalase-
deficient mutant strain of E. coli K-12 [UM1, hereafter,
cat(-)] and its parent wild-type [CSH7, hereafter cat(+)] (17)
were provided by P. C. Loewen (University ofManitoba). E.
coli were grown statically in brain heart infusion broth or M9
minimal salts medium supplemented with 10 mM glucose
(M9/glucose) (25) at 370C in room air overnight (18-20 hr) to
early stationary-phase (OD600 = 2.2-2.4). Thiamin was not
added to the growth medium because these strains of E. coli
were phenotypically Thi+, probably from a spontaneous Thi-
- Thi+ reversion. Bacteria in midexponential growth were
obtained by diluting these stationary-phase cultures 1:100 in
prewarmed fresh brain heart infusion broth and incubated
further until the OD6(o of the culture reached 0.5-1.0. Cells
were harvested from the culture by centrifugation (10,000 x
g for 10 min at 20C), washed thrice in cold phosphate-buffered
saline (140mM NaCI/10mM Na2HPO4/10 mM KH2PO4, pH
7.2) or in M9/glucose before being resuspended in the
indicated buffers, and the absorbance at 600 nm was mea-
sured. The correlation of OD6(, with bacterial concentration
was affirmed by direct microscopic counts and by colony-
forming units obtained by growth on LB agar. Bacterial
stocks were maintained on LB agar plates, stored at 2-4C.
The catalase status of colonies was constantly monitored by
direct catalase assay and by H202 drop tests.

Streptococcal strains were obtained from the American
Type Culture Collection (Streptococcus sobrinus; 33478), G.
Germaine (University of Minnesota) (Streptococcus mitis,
9811), and E. L. Thomas (University of Tennessee) (Strep-
tococcus mutans OMZ176 and S. mutans GS5). Organisms
were cultured in Todd-Hewitt broth statically at 370C either
in room air (S. mutans) or in a candle extinction jar (S.
sobrinus and S. mitis) and washed as described for E. coli.
H202 King ofE. cofi. Suspensions of E. coli were diluted

to the concentration of 5 x 107 cells per ml (concentrated) or
500 cells per ml (dilute) in M9/glucose and prewarmed to
370C before being exposed to H202 at the indicated concen-
trations. Bacterial viability, or, more accurately, ability ofthe
bacteria to replicate, was assayed by pour-plating diluted
aliquots (in triplicate) of the H202/bacteria mixture in bovine
catalase-supplemented (100 units per ml) LB agar at different
times during incubation. Killing experiments were performed
not only in pure cat(+) and pure cat(-) E. coli suspensions
but also were carried out in mixtures of cat(+) and cat(-) E.
coli as indicated. To differentiate cat(+) from cat(-) E. coli
after H202 exposure of such mixtures, bacteria ofboth strains
were made resistant to ampicillin by pUC118 (a derivation of

Abbreviations: LB agar, Lennox L agar; M9, minimal salts medium;
M9/glucose, M9/10 mM glucose; cat(-), catalase-deficient mutant;
cat(+), wild-type strain CSH7.
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pUC18-carrying ampicillin resistance) transformation.
Transformed cat(+) E. coli were admixed with nontrans-
formed cat(-) organisms (or vice versa) before H202 expo-
sure, and the surviving bacteria were plated in LB agar with
or without ampicillin supplementation (30 ,ug/ml).
For the preparation of E. coli colonies, -500 individual

organisms were pour-plated in 10 ml of molten LB agar and
allowed to solidify on a precisely horizontal platform to
ensure equal thickness of the agar layer. After preincubation
at 370C for various periods of time, the embedded microcol-
onies were exposed to 1.0 mM H202 in an agar overlay (20 ml
of 1.5% Bactoagar in M9/glucose). After solidification, the
Petri dishes were further incubated for 48 hr at 370C before
viable colony-forming units were enumerated. Control plates
containing bovine catalase (100 units per ml) were also
exposed to H202 under identical conditions.

Coculture of E. coli and Streptococci. Stationary-phase S.
mutans OMZ176 were resuspended to an OD650 of 1.0 in M9
medium/50 mM glucose. These suspensions of streptococci
were incubated aerobically (10-12 ml in 50-ml Erlenmeyer
flasks shaken on a rotary platform at 135 rpm) at 370C for 60
min, and then E. coli were added at 5 x 107 organisms per ml.
The fate of the cocultured E. coli was determined by pour-
plating in LB agar supplemented with erythromycin (0.4
,ug/ml), conditions that suppress streptococcal but not E. coli
growth. The H202 concentration ofthe coculture supernatant
was assayed in parallel. Interactions between colonies of
streptococci and E. coli were also tested. S. mitis were
sparsely inoculated on plates of presolidified Todd-Hewitt
agar (1.5%) and incubated in a candle extinction jar at 370C
for 4-5 days, by which time each plate bore several strep-
tococcal colonies of 3- to 4-mm diameter. E. coli were
suspended at 106 cells per ml in molten M9 agar (1.5%)
supplemented with 50mM glucose and overlain onto the plate
bearing mature streptococcal colonies. After overnight incu-
bation in air at 37°C, the diameter of growth-inhibitory zones
surrounding each streptococcal colony was determined.

Catalase Assay. Catalase activity was assayed polarograph-
ically according to the method of Rorth and Jensen (26) with
bacterial suspensions or lysates as samples. Lysis of E. coli
was achieved by sonication (55-60 W for 3 min at 4°C). In the
absence of added H202, the oxygen tension of bacterial
suspensions, either cat(+) or cat(-), remained the same in
room-air-equilibrated buffer for at least 10 min. Therefore,
oxygen consumption by intact cells in the catalase assay
system did not compromise the results. Bacterial suspensions
or lysates were mixed with H202 (starting concentration = 10
mM) in nitrogen-purged buffer supplemented with 10 mM
glucose, and the initial (1-3 min) rates of oxygen evolution
were measured and recorded with a modified Clark 02
electrode at 24°C. Appropriate dilutions of bovine liver
catalase were used as a standard.
H202 Assay. H202 was determined by horseradish perox-

idase-catalyzed oxidation ofphenol red (27). Briefly, samples
were mixed with phosphate-buffered saline containing horse-
radish peroxidase (8.5 purpurogallin units per ml) and phenol
red (0.28 mM) and incubated at 24°C for 10 min before being
alkalinized by adding 1.0 M NaOH. Absorbance of the
reaction mixture at 610 nm was measured and correlated with
values obtained by using appropriate dilutions of reagent
H202. The concentration of reagent H202 was determined by
UV absorbance at 230 nm (molar absorptivity = 81
M-1cm-1). The accumulation of H202 by streptococci in
aerobic culture was estimated by inoculating stationary-
phase organisms into M9 medium/50 mM glucose at a
concentration of 5 x 109 colony-forming units per ml (OD650
= 1.0). The culture was aerated (12 ml in 50-ml Erlenmeyer
flasks shaken on a rotatory platform at 135 rpm) and incu-
bated at 370C. At the indicated time points, H202 in the
culture supernatant was determined.

Protein Assay. Protein concentrations were determined by
using the bicinchoninic acid protein microassay (28), using
bovine serum albumin as the standard.

RESULTS
Catalase Activity of Intact and Lysed E. coli. In agreement

with previous reports (29, 30), our own direct measurements
on intact and lysed E. coli indicate no significant difference
in internal versus external H202 concentrations at millimolar
peroxide concentrations. The apparent catalase activities of
cat(+) E. coli suspensions before (intact) and after sonication
(lysate; >99.9o of the cells lysed as judged microscopically)
were bacterial protein at 8.71 ± 0.97 and 9.67 ± 1.34 units per
mg (n = 4), respectively. Thus, it appears that, at higher H202
concentrations, E. coli catalases cannot maintain an appre-
ciable H202 gradient across the cell envelope. It should be
noted, however, that a H202 permeability barrier at the level
of the cell envelope has been proposed for other microbial
species (31-33).
H202 Sensitivity of Suspensions of cat(+) and cat(-) E. coli.

If wild-type E. coli are, indeed, incapable of sustaining an
internal/external gradient of peroxide, then, contrary to
earlier reports (17-24), cat(+) and cat(-) E. coli should be
equally susceptible to H202-mediated cytotoxicity. To test
this hypothesis, we exposed dilute (500 organisms per ml)
suspensions of stationary-phase cat(+) and cat(-) E. coli to
1.0 mM H202 and followed the kinetics of replication inac-
tivation (hereafter referred to as killing). Under these con-
ditions, there is no detectable difference in the killing of
cat(+) versus cat(-) organisms by exogenous H202 (Fig.
1A). As shown in Fig. 1A, Inset, at such low bacterial
numbers neither cat(+) nor cat(-) E. coli suspensions clear
appreciable amounts of the exogenous H202. Similarly, brief
(15 min) exposure of dilute E. coli suspensions to various
concentrations (1o-7 M to 4 x 10-2 M) of H202 reveals
identical sensitivity of cat(+) and cat(-) organisms to H202,
the LD50 for both strains being -2.5 mM (data not shown).
Because bacterial catalase activity is known to vary with
different growth and metabolic states (34, 35), we also
examined H202 sensitivity of exponential-phase and mini-
mal-medium-growth (M9/glucose) organisms. Again, H202
killing in both strains is identical (data not shown). Therefore,
intracellular catalase does not protect dilute suspensions of
E. coli against external H202.
However, entirely different results are obtained when

more concentrated (5 x 107 organisms per ml) suspensions of
cat(+) and cat(-) E. coli are similarly exposed to 1.0 mM
H202. In this case, organismal catalase clearly confers sur-
vival advantage (Fig. 1B). Unlike dilute suspensions ofE. coli
that cannot clear H202 (Fig. 1A Inset), concentrated cat(+)
E. coli efficiently catabolize added H202 (Fig. 1B Inset) and,
therefore, survive. This concentration-dependent resistance
to H202 cytoxicity is not observed in cat(-) E. coli (Fig. 1B).
Furthermore, when equal numbers of cat(+) and cat(-) E.
coli are admixed in dilute suspensions and then exposed to
H202, once again, there is no difference in the rate or extent
of H202-dependent killing of the two strains (Fig. 2A).
However, concentrated cat(+) E. coli will actually cross-
protect cat(-) organisms in the same incubation mixture (Fig.
2B).
H202 Sensitivity of Colonial cat(+) and cat(-) E. coli. The

preceding results suggested that colonies of cat(+) E. coli
might survive challenge by exogenous H202. We, therefore,
grew individual bacterial colonies for increased periods of
time (during which the colonies progressively enlarge as a
result ofbacterial multiplication) before challenge with H202.
As microcolonies of cat(+) E. coli increase in size, substan-
tial resistance to H202 develops, whereas cat(-) microcolo-
nies are killed by H202, regardless of their size (Fig. 3). If the
generation time of E. coli embedded in such an artificial
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FIG. 1. Kinetics of replication inactivation ("killing") of dilute

(A) and concentrated (B) suspensions of cat(+) (0) and cat(-) (o) E.
coli. Early stationary-phase bacteria were suspended to -5 x 102
cells per ml (A) or -5 x 107 cells per ml (B) in M9/glucose. At zero
time, H202 was added to a final concentration of 1.0 mM, and the
bacterial suspensions were then incubated at 37C. Surviving orga-
nisms were quantitated by pour-plating appropriate dilutions in LB
agar supplemented with bovine liver catalase at 100 units per ml.
After 24-48 hr ofgrowth at 37"C, colonies were counted. Each point
represents the mean of triplicate determinations, and vertical lines
show ± 1 SD. (Insets) Suspension-phase H202 concentration during
incubations of cat(+) (0) and cat(-) (o) E. coli as measured by the
peroxidase/phenol red reaction (27).

environment is 30 m* (37), the cat(+) microcolonies acquire
significant resistance to H202 (survival increasing to >90% at
6 hr) after =12 generations. The population of each micro-
colony during this growth period should reach ""4000 bacte-
ria. In contrast to the small dimensions of an individual
organism, a spherical colony of 4000 organisms should have
a diameter of m40 pum.

Competitive Interations of cat(+) and cat(-) E. col with
Peri genic S ooci. The above results suggested that,
in an environment contaminated by H202 generated by other
microorganisms, caaase might be critical for the survival of
E. coli. Indeed, when an agar overlay containing E. coli is
poured onto established colonies of H202-releasing S. miltis,
large zones ofE. coli growth inhibition are observed for cat(-)
E. coli, whereas the cat(+) bacteria grow in close proximity to
the streptococcal colonies (Fig. 4). Even in liquid culture,
there is aprofound difference in the ability ofcat(-) and cat(+)
organisms to compete with these streptococci. Under these
conditions, cat(+) E. coli proliferate after a short lag period,
despite the presence of numerous H202-producing strepto-
cocci. By contrast, cat(-) E. coli fail to grow and eventually
die (Fig. 5). This competitive advantage of cat(+) E. coli is
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FiG. 2. H202 killing of heterogeneous dilute (A) or concentrated
(B) suspensions ofcat(+) and cat(-) E. coli. The two strains ofE. coli
were made resistant to ampicillin by pUC118 (Ampr) transformation.
(A) Dilute suspensions (-5 x 102 cells per ml) of untransformed
cat(+) and transformed cat(-) bacteria, or vice versa, were prepared
in M9/glucose, and equal volumes of these suspensions were ad-
mixed immediately before adding 1.0mM H202. After incubation at
3rC for the indicated times, cat(+) and cat(-) survivors were
differentiated by pour-plating in LB agar containing 100 units of
catalase per ml with or without ampicillin (30 pg/ml). Identity of the
colonies was further confirmed by the H202 drop test (36). *,
Untransformed cat(+); a, transformed cat(+); o, untransformed
cat(-); o, transformed cat(-). (B) Survival of concentrated ("'5 x
107 cells per ml) Ampr-transformed cat(-) E. coli alone (-) or
admixed with equal numbers of cat(+) E. coli (---). Each point
represents the mean of triplicate determinations, and vertical lines
show + 1 SD.

clearly related to catalase-dependent protection from environ-
mental H202. When bovine catalase is added to the liquid
coculture system, even the cat(-) organisms survive and
multiply (Fig. 5). Furthermore, the ability of different species
and strains of streptococci to suppress and kill cocultured
cat(-) E. coli is directly correlated with their various H202-
accumulating potentials (data not shown).

DISCUSSION
It is difficult to imagine that the catalase activity within small
unicellular organisms might be an effective protection against
exogenous H202. In view of the highly diffusible nature of
this oxidant, it is unlikely that intraorganismal catalase could
sustain an internal/external concentration gradient. Indeed,
direct measurements of the "apparent" catalase activity
within intact and lysed E. ccli yield very similar values.

Proc. Nad. Acad. Sci. USA 89 (1992)
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FIG. 3. Enhanced resistance of colonial cat(+) E. coli to H202
killing. Known numbers (-500 colony-forming units per plate) of
cat(+) (o) or cat(-) (o) E. coli were pour-plated in 10 ml ofLB agar

and incubated at 370C. After various periods of preincubation, 20 ml
of molten 1.5% Bactoagar containing freshly added H202 (final
concentration, 1.0 mM) was overlaid on the LB agar-embedded
bacterial microcolonies. Surviving colonies were counted after 48 hr
of incubation and expressed as percentage survival of control plates
either not exposed to an H202-containing overlay or supplemented
with catalase (100 units per ml). Data from one representative
experiment are shown with error bars of + 1 SD from counts of
triplicate plates. The growth rates of cat(+) and cat(-) E. coli, as

measured by either turbidometry in brain heart infusion broth or

visually as colonies in LB agar, were identical.

Because the rate of reaction of catalase with H202 (at least
between 1 and 40 mM) is an almost linear function of
substrate concentration (12), this result indicates that the
catalase activity within intact E. coli cannot lower the effec-
tive intracellular concentrations of H202 and, therefore,
cannot prevent H202-mediated damage to the organism. In
direct support of this conclusion [but contrary to a number of
earlier reports (17-24)], we find that dilute suspensions of
cat(+) E. coli are as readily killed by bulk-phase H202 as are

FIG. 4. Preferential inhibition of the growth of cat(-) E. coli by
H202-generating colonies of S. mitis. S. mitis was first cultured
overnight in Todd-Hewitt broth at 370C in a candle extinction jar,
then sparsely inoculated on presolidified Todd-Hewitt agar (1.5%)
plates, and allowed to grow for 4 to -5 days, by which time the
streptococcal colonies were -3-4 mm in diameter. E. coli were
prepared as described in the legend for Fig. 1 and resuspended at
=106 organisms per ml in molten M9 agar (1.5%) supplemented with
50 mM glucose. Ten milliliters of E. coli-containing top agar was
overlaid onto the plate bearing the streptococcal colonies. After
overnight incubation at 370C in room air, clear growth-inhibitory
zones appear surrounding each streptococcal colony on the cat(-)
plate (Left). In contrast, the plate overlaid with cat(+) E. coli (Right)
shows no such zone of inhibition of E. coli. The important role of
H202 in this experimental system was confirmed by addition of
catalase (100 units per ml) in the top agar, which prevented devel-
opment of any detectable zone of inhibition (data not shown).

Time (hs)

FIG. 5. Competitive elimination qf cat(-) E. coli by S. mutans
OMZ176. Early stationary-phase cultures of E. coli and S. mutans
were grown separately in M9/glucose and Todd-Hewitt broth, re-
spectively, and used as inocula. Streptococci were inoculated into
prewarmed M9/50 mM glucose, at -5 x 109 colony-forming units
(CFU) per ml (OD65o = 1.0), aerated (12 ml in 50-ml Erlenmeyer
flasks shaken on rotatory platform at 135 rpm), and preincubated at
37°C. After 60 min of preincubation, cat(+) or cat(-) E. coli were
inoculated at 5 x 107 organisms per ml, and their viability was
followed by pour-plating in LB agar supplemented with erythromy-
cin (0.4 1ug/ml), which suppresses streptococcal but not E. coli
growth. e, cat(+) without catalase; o, cat(-) without catalase; ,

cat(+) with catalase; n, cat(-) with catalase. Each point represents
the results of triplicate determinations, and vertical lines show + 1
SD. E. coli were inoculated at zero time when [H202] was 0.258 mM,
which increased to 0.801 mM in cat(-) coculture in 9 hr. In the
control experiment, catalase (100 units per ml) was added immedi-
ately before streptococcal inoculation, which completely prevented
both H202 accumulation and cytotoxicity to cat(-) E. coli.

their cat(-)-but otherwise isogenic-counterparts. This
result is very simply explained by the inability of organismal
catalase to (i) maintain an internal/external concentration
gradient and (ii) catabolically decrease the concentration of
the bulk-phase H202.
On the other hand, the catalase activity of cat(+) E. coli

does protect high-density or colonial bacteria from external
H202, whereas cat(-) E. coli show persistent sensitivity to
H202, regardless of density. In these conditions, cat(+)
organisms have high aggregate catalase activity, are able
rapidly to catabolize environmental peroxide, and, therefore,
survive. Interestingly, this group protection can extend to
neighboring cat(-) E. coli, lending further support to the idea
that catalase may function to protect groups of bacteria,
rather than discrete, isolated organisms.

In the laboratory setting, bacteria are generally treated as
unicellular organisms, whereas, in the natural world, many
microbial species, including bacteria, live a more colonial
existence (38). Colonic E. coli, for example, are interspersed
with many other species of enteric flora in the form ofa dense
biofilm adjacent the intestinal epithelial surface (39, 40). In
natural environments like this, one important source of
exogenous H202 might be that generated by competitive
microorganisms of other genera (41-43). Streptococci and
lactobacilli, found in significant numbers in human feces,
generate substantial amounts of H202 (44). In fact, peroxi-
dogenic streptococci, known to be frequent inhabitants ofthe
oral cavity, suppress growth of other microbial species
(45-52).
We have, therefore, studied interactions between cat(+)/

cat(-) E. coli and peroxidogenic streptococci. When an agar
overlay containing E. coli is poured onto established colonies
of H202-releasing S. mitis, large zones of E. coli growth
inhibition are observed for cat(-) E. coli, whereas the cat(+)

0

U'

o _u
104

*> P

en

Microbiology: Ma and Eaton



7928 Microbiology: Ma and Eaton

bacteria grow in close proximity to the streptococcal colo-
nies. Even in liquid culture, there is a profound difference in
the ability of cat(-) and cat(+) organisms to compete with
these streptococci. Under these conditions, cat(+) E. coli
proliferate after a short lag period, despite the presence of
numerous H202-producing streptococci. By contrast, cat(-)
E. coli fail to grow and eventually die. This competitive
advantage of cat(+) E. coli is clearly related to catalase-
dependent protection from environmental H202. When cat-
alase is added to the liquid coculture system, even the cat(-)
organisms survive and multiply (Fig. 5). Furthermore, the
ability of different species and strains of streptococci to
suppress and kill cocultured cat(-) E. coli is directly corre-
lated with their various H202-accumulating potentials (data
not shown).

Unfortunately, the present work does not elucidate the
mechanism(s) whereby H202 is cytotoxic to E. coli. Earlier
investigations suggest that low (1-3 mM) concentrations of
H202, such as those used iu our work, may cause lethality via
transition metal-mediated DNA damage (whereas this may
not be true of higher H202 concentrations) (53-55). If so,
catalase-dependent group protection evidently works
through prevention of irreparable H202-mediated damage to
organismal DNA.

In summary, we find that one particular oxidant-defense
enzyme-catalase-does not protect individual E. coli
against bulk-phase H202. However, highly concentrated or
colonial cat(+) E. coli are resistant to external H202, whereas
cat(-) E. coli show persistent sensitivity to H202, regardless
of density. From an evolutionary perspective, it is probably
important that the catalase status of E. coli determines the
ability of aggregates of these organisms to compete with
H202-generating microbial competitors, such as strepto-
cocci. Furthermore, rival bacteria are not the only source of
concentrated exogenous H202 that may be encountered in
nature. When unicellular prokaryotes first populated the
pristine surface water on precambrian Earth, the thin atmo-
sphere likely allowed massive x-ray and UV radiation to
infiltrate these aquatic systems (56). Such intense irradiation,
especially in the presence of green photoautotrophs and
organic molecules, may rapidly generate millimolar H202
concentrations (1, 57-59). The catalase elaborated by small
unicellular organisms may protect the group-rather than the
individual-against attack by such environmental H202. We
speculate that this enzymatic "safety in numbers" may have
been an important driving force in the evolution of multicel-
lular organisms.
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