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Escherichia coli LSUFS was injured either by freezing at -10°C or by heating
at 57°C for 12 min. Surviving cells were recovered on nonselective tryptoneglucose extract agar and selective violet red bile agar supplemented with
compounds that degrade hydrogen peroxide or block its formation. Various
concentrations of the following compounds were tested: sodium pyruvate, 3,3'thiodipropionic acid, catalase, ascorbic acid, potassium permanganate, sodium
thioglycolate, dimethylsulfoxide, ethoxyquin, n-propyl gallate, a-tocopherol sodium metabisulfite, and ferrous sulfate. Sodium pyruvate and 3,3'-thiodipropionic
acid, when added to either medium, significantly (P > 0.01) increased recovery of
injured cells. More than 90% of the heat-injured cells and 40 to 90% of the freezeinjured cells failed to grow on unsupplemented tryptone-glucose extract agar.
Supplementation of violet red bile agar increased recovery, but the counts
remained considerably lower than the tryptone-glucose extract agar counts. The
repair detection procedure of Speck et al. (M. Speck, B. Ray, R. Read, Jr., Appl.
Microbiol. 29:549-550, 1975) was greatly improved by the addition of pyruvate or
3,3'-thiodipropionic acid. However, when this improved repair detection procedure was applied to foods, pyruvate-supplemented media showed some falsepositives. We therefore recommend that 3,3'-thiodipropionic acid be used to
supplement media in the repair detection procedure.

Microorganisms may become sublethally injured after exposure to many chemical and physical stresses (6, 10, 14, 18, 21). Injury may be
measured by the difference in counts when
stressed cells are simultaneously enumerated on
selective and nonselective media. Only uninjured cells are recovered on selective medium,
whereas the nonselective medium is assumed to
recover both injured and uninjured cells (6, 11,
14). However, agents lethal to injured cells may
be formed spontaneously in either selective or
nonselective medium (2, 4, 7). Media containing
manganese, citrate, or both will autooxidize and
form peroxides in concentrations lethal to bacterial cells stressed by ionization (4). Carlsson et
al. (7) reported the formation of superoxide
radicals and hydrogen peroxide in anaerobic
broth media exposed to oxygen. The amount of
phosphate and reducing sugars influences H202
formation. When thioglycolate is present in the
media, H202 formation is inhibited but superoxide radicals are still formed.
Supplementation of media with compounds
which degrade H202 has been studied (2, 16, 20).
Baird-Parker and Davenport (2) reported that
360

incorporation of pyruvate into selective media
enhances the recovery of Staphylococcus aureus. Martin et al. (16) noted improved recovery of
injured S. aureus, Pseudomonas fluorescens,
Salmonella typhimurium, and Escherichia coli
when media selective for these microorganisms
are supplemented with either catalase or sodium
pyruvate (hereafter referred to as pyruvate).
Rayman et al. (20) reported that the addition of
pyruvate to nonselective tryptic soy agar greatly
increases recovery of heat-injured Salmonella
senftenberg.
Methods have been developed which allow
injured microorganisms to repair before being
exposed to a selective medium (12, 18, 22). The
repair detection procedure of Speck et al. (22)
allows injured microorganisms to repair in a
small volume of nonselective medium before
being overlaid with the desired selective medium. However, this method does not take into
consideration the possible inhibitory effects of
peroxides spontaneously formed in the nonselective medium. The purpose of this study was
to determine the effect on injured-cell recovery
of medium supplementation with compounds
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TABLE 1. Source, type, concentration and function of supplements
Supplement

Concn

0.75%

Catalase

75 U/ml

Dimethyl sulfoxide

0.5 and 1.0%o

Ethoxyquin
Potassium permanganate
n-Propyl gallate
Sodium ascorbate
Sodium metabisulfite +
ferrous sulfate
Pyruvate

0.1 and 0.05%
0.15 and 0.25%

0.125 and 0.25%
0.5 and 1.0%o
0.25% each

Thioglycolate

0.33, 0.66, and
1.2%
0.02 and 0.05%

TDPA

0.25, 0.05, and

Degrades H202,
scavenges O2
radical (13)
Degrades H202
(16)
Scavenges O2

(17)

Antioxidizes (15)
Degrades H202
(20)
Antioxidizes (15)
Antioxidizes (15)
Scavenges O2
(13)
Degrades H202
(16)
Blocks formation of H202
(7)
Antioxidizes (15)

Time added
relative to

sterilization
After

Source

Oxoid Ltd.

After

Sigma Chemical Co.

After

Sigma Chemical Co.

After
After

Pfaltz & Bauer
J. T. Baker Chemical Co.

Before
After
After

Sigma Chemical Co.
Sigma Chemical Co.
Mallinckrodt Chemical Co.

Before

Sigma Chemical Co.

Before

Difco Laboratories

Before

Aldrich Chemical Co.

1.0%o
Vitamin E
50 U/ml
Antioxidizes (15)
After
a Contains pyruvate, sodium metabisulfite, and ferrous sulfate (0.25% each).

that either degrade H202 or block its formation.
We then applied these results to established
repair detection procedures (18, 22).
MATERIALS AND METHODS
Test organisms and method of injury. E. coli LSUFS
(type 1) was used throughout. It was maintained on
tryptone-glucose extract agar (Difco Laboratories, Detroit, Mich. [TGE]) slants and transferred weekly.
For injury studies, the cells from the slants were
inoculated into 10 ml of tryptic soy broth (Difco) and
incubated overnight at 35°C. The contents of the tube
were then transferred to 90 ml of tryptic soy broth and
further incubated. Growth was followed spectrophotometrically (Spectronic 70; Bausch & Lomb, Inc.,
Rochester, N.Y.) at 650 nm to an absorbance of 1.0.
This procedure yielded cells in the late exponential
growth phase. The cells were harvested by centrifugation at 7,000 x g for 12 min and suspended in sterile
distilled water to an optical density at 650 nm of 1.0.
Portions of the cell suspensions (5 ml) were subjected to stress by freezing at -10°C for 48 h or by heating
at 57°C for 12 min.
Enumeration of cells. Cells were enumerated before
and after being stressed by pour plating with nonselective TGE and selective violet red bile agar (Difco
[VRBA]) supplemented with various concentrations of
compounds that either have an antioxidant function or
degrade hydrogen peroxide (Table 1). Pyruvate, sodium ascorbate, 3,3'-thiodipropionic acid (TDPA), and
sodium thioglycolate were added before autoclaving
(TGE) or boiling (VRBA). These compounds had been
dissolved in distilled water and, with the exception of
TDPA, the pH had been adjusted to 7.3 with 1.0 N
sodium hydroxide. The pH of TDPA had been adjusted to 6.5 with 10 N NaOH and then to 7.3 with 1.0 N

Sigma Chemical Co.

NaOH. Heating to approximately 60°C dissolved
TDPA more quickly. The desired medium was ther
added and prepared according to the directions of the
manufacturer.
Solutions of catalase, n-propyl gallate, ethoxyquin,
sodium metabisulfite, ferrous sulfate, and dimethyl
sulfoxide were filter sterilized and added to the media
after cooling to 45°C. Vitamin E was dissolved in a
small volume of ethanol before addition to the tempered media.
All plates were incubated for 24 h at 35°C. Relative
recovery efficiency was calculated from the colony
counts obtained with the supplemented and unsupplemented media.
Repair detection procedure. Stressed cells were serially diluted and plated with 5 ml of TGE. The plates
were incubated at 25°C (room temperature) for up to 2
h to facilitate repair. At intervals, duplicate plates
were overlaid with 10 to 15 ml of VRBA to provide
selective environments. In the modified procedures,
TGE, VRBA, or both were supplemented with either
pyruvate (0.66%) or TDPA (1.0%) before plating. The
plates were incubated at 35°C for 24 h and colonies
were counted. Coliform colonies in the repair detection procedure appear identical to coliform colonies in
VRBA (19, 22).
Enumeration of coliforms from foods. Food samples
were obtained from retail stores in the Baton Rouge
area, transported to the Food Science Department,
Louisiana State University, and stored frozen or refrigerated until tested. For analysis, we blended 25 g of
each sample with 225 ml of sterile peptone-salinewater (0.1% peptone [Difco Laboratories, Detroit,
Mich.], 0.85% NaCl, 0.01% Antifoam B [Sigma Chemical Co., St. Louis, Mo.]). Serial dilutions were made
in peptone-saline-water as needed. Coliforms were
enumerated directly with VRBA by the repair detec-
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TABLE 2. Percent increase in colony counts due to
supplementation after freezing cells for 48 h at
-10°C
% Increase after

Supplement and concn

0.5%
Catalase
Thioglycolate
0.05%
0.02%
Dimethyl sulfoxide
0.5%
Pyruvate + TDPA
0.25% + 1.0%od
0.25% + 0.5%d
Campylobacter growth
supplement

TGE

VRBA

1,633b
2,100b
1,350b

1,512b
1,129b
443b

2,566b
867C
213

857b
479b
200C

503c
227
106

71
14
100c

59
29

-29
-43

43

71

2,133b
1,027c

829b
629"

89

20

-22
Vitamin E
15
a Percent increase = [(counts in supplemented medium - counts in unsupplemented medium)/counts in
unsupplemented medium] x 100. Ethoxyquin, potassium permanganate, n-propyl gallate, and sodium metabisulfite plus ferrous sulfate were lethal to E. coli cells,
and no cells were recovered on either VRBA or TGE
supplemented with these compounds. Experiments
were repeated three times.
bCounts were significantly (P > 0.01) higher than
those in unsupplemented medium.
c Counts were significantly (P > 0.05) higher than
those in unsupplemented medium.
d Respectively.

tion procedure of Speck et al. (22) and the modified
repair detection procedure (2-h repair time at 25°C)
described above. All plates were incubated for 24 h at
35°C, and characteristic colonies were counted as
coliforms. Representative colonies were confirmed by
establishing the ability to form gas in brilliant green
lactose-bile broth (Difco) in 48 h at 350C.
Ability of microorganisms to utilize pyruvate and
TDPA as substrates for acid production. Purple broth
base (Difco) was supplemented with either 0.66%
pyruvate or 1% TDPA, and the final pH was adjusted
to 6.8. Tubes containing 10 ml of purple broth base
were inoculated with E. coli, soil homogenate, ground
beef homogenate, or oyster homogenate. The tubes
were incubated at 35°C for 48 h.
Statistical analyses. Statistical analyses were done
with logarithms of the counts in an analysis of variance
(3). Logarithmic means were separated by the Fishcr
protected least-significant-difference method (23).

TABLE 3. Percent increase in colony counts due to
supplementation after heating for 12 min at 57°C
Supplement and
concn

Pyruvate
1.2%
0.66%
0.33%
TDPA
1%
0.5%
0.25%
Catalase
75 U/ml
Thioglycolate
0.05%
0.02%
Dimethyl sulfoxide

% Increase after

supplementationa
TGE

VRBA

2,384b

223

3,205b

513b
575b

2,553b

2,521b
1,194b
668c

351

44c8
545b

25

50

395
500C

109
174

1.0%0
-56
287
0.5%
-36
287
Sodium ascorbate
1%
-77
129
0.5%
-63
57
a See Table 2, footnote a.
" Counts were significantly (P > 0.01) higher than
those in unsupplemented medium.
Counts were significantly (P > 0.05) higher than
those in unsupplemented medium.
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Pyruvate
1.2%
0.66%
0.33%
TDPA
1%
0.5%
0.25%
Sodium ascorbate
1.0%

supplementationa

RESULTS
E. coli cells stressed by freezing at -10°C for
48 h were enumerated by pour plating simultaneously with unsupplemented and supplemented
TGE or VRBA. The percent increase in colony
counts in a supplemented medium over the
counts in a corresponding unsupplemented medium was determined (Table 2). In VRBA, the
largest percent increases were obtained when
the medium was supplemented with pyruvate,
whereas supplementation of TGE with TDPA
(1.0%) and pyruvate (0.66%) gave comparable
results. No significant (P > 0.05) difference was
noted between the supplements, nor were additive effects observed when they were used together. Catalase (75 U/ml) was not as effective
as either pyruvate or TDPA, at least by the pour
plating method. However, catalase at 750 U per
plate was as effective as pyruvate when injured
cells were enumerated by spread plating (data
not shown). Most of the other compounds tested
did not significantly (P > 0.05) increase the
recovery of injured cells. Antioxidants containing phenolic groups, i.e., n-propyl gallate and
ethoxyquin, were lethal to cells (data not
shown).
Heat-injured cells also were enumerated with
supplemented and unsupplemented media, and
the percent increase in colony counts was calculated (Table 3). Supplementation with pyruvate
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FIG. 1. Recovery of freezed-stressed E. coli cells
in supplemented and unsupplemented media. The cells
were frozen at -10°C for 48 h and plated in TGE (T)
and VRBA (V) with and without pyruvate or TDPA.
Data are means of three trials.
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FIG. 2. Recovery of stressed E. coli cells by various plating procedures. The cells were frozen at
-10°C for 48 h, thawed, and plated with VRBA (V),
TGE, and TGE supplemented with TDPA. Repair time
was determined by plating the cells in 5 ml of TGE (T)
or TGE supplemented with TDPA (Tj) followed by
overlaying the medium at 30-min intervals with VRBA
or VRBA supplemented with TDPA (Vj).

30

mented TGE. The shortest repair time (90 min)
was noted when both TGE and VRBA overlay
were supplemented. After approximately 90 min
at 25°C, these counts were equal to those in TGE
supplemented with TDPA (Fig. 2). Similar results were observed when pyruvate was used as
a supplement.
The improved repair detection procedure was
compared with VRBA and the previously described repair detection procedure for the detection of coliforms from foods (Table 4). Significantly (P > 0.01) higher counts were noted with
the improved repair detection procedure when
either pyruvate or TDPA was used as a supplement. An increase in the number of false-positives was observed in pyruvate-supplemented
plates for some foods. This was not noted when
TDPA was used. An organism was considered to
be falsely positive if it failed to produce gas in
brilliant green lactose-bile broth within 48 h at
35°C. In VRBA, lactose is used by coliforms to
produce acid. Since pyruvate can also be used as
a substrate for energy production, it is possible
that noncoliform cells were using pyruvate to
produce acid. E. coli and organisms from a
number of sources, including oyster homogenate, hamburger homogenate, and soil homogenate, were able to produce acid in purple broth
base containing pyruvate (data not shown). No
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enhanced recovery of heat-stressed cells in both
TGE and VRBA. Supplementation with TDPA
gave relatively lower but not significantly (P >
0.01) different recoveries. These results are generally similar to those observed for freezestressed cells. Some compounds, such as dimethyl sulfoxide, decreased recovery in TGE
but enhanced recovery in VRBA.
Figure 1 shows the recovery of freezedstressed cells in TGE and VRBA with and
without pyruvate or TDPA. Supplementation of
VRBA increased the recovery of injured cells to
levels that were not significantly (P > 0.05)
different from counts on unsupplemented TGE.
However, significantly (P > 0.01) more cells
were recovered when TGE was supplemented
with either TDPA or pyruvate.
Injured cells will repair if placed in the proper
environment (10, 12, 14, 19). A 2-h incubation in
TGE at 25°C, before overlaying with VRBA,
was necessary for the repair of injured cells by
the previously described repair detection procedure (22) (Fig. 2). TGE supplemented with
TDPA recovered 90%o more cells than unsupple-
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TABLE 4. Logarithmic mean of coliform-positive food samples tested by different plating procedures
Log means of positive samples'
Food

No. positive/
no. tested

VRBA

Unsupplemented

mediab

Media +
TDPAb.c

Media +

pyruvateb.c

acid production was noted when purple broth
base containing TDPA was similarly inoculated.
DISCUSSION
When enumerating a particular group of
microorganisms from foods, a selective medium
must be used. Therefore, only uninjured cells
are detected. This creates a discrepancy between the counts obtained and the actual number of organisms present. When the repair detection procedure (22) was developed, it was felt
that all coliforms, injured as well as uninjured,
could be recovered. However, certain discrepancies have been noted. Some nonselective media recover more injured cells than others. For
example, Draughon and Nelson (8) reported that
TGE recover more injured cells than Trypticase
soy agar. In addition, Rayman et al. (20) and
Bissonnette et al. (G. K. Bissonnette and C. B.
Law, Abstr. Annu. Meet. Am. Soc. Microbiol.
1980, N99, p. 180) reported that the recovery of
heat-injured S. senftenberg and acid-injured E.
coli was improved in nonselective media supplemented with catalase. This indicated that lethal
peroxide concentrations may have been present
in nonselective media.
Injured cells may have reduced catalase and
superoxide dismutase activity, which may explain the toxic effects of relatively low peroxide
levels in media (1, 5, 16). The death of injured
cells may also be caused by the formation of
hydroxyl radicals. If H202 accumulates in the
media in the presence of superoxide radicals,
hydroxyl radicals will be formed (9). The latter
are the most potent oxidants known and may be
especially lethal to injured cells (9).
The susceptibility of injured cells to peroxides
may be a general phenomenon. In this study,
several compounds, notably pyruvate and

TDPA, improved the recovery of injured cells in
both selective and nonselective media. Catalase
did not appreciably improve recovery of
stressed E. coli by the pour plate method. This
was probably due to an insufficient concentration of the enzyme, since catalase concentrated
on the medium surface was as effective as pyruvate.
The type of injury influenced the effectiveness
of the various supplements. For example, sodium ascorbate improved recovery of freeze-injured E. coli but was detrimental to heat-injured
cells. On the other hand, thioglycolate had the
opposite effect.
When the repair detection procedure was
modified by supplementing the media with either
pyruvate or TDPA, recovery of injured cells was
enhanced. These two supplements were equally
effective in aiding the recovery of E. coli cells.
No significant (P > 0.01) differences were noted
between the number of cells recovered by the
modified repair detection procedure and the
number recovered on supplemented TGE.
Significantly (P > 0.01) higher coliform counts
were obtained from foods by the modified repair
detection procedure. However, the percentage
of false-positives was higher in pyruvate-supplemented media than in unsupplemented VRBA.
No increase in the percentage of false-positives
was noted in TDPA-supplemented media, compared with unsupplemented VRBA. Because of
its effectiveness and low cost, we think TDPA
should be used as a supplement for the modified
repair detection procedure.
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