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A method of recovering sublethally heat-injured bacteria was developed. The procedure (termed the agar
underlay method) uses a nonselective agar underlaid with a selective medium. In a two-chambered petri dish,
the Lutri plate (LP), a nonselective agar is inoculated with a population of sublethally heat-injured bacteria.
After a 2-h repair incubation period, selective agar is added to the bottom chamber of the LP and incubated.
By diffusing through the nonselective top agar, selective agents from the underlay medium impart selectivity
to the system. By the agar underlay method, recovery rates of the heat-injured food-borne pathogens Esche-
richia coli O157:H7 and Salmonella typhimurium were not different (P > 0.05) from recovery rates determined
with nonselective media. Sublethally heat-injured cells (60°C for 1.5 min in buffer or 80°C for 30 s on meat
surfaces) grew and produced a typical colony morphology and color reaction when the agar underlay procedure
was used with the appropriate respective selective agars. Unlike agar overlay methods for injury repair, the
agar underlay procedure allows the typical selective-medium colony morphology to develop and allows colonies
to be more easily picked for further characterization. Higher recovery rates of heat-injured fecal enterococci
from bovine fecal samples and total coliforms from animal waste lagoons were obtained by the agar underlay
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method with selective agars than by direct plating on the respective selective media.

Microorganisms subjected to sublethal environmental stresses
undergo metabolic injury, often manifested as the inability to
form colonies on selective agars on which uninjured cells can
survive and grow (17, 18). The differential in counts between
selective and nonselective media is a means to determine the
degree to which a microbial population is sublethally injured
(2, 23). Bacteria undergo sublethal cellular injury from a vari-
ety of inimical processes, including acidification, heating, and
freezing (2, 23). The aforementioned treatments are com-
monly used antimicrobial interventions for reducing bacterial
contamination and pathogens, such as toxigenic Escherichia
coli O157:H7 and Salmonella spp., on cattle, swine, and sheep
carcasses (16, 21, 30). These interventions include organic acid
sprays (generally lactic or acetic acids), hot water or steam
treatments, and antimicrobial chemical applications, such as
chlorine, chlorine dioxide, and trisodium phosphate (1, 3, 11-
14, 26, 29, 32). While sufficient exposure to the aforementioned
treatments can result in bactericidal effects, more often the
pathogen population is reduced but not completely inacti-
vated. Depending on the antimicrobial agent, after the initial
microbial reduction from the antimicrobial treatment, either a
residual antimicrobial effect, such as in the cases of lactic and
acetic acid treatments (14), or only an immediate reduction
with no residual bacteriostatic effect, as in the case of hot water
or steam, can be observed. Following heat treatment, suble-
thally injured food-borne pathogens could assume added sig-
nificance because they are potentially as dangerous as their
uninjured counterparts (2, 22, 23). Heat-injured E. coli O157:
H7 or Salmonella typhimurium cannot undergo repair and form
colonies on selective media, such as Sorbitol MacConkey agar
(SMAC) or xylose lysine decarboxylase agar (XLD), respec-
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tively, because the selective agents or dyes in these selective
agars can inhibit the repair of heat-injured pathogens (20, 23,
25). Significant differences between SMAC and tryptic soy agar
(TSA; nonselective medium) for recovery of injured microor-
ganisms have been observed (1, 8, 23).

Several workers have reported identification methods and
media for detecting sublethally injured food-borne pathogens
in foods (5, 6, 15, 19, 23, 27, 31). These methods have limita-
tions that include the difficulty of picking well-isolated colonies
from agar overlays, as well as the disparity between the colony
morphologies and color reactions of colonies formed under
agar overlays and those formed on the agar surface. Simpler,
more effective methods for recovery of injured food-borne
pathogens are necessary. We report a new method, termed the
agar underlay procedure, to culture sublethally injured bacte-
ria, including E. coli O157:H7, Salmonella, fecal enterococci,
and coliforms. The agar underlay method offers advantages
over other injury recovery methods.

MATERIALS AND METHODS

Cultures and cell suspension. E. coli O157:H7 (ATCC 35150 and ATCC
43890), S. typhimurium (ATCC 19585 and UNL 10636-97), and Listeria mono-
cytogenes Scott A were obtained from the Roman L. Hruska U.S. Meat Animal
Research Center (MARC) culture collection. All strains were maintained in 75%
glycerol at —20°C. Each culture was propagated in tryptic soy broth (TSB; Difco
Laboratories, Detroit, Mich.) at 37°C for 18 h before experiments.

Agar underlay method for recovery of heat-injured E. coli O157:H7 and S. ty-
phimurium. The Lutri (Starkville, Miss.) plate (LP) is a dual-chambered culture
dish designed for the screening of natural samples for antibiotic activities (4, 7).
It is composed of compartments A and B; agar is poured into compartment A.
Following solidification, this agar surface can be inoculated. After sufficient
growth time, the plastic divider between compartments A and B is removed.
Selective agar is then poured into compartment B, forming an underlay of the
second agar beneath the agar in layer A. We have used the LP to create a means
of subjecting an inoculated sample to conditions of nonselective growth followed
by indirect contact with selective medium to achieve selectivity. This method was
termed the agar underlay method.

First, TSA (20 ml) was poured into compartment A. After solidification of the
agar, injured microorganisms were spread plated directly on the TSA in com-
partment A. The plate was incubated at 37°C for 2 h for resuscitation of injured
cells. After the 2-h preincubation resuscitation step, 40 ml of melted selective
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TABLE 1. Recovery of heat-injured E. coli O157:H7 with SMAC,
directly and with the agar underlay technique, compared
to plating on nonselective TSA

Log CFU/ml*

Recovery method E. coli O157:H7

(ATCC 35150)

E. coli O157:H7
(ATCC 43890)

TSA 2.85 = 0.16a 2.59 = 0.18a
SMAC, direct 1.76 = 0.14b 2.01 = 0.06b
SMAC, agar underlay 2.74 = 0.20a 2.49 = 0.20a

“ Data represent means * standard deviations of three measurements after
heat treatment. Values followed by different letters are statistically different (P <
0.05).

medium was poured into compartment B. The differential and selective agents
from the compartment B underlay then diffused into the compartment A cham-
ber.

Recovery of heat-injured E. coli O157:H7 and S. typhimurium from BPW.
Broth cultures in TSB were separately incubated at 37°C for 18 h and diluted in
buffered peptone water (BPW) to obtain viable cell counts of ~6.0 log CFU/ml.
One hundred microliters of each culture suspension was added to each of three
test tubes containing 5 ml of BPW, which had been preheated and maintained at
60°C. After inoculation, each tube was tightly sealed, immersed completely in a
shaking water bath, and heated at 60°C for 1.5 min. After being heated, the tubes
were cooled immediately in ice. Heat-injured cell suspensions were spread plated
on TSA and selective media (SMAC [Difco Laboratories] for E. coli O157:H7 or
XLD [Difco Laboratories] for S. typhimurium) and incubated at 37°C for 24 h.
For the agar underlay method, another 100 pl of each diluted sample was spread
plated on TSA in LP compartment A. The plate was incubated at 37°C for 2 h
for resuscitation of heat-injured E. coli O157:H7 or S. typhimurium. After 2 h of
incubation, the 40 ml of melted selective agar (SMAC or XLD) was poured into
compartment B, allowed to solidify, and incubated at 37°C for 22 h. Each
experiment was performed three times.

Recovery of heat-injured E. coli O157:H7 and S. typhimurium from beef trim.
E. coli O157:H7 (ATCC 43890) and S. typhimurium (ATCC 19585) were inoc-
ulated as a mixed culture. Each pathogen was transferred to 9.0 ml of fresh TSB
and incubated at 37°C for 24 h. After incubation, 400 wl of each culture was
transferred into a sterile 50-ml conical centrifuge tube containing 40 ml of TSB.
This mixed culture was incubated an additional 18 h at 37°C. The cells were
harvested by centrifugation (Beckman Instruments, Inc., Palo Alto, Calif.) at
2,000 X g for 20 min at 4°C and washed in BPW. Beef trim (cut meat) obtained
from the MARC abattoir was trimmed to uniform sizes of ~7.5 by 7.5 by 2 cm
with an ethanol-flamed knife and sterilized by UV light as previously described
(9, 10). Individual sections of lean trim were placed fascia side down into a sterile
weigh boat (14 by 14 cm) and, with a commercial spray bottle, the serially diluted
bacterial suspension (3.75 ml) was sprayed on the meat surface to reach a level
of ca. 4 to 5 log CFU/cm? The inoculated meat was incubated for 15 min at room
temperature, after which two 5- by 5- by 0.5-cm sections were excised. One
section was aseptically placed into a Sterefil Stomacher bag (Spiral Biotech Inc.,
Bethesda, Md.) containing 50 ml of BPW with 0.1% Tween 20. The samples were
homogenized with a stomacher (Seward Medical, London, United Kingdom) for
2 min. The homogenates were serially diluted with BPW. One hundred micro-
liters of the appropriate sample dilution was spread plated on SMAC or XLD.
For the underlay repair method, another 100 pl was spread plated on TSA in
compartment A of an LP and treated as described above. The underlay recovery
plates were further incubated for 22 h at 37°C.

The other excised meat sample was subjected to a hot-water (80°C) immersion
treatment in a 2-liter beaker for 30 s. Following heat treatment, the treated
section was stomached and subjected to the agar underlay method as described
above. These experiments were performed three times.

Recovery of heat-injured fecal enterococci from bovine fecal samples. A mix-
ture of equal masses of fresh bovine cattle feces (obtained from three animals at
MARC) was made and diluted 1:2 in BPW. A sample of the diluted feces was
heated at 55°C for 10 min in a glass screw cap test tube (16 by 125 mm). Both
before and after treatment the numbers of fecal enterococci were enumerated on
KF Streptococcus agar (Difco Laboratories) by a previously published agar
overlay injury repair procedure with VRB agar (Difco Laboratories) overlaid
with TSA (15) and by the agar underlay method. Each experiment was per-
formed three times.

Recovery of coliform bacteria from animal waste lagoon water samples. Water
samples were obtained from three waste lagoons and within 30 min of sampling
were serially diluted in BPW; dilutions were spread plated directly onto VRB
agar or subjected to the agar underlay method with VRB agar as the selective
agar. The samples were incubated at 37°C for 24 h.

Statistical analysis. Analysis of variance was performed on cell numbers by the
general linear model procedure of SAS (28). The mean populations of three
replicates were recorded and converted into logarithm values (log;,) to deter-
mine the significance of differences (P < 0.05) by Duncan’s multiple-range test.
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RESULTS

Recovery of heat-injured E. coli O157:H7 or S. typhimurium
from buffered peptone water by the agar underlay method. As
a preliminary experiment, we evaluated the resuscitation times
for recovery of heat-injured microorganisms by the agar un-
derlay method (data not shown). At hourly intervals, 40 ml of
SMAC (45 to 48°C) was poured into compartment B of an LP
to evaluate the resuscitation time of a sublethally injured in-
oculum in the nonselective compartment A medium. We con-
cluded that 2 h of resuscitation time on TSA was optimal for
the agar underlay method for the two pathogens tested. Pre-
viously, a period of 2 h in a nutritionally rich nonselective
medium has been shown to lead to the recovery of most injured
bacterial cells (2, 24).

The number of viable cells of E. coli O157:H7 (ATCC 35150
and 43890) detected by the agar underlay method was not
significantly different from recovery and growth observed with
nonselective TSA medium (P > 0.05) (Table 1). Both the agar
underlay method and the nonselective method recovered high-
er numbers of heat-injured E. coli O157:H7 cells than direct
plating on the selective SMAC agar (P < 0.05). Heat-injured
S. typhimurium (ATCC 19585 and UNL 10636-97) resuscitated
and grew to equal levels by the agar underlay method and with
nonselective TSA (P > 0.05). The recoveries determined by
plating on TSA and plating with the agar underlay method with
XLD agar were significantly higher than with direct plating on
XLD agar (P < 0.05) (Table 2).

Recovery of heat-injured E. coli O157:H7 and S. typhimu-
rium from beef trim by the agar underlay method. The unin-
jured E. coli O157:H7 ATCC 43890 and S. typhimurium ATCC
19585 inoculated onto beef trim and subsequently heat injured
were enumerated by the agar underlay method and nonse-
lective agar plating. Prior to heat treatment, the recovery of
E. coli and S. typhimurium on selective media was not sig-
nificantly different, whether determined by the agar underlay
method or by direct plating on SMAC or XLD agar for E. coli
O157:H7 and S. typhimurium, respectively (P > 0.05) (Table
3). Following heat treatment, the recovery of E. coli O157:H7
by the agar underlay method with SMAC was significantly
higher than by direct plating on SMAC (P < 0.05). The recov-
ery of heat-injured S. typhimurium from the beef trim samples
by the agar underlay system with XLD agar as the selective
medium was significantly higher than recovery from direct plat-
ing on XLD agar (P < 0.05). Using XLD as the selective agar
in the agar underlay system retained colony morphology selec-
tivity to differentiate S. typhimurium from a mixture containing
E. coli (typical appearance on XLD was observed).

Agar underlay recovery of heat-injured fecal enterococci
from bovine feces and coliforms from animal waste lagoon
water. Since much of the reported injury repair research em-

TABLE 2. Recovery of heat-injured S. typhimurium with XLD agar,
directly and with the agar underlay technique compared
to plating on nonselective TSA

Log CFU/ml*

Recovery method S. typhimurium

(UNL 10636-97)

S. typhimurium
(ATCC 19585)

TSA 2.65 + 0.27a 2.49 = 0.18a
XLD, direct 1.89 = 0.26b 1.83 = 0.20b
XLD, agar underlay 2.65 = 0.20a 2.45 +0.19a

“ Data represent means * standard deviations of three measurements after
heat treatment. Values followed by different letters are statistically different (P <
0.05).
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TABLE 3. Recovery of heat-injured E. coli O157:H7 and
S. typhimurium from inoculated beef trim with TSA, selective
media, and the agar underlay method with selective media“

Log CFU/g
Time E. coli O157:H7 S. typhimurium
SMAC, SMAC, agar XLD, XLD, agar
direct underlay direct underlay

Before heat
treatment

After heat
treatment

423 £0.26a 448 £039%9a 4.41+043a 457 £0.25a

2.66 £0.36b 3.64 £0.16c 2.59 =0.52b 3.41 = 0.28c

“ Data represent means * standard deviations of three measurements before
or after treatment (80°C for 30 s). Values followed by different letters are
statistically different (P < 0.05).

ploys laboratory-cultured microorganisms, we sought to test
the efficacy of the agar underlay procedure to resuscitate sub-
lethally injured bacterial cells of the major bacterial fecal in-
dicator groups from naturally contaminated sources: fecal en-
terococci in bovine feces and coliforms from animal waste
lagoons. Before heat treatment, the recovery rates of fecal
enterococci (Table 4) by direct plating on KF Streptococcus
agar, the overlay method with KF Streptococcus agar, and the
agar underlay method with KF Streptococcus agar were not
significantly different (P < 0.05). Following sublethal heat in-
jury, the numbers of fecal enterococci recovered by the agar
overlay and agar underlay methods were statistically higher
than those recovered by direct plating on KF Streptococcus
agar (P < 0.05).

Hartman et al. (15) reported that coliform bacteria in fresh-
water lake samples can be injured by natural factors. Three
different water samples were obtained from animal waste la-
goons at MARC. The recovery of animal waste lagoon water
coliforms by VRB direct plating was converted to percentages
and compared to those of the agar underlay method with VRB
(Fig. 1). The recovery rate of coliforms by VRB direct plating
was lower than that of the VRB agar underlay method (P <
0.05). Only 50% of coliforms recovered by the VRB agar
underlay method were recovered by direct plating on VRB.

DISCUSSION

Several injury repair protocols have been published (5, 6, 15,
19, 23, 27, 31). Injury repair protocols are generally based on
the principle that sublethally injured bacteria are more sensi-
tive to selective agents (24, 25) and require a resuscitation step
or growth period under nonselective conditions. Cole et al. (6)
reported that substantial repair of injured cells can occur in a
nonselective medium, such as TSB, within 1 h at 25°C. The
disadvantage of this liquid method is that injured food-borne

TABLE 4. Recovery of heat-injured fecal enterococci from cow
feces with KF Streptococcus selective agar, directly
and with the agar underlay method®

Log CFU/ml
Time
KF, direct KF, overlay ijécar%:;
Before heat treatment  5.67 = 0.09a 5.84 = 0.16a 5.76 = 0.11a
After heat treatment 458 =0.18b 520 +=0.32¢ 5.14 = 0.29¢

“ Data represent means * standard deviations of three measurements before
or after treatment (80°C for 30 s). Values followed by different letters are
statistically different (P < 0.05).
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FIG. 1. Recovery of coliform bacteria from animal waste lagoons with VRB
agar both directly and with the agar underlay method. Bars with different letters
are statistically different (P < 0.05).

pathogens vary in the time required for repair, and therefore,
uninjured and nontarget cells can multiply before the popula-
tion of interest recovers. This liquid repair method would not
be appropriate for direct enumeration. The thin agar overlay
method for recovery of heat-injured food-borne pathogens is
effective (15, 23) but has the following limitations: (i) picking
isolated colonies that grow under the selective medium overlay
is difficult and (ii) the temperature of the melted selective
overlay agar (45 to 48°C) can further affect heat-injured target
microorganisms being resuscitated on the nonselective agar.

As a preliminary experiment, we inoculated L. monocyto-
genes (Scott A) on an agar underlay plate with SMAC as the
selective agar. L. monocytogenes was strongly inhibited by the
SMAC agar underlay (data not shown). In addition, a mixture
of non-O157 E. coli (known sorbitol positive) and E. coli
O157:H7 (known sorbitol negative) was inoculated and cul-
tured by the agar underlay procedure with SMAC as the se-
lective agar. Colonies of sorbitol-positive cells (red colonies)
and sorbitol negative cells (faint-pink colonies) were easily
differentiated in the agar underlay system, whereas the agar
overlay method precludes differentiation of E. coli (sorbitol
positive) and E. coli O157:H7 (sorbitol negative) (data not
shown). The agar underlay method eliminates any chance of
further sublethal injury from heat contributed by molten agar,
since the underlay is poured underneath the bottom surface of
the inoculated agar (compartment A) and therefore the un-
derlay cools quickly without increasing the temperature of the
inoculated-agar surface.

Sage and Ingham (27) reported the use of hydrophobic grid
membrane filtration to enumerate acid-injured E. coli O157:
H7. The combination of hydrophobic grid membrane technol-
ogy with the agar underlay method is just one possible config-
uration for using this versatile injury repair method. Recently,
another injury recovery method, the thin agar layer method,
was reported (19). The thin agar layer method covers a selec-
tive agar with a thin layer of a nonselective agar. Sublethally
injured bacteria are then inoculated onto the top of the non-
selective overlay. Although simple and rapid, the thin agar
overlay method is limited by the rapid diffusion of selective
agents into the nonselective agar overlay. The agar underlay
method effects slower diffusion of selective agents from the
selective agar underlay into the nonselective recovery agar
than the thin agar overlay technique.

In conclusion, these data indicate that the agar underlay
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injury repair method is an efficient means for recovery and
subsequent selective culture of sublethally heat-injured micro-
organisms, and the agar underlay technique offers several
advantages over other injury repair techniques. We have not
overlooked the potential for this method to be applied to other
inimical processes that might result in sublethal cellular injury
to bacteria, such as acid and freeze-thaw-induced sublethal
injury. Even broader in scope might be the application of the
agar underlay technique to other selective-agar-based micro-
bial culture techniques which rely on growth media with selec-
tive agents that might be toxic to even a portion of uninjured
target cells.
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