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Selective solid and liquid media are used for
the enumeration of coliform bacteria from
frozen as well as unfrozen foods (1, 2, 4, 6, 9).
Cells of Escherichia coli are known to suffer
sublethal injury from freezing (8, 10). One of
the manifestations of freeze-injured E. coli cells
is their increased sensitivity to many selective
agents including those present in media used
for their enumeration and detection (7, 10, 11).
These selective agents presumably interfere
with the reversible repair process of the injured
cells and prevent their subsequent multiplication (11). How much the selective media adversely affect the enumeration of E. coli and
other coliforms present in frozen food is not
clearly known. Some workers reported less than
25% recovery of coliforms on violet red-bile agar
(VRBA) (3), whereas other workers observed
good recovery on both VRBA and deoxycholate-lactose agar (DLA) (6, 9). This study
reports on the repair of freeze-injured cells of E.
coli and their subsequent enumeration by selective media.
' Paper no. 3919 of the Journal Series of the North
Carolina State University Agricultural Experiment Station,
Raleigh, N.C. 27607.

MATERIALS AND METHODS
Freezing and thawing of cells. E. coli strain
NCSM, from the department stock collection, was
grown on Trypticase soy broth supplemented with
0.3% yeast extract (TSYB) for 16 to 20 h at 35 C. The
cells were harvested, washed, and suspended in
sterile glass distilled water to a population of about 2
x 101 cells/ml. Cell suspensions in 10-ml portions
were frozen in dry-ice acetone (-78 C) for 10 min and
thawed at 8 C for 30 min. Details of these procedures
have been described in a previous paper (10). Although other strains also were used in certain experiments, comparable results were obtained; consequently, only the data obtained for strain NCSM
have been reported.
Enumeration procedures. Samples were serially
diluted in sterile distilled water, and 0.1 ml of the
dilution containing about 100 to 200 cells was used
per plate. Samples were plated in triplicate on
Trypticase soy agar containing 0.3% yeast extract
(TSYA), VRBA, and DLA by surface and pour plate
methods (10, 11). The plates were incubated at 35 C
for 24 h after which the colonies were counted. For
the most-probable-number (MPN) estimate, a total
of five tubes in each of three successive decimal
dilutions were used for each medium. A 1-ml portion
from the appropriate dilution was used per tube
containing 9 ml of Brilliant Green-bile broth (BGB)
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More than 90% of the surviving cells of Escherichia coli NCSM were injured
after freezing in water at -78 C. Injury was determined by the ability
of cells to form colonies on Trypticase soy agar with yeast extract but not on
violet red-bile agar and deoxycholate-lactose agar. Exposure of the injured cells
to Brilliant Green-bile broth and lauryl sulfate broth prevented subsequent
colony formation on Trypticase soy agar with yeast extract. The freeze-injury
could be repaired rapidly in a medium such as Trypticase soy broth with yeast
extract (TSYB). The repaired cells formed colonies on violet red-bile agar and
deoxycholate-lactose agar and were not inhibited by Brilliant Green-bile broth
and lauryl sulfate broth. At least 90% of the cells repaired in TSYB within 30
min at 20 to 45 C and began multiplication within 2 h at 25 C. When the cells
were frozen in different foods, 60 to 90% of the survivors were injured. Repair of
the injured cells occurred in foods during 1 h at 25 C, but generally repair was
greater and more reproducible when the foods were incubated in TSYB. The
study indicated that the repair of freeze-injured coliform bacteria should be
accomplished before such cells are exposed to selective media for their
enumeration.
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colonies on TSYA and were assumed dead.
More than 90% of the survivors formed colonies
on TSYA, but not on VRBA and DLA. These
cells were considered injured.
The frozen cells were enumerated on three
solid media by surface and pour plate methods
(Table 2). Counts on TSYA varied little among
methods. However, counts on VRBA and DLA
showed wide differences; much higher numbers
of cells were detected by surface plating than
by pour plating on either of the two media. In
both methods injured cells failed to form colonies on the selective solid media, but not on the
nonselective solid medium.
The effects of nonselective and selective
liquid media on injured cells were determined
by adding frozen cells to TSYB, BGB, and LSB
at 35 C. After mixing, samples were withdrawn
within 1 to 2 min, serially diluted, and surface
plated on TSYA, VRBA, and DLA. Cells suspended in water were used as controls (Table
3). Counts from water on VRBA and DLA
indicated that more than 90% of the survivors
were injured. Exposure to the selective liquid
media caused death in about 60% of the surviving cells since about only 40% were detected
from these media on TSYA. No such effect was
observed with cells suspended in TSYB.
Counts on VRBA and DLA from all three liquid
media were higher than the counts from the
control. This could be due to repair of some of
TABLE 2. Effect of plating methods on the recovery
of frozen E. coli cellsa
Plate counts

Plating medium

RESULTS
Effect of freezing on the detection of
E. coli. E. coli NCSM in aqueous suspension
was enumerated by surface plating on TSYA,
VRBA, and DLA before and after freezing.
Unfrozen cells showed essentially comparable
counts in the three media (Table 1). After
freezing, about 40% of the cells failed to form
TABLE 1. Effect of freezing on the survival and injury
of E. coli cellsa

TSYA ............
VRBA ............
DLA ............

21 x 107
19 x 107
18 x 107

12 x 107
11 XlOe
1O X 106

the

average

of three trials.

88 x 10"
15 x 10'
11 x 10

TABLE 3. Effects of selective and nonselective
suspending media on the recovery of frozen
E. coli cellsa
Percentb detected from

Plating medium
Water

TSYA ..
VRBA ..
DLA .

.

(control)

BGB

LSB

TSYB

100
9
6

40
18
13

45
18
17

113
26
23

Results are the average of three trials.
" As percentage of counts on TSYA from water.
a

a Results are

96 x 106
85 x 10'
74 x 10 5

aResults are the average of three trials.

Plate counts
Frozen

Pour plating

TSYA ............
VRBA ............
DLA ............

Plating medium
Unfrozen

Surface plating
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lauryl sulfate broth (LSB). The tubes were incubated for 48 h at 35 C, and the results were recorded by recommended methods (1, 2).
When the effects of the nonselective and selective
media were studied, 1 ml of the frozen sample was
first diluted in 9 ml of sterile water from which 1 ml
was added to 9 ml of the respective medium to give
about 10" to 2 106 cells/ml. Enumeration was done
by the methods described above. All the media were
obtained from BBL and were prepared according to
the manufacturer's direction.
Effect of freezing E. coli in foods. E. coli
NCSM cells, harvested as described above, were
suspended in four foods to a level of 2 x 10" cells/ml.
Samples in 10-ml portions were frozen and thawed as
before. The four foods used were: 10% reconstituted
nonfat dry milk; meat broth (5% solids, prepared by
boiling chopped veal and then filtering through
cheese cloth); crab meat (1 part suspended in 9 parts
of water and blended); and whole egg liquid. Milk,
meat broth, and crab meat suspensions were autoclaved (121 C for 15 min). Whole egg liquid was
removed from clean eggs (11).
Repair of injury was studied by adding 1 ml of the
frozen food sample containing E. coli to either 9 ml of
the respective food or to 9 ml of TSYB; the mixtures
were incubated for 1 h at 25 C before enumeration.
Frozen cells added to water and incubated as above
were used as controls.
Calculations and assumptions. Percent dead
equals {1
(TSYA counts after freezing)/(TSYA
counts before freezing) I x 100. Percent injured equals
11 (VRBA or DLA counts)/(TSYA count) I x 100.
Repair. Any increase in VRBA (or DLA) counts
but not in TSYA counts at any time was assumed to
be due to repair of the injured cells.
Multiplication. Simultaneous increase in counts
on TSYA and VRBA (or DLA) was assumed to be due
to cell multiplication.
or
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to repair in TSYB for 60 min at 25 C and then
transferred to BGB at 35 C, the repaired cells
showed resistance to BGB. Population levels in
BGB after 180 min were higher when the cells
were first allowed to repair in TSYB rather
than when they were transferred to BGB directly.
Effect of temperature of incubation on
the repair and growth of injured E. coli.
The amount of repair in TSYB as a function of
incubation temperature was studied by incubating the injured cells in tempered TSYB at
temperatures between 0 to 45 ± 1 C. Samples
were withdrawn at 30 and 60 min after incubation, diluted, and surface plated on TSYA and
VRBA. For initial counts, cells suspended in
water (control) were plated. The results (Fig. 2)
indicate that the number of uninjured cells
increased from an initial 6% (control) to more
than 90% when incubation was for 30 min at
temperatures between 20 to 45 C; this remained essentially the same from 30 to 60 min.
At 15 C and below, very little repair occurred in
30 min; after 60 min about 65% of the cells
repaired at 15 C. At 35 and 45 C cell multiplication was initiated at 60 min (data not presented).
For proper enumeration of E. coli the period
for repair should be completed before cell
multiplication starts. The time of initiation of
multiplication was determined by incubating
b
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FIG. 1. a, Effect of incubation of frozen E. coli in water and in TSYB with 0.3% yeast extract on repair and
growth at 35 C. For other explanations, see Materials and Methods. b, Effect of incubation of frozen E. coli
in BGB on survival, repair, and growth at 35 C. TS YBI indicates studies in which the freeze-injured cells were
incubated in TSYB for 60 min at 25 C prior to their transfer to BGB and subsequent incubation for another
120 min at 35 C.
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the injured cells in the liquid media. Unfrozen
cells of this culture did not show susceptibility
to these two selective media (data not presented).
To study the effect of incubation of the
injured cells for a longer period in liquid media,
frozen cells were suspended in tempered TSYB
and BGB and water (106 cells/ml) and incubated at 35 C for 180 min. Another sample
was first incubated in TSYB (107 cells/ml) for
60 min at 25 C and then transferred to BGB
(10f cells/ml) at 35 C and incubated for another
120 min. At selected intervals, samples were
withdrawn, serially diluted, and surface plated
on TSYA and VRBA. The results in relation to
the initial counts in frozen samples (10w cells/
ml) are presented in Fig. 1. During the first 30
min in TSYB, the cell counts on VRBA increased rapidly, which was a reflection of
repair. Between 30 to 60 min the cells started
multiplication as indicated by an increase in
counts in both plating media. Cells in BGB
showed a sharp initial reduction on TSYA
counts but a simultaneous increase in VRBA
counts (Fig. lb). We assumed that cells with
various degrees of injury were present in the
population; those which were less injured were
not susceptible to BGB and thus showed repair, whereas those which were relatively more
injured were susceptible and showed loss in
viability. However, when the cells were allowed
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at 25 C in the respective food (water for
control), the number of injured cells decreased
in all four foods, suggesting that the cells had
so
repaired. But with the exception of milk, the
a
amount of repair in the other three foods was
low, since about 50% of the cells remained
z 601_
z
injured. Repair in TSYB under the same condi--30 MlIN
tions was much higher in all cases including the
-d- 60 MIN
I
4c
control.
401_
The enumeration efficiencies of the surface
and pour plate procedures on TSYA, VRBA,
0
and DLA, and by MPN in BGB and LSB were
20
observed on unfrozen, frozen, and repaired E.
coli cells in liquid whole egg. TSYA counts by
surface plating were assumed to be 100%
20
25
30
35
45
15
a
0
(Table 5). MPN estimates in BGB for the
INCUBATION TEMPERATURE (C)
stressed
and repaired cells produced good reFIG. 2. Injury repair by frozen E. coli in TSYB as
influenced by incubation temperature. At 0 min covery. However, in individual tests wide varthere was about 6%o uninjured cells (plate counts on iation and poor reproducibility occurred by
VRBA per plate counts on TSYA) x 100; at 30 and 60 the MPN method. For example, with TSYBmin the percentage of uninjured cells increased (an repaired cells the detection on BGB varied
indication of repair).
between 40 to 200%, with an average of 99%.
Among the two plating methods, surface plat10.2
ing definitely produced much higher detection,
35C
especially after the 1 h of TSYB treatment.
10.0
This method also yielded reproducible results
with the unstressed and repaired cells on
VRBA. Similar results were obtained with
milk, meat broth, and crab meat.
&25C
DISCUSSION
A
large
percentage
of E. coli and other
U.
coliform bacteria in frozen materials may be
present in an injured state. Microbiological
analysis of frozen foods for coliform bacteria on
selective media may fail to detect these injured
,O'X
cells, and could affect the evaluation of the
sanitary quality of such foods. The injured
240
60
120
0
bacteria are able to repair rapidly in a nonseINCUBATION TIME (min)
lective nutritionally rich liquid media, such as
FIG. 3. Initiation of cell multiplication in freeze- TSYB. The repaired cells became insensitive to
incubation
100

3

I

z

w

45C

30C

N. 9.5-

z

0

ISO

injured E. coli as influenced by
temperatures. The frozen cells were incubated in TSYB and
plated on TSYA.

the injured cells in tempered TSYB between 20
on TSYA (Fig.
3). Cell multiplication started between 30 to 60
min at 35 and 45 C, 60 to 90 min at 30 C, 90 to
120 min at 25 C, and 180 to 240 min at 20 C.
Death, injury, and repair of E. coli
frozen in foods. E. coli cells after freezing
and thawing in sterile milk, liquid whole egg,
meat broth, and crab meat were serially diluted and surface plated on TSYA and VRBA.
The results (Table 4) indicated that cell death
was 40% or higher in foods other than milk.
However, in all foods 75% or more of the
survivors were injured. After 1 h of incubation

to 45 C for 240 min and plating

TABLE 4. Death, injury, and repair of frozen E. coli
cells in several kinds of fooda
Percent injured at"
Suspending medium

Water (control)
55
Milk .15
Liquid whole egg ... 42

Meat broth (5%)
Crab meat (1: 10)

~~~1h at
25C
in sus-

ihat

95
75

95
20

10
10

80
86
78

50
40
50

18

Dead
Dead
() Oh

40
44

25 Cmi
pending TSYB
medium

aResults are the average of four trials.
As percentage of survivors.

15
16
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TABLE 5. Enumeration of E. coli in liquid whole egg
by direct plate count and by MPN
Percenta detected
Frozen

U

Plating method

Unfrozen

nf

Unre-

paired
(O h)

red Repaied

Repaire Repaire
25 C in
egg

25 C in
TSYB

100
88
69

100
12
10

100
58
61

100
80
82

Pour plating
TSYA ........
VRBA ........
DLA ..........

90
53
38

88
10
2

89
33
27

92
66
51

MPN (5 tubes)
BGB ..........
LSB ..........

145
68

91
28

95
110

99
158

a As percentage of counts on TSYA surface plates for each
kind of cells. Results are the average of five trials.

the selective media and are able to multiply.
Thus, for better enumeration of coliforms from
frozen samples, a period of treatment in a
nonselective liquid medium seems to be necessary. Though food materials can aid in repair,
much higher and more uniform amounts of
repair were obtained in TSYB. For a generalized procedure, treatment of the frozen samples in TSYB is necessary for accurate enumeration of viable cells. The rate of repair and the
initiation of multiplication in TSYB are dependent on the time and temperature of treatment. To separate repair from multiplication,
time and temperature of such treatment should
be standardized. In our laboratory with laboratory strains of E. coli, 1 h of treatment at 25 C
in TSYB has been found to be optimum.
A greater degree of variability in the detection of E. coli by the MPN was observed in this
study; this was also observed with unfrozen
cells (11). Several other workers have reported
poor reproducibility of the MPN method and
have preferred the use of direct plating on
VRBA and DLA for the enumeration of coliforms from foods (5, 6, 9). Direct plating on
VRBA has been reported not only to give higher
reproducible results and quantitative isolation

of low numbers of coliforms from foods, but
also to require less time (4, 5). Other workers
have found that VRBA and DLA are equally
satisfactory (5, 9). We obtained relatively
higher and more reproducible enumeration of
E. coli on VRBA than on DLA from both
unfrozen and frozen samples, especially by the
pour plate method with certain sensitive
strains (11). Surface plating reduced the inhibitory effects of both selective solid media
and allowed higher detection of E. coli. This
was observed more with VRBA than DLA.
Studies currently are in progress to evaluate
the effect of the repair process on coliform
counts of naturally contaminated foods.
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Surface plating
TSYA ........
VRBA ........
DLA ..........
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