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Differential Glucose and Fructose Utilization
During Cucumber Juice Fermentation
Z. LU, H.P. FLEMING, AND R.F. MCFEETERS

ABSTRACT: Glucose (32 mM) and fructose (36mM) of cucumber juice were degraded simultaneously by Lactobacillus plantarum, but at different rates and extents. Glucose depletion was slightly more rapid than fructose during the
exponential growth phase, but slower thereafter and stopped before exhaustion. In contrast, fructose degradation
continued until all naturally present fructose was exhausted. When cucumber juice was supplemented with fructose
and/or glucose, the starter culture continued to ferment fructose, but not glucose, resulting in an increase in lactic
acid production and a decrease in terminal pH. Fructose utilization was not affected by the presence of glucose, but
the presence of fructose reduced glucose utilization.
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Introduction
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UGAR CONTENT IN PICKLING CUCUMBERS VARIES WITH CULTI-
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vars and fruit sizes, ranging in total concentration from
0.71 to 5.2% (McCreight and others 1978; McCreight and
Lower 1978). Generally, cucumbers contain about 2% fermentable sugars (Handley and others 1983), and rarely higher than 3% (McCombs and others 1976). Nearly all the sugars
present in cucumbers are reducing sugars. Glucose and fructose are the 2 predominant sugars, and their molar concentrations are approximately equal (Fleming and others 1988).
Sucrose is present only in trace amount (Handley and others
1983). No other fermentable sugars are detectable in cucumbers (McCombs and others 1976). Glucose and fructose are
readily fermented by lactic acid bacteria (LAB; Pharr and
others 1977). Development of the controlled fermentation
process for pickling cucumbers has brought increased interest in the complete sugar utilization by lactic starter cultures
during primary fermentation. Any sugars remaining after the
lactic fermentation can serve as substrates for fermentative
yeasts to grow, resulting in CO2 production. This may cause
bloater formation in the products, resulting in texture defects and serious economic losses to the pickle industry
(Fleming and others 1995). Incomplete conversion of fermentable sugars to lactic acid may also result in post-processing microbial growth in nonpasteurized products (Daeschel and Fleming 1987).
Many factors influence the ability of LAB to completely
ferment cucumber sugars, including the initial sugar content.
Some investigators (Jones and others 1940; Veldhuis and others 1941) showed that addition of sugar to the brine increased the incidence of bloating in cucumber fermentation,
suggesting that high sugar content led to more residual sugars for yeasts to use in secondary fermentation, resulting in
bloater formation.
Generally, glucose is a preferred energy source over fructose and other carbon sources by many microorganisms
(Fisher 1987; Pastan and Adhya 1976; Postma and Lengeler
1985; Chater 1984; Demain and others 1983). However, our
previous study showed that residual glucose, but not fructose, was often present at the end of cucumber fermentation, although natural glucose concentration was slightly
lower than fructose concentration (Lu 1999). Passos and others (1994) noted that at high concentrations, glucose was de-

162 JOURNAL OF FOOD SCIENCE—Vol. 66, No. 1, 2001

graded faster than fructose in cucumber juice fermentation
by Lactobacillus plantarum MOP3, which is the parental
strain of the starter culture used in our study. A study of frozen-thawed L. plantarum (Raccach and Marshall 1985) reported that L. plantarum utilized more fructose than dextrose in Modified All Purpose Tween Broth. The objective of
this study was to determine the differences in rate and extent
of glucose and fructose utilization during cucumber juice
fermentation by a malolactic-deficient strain of L. plantarum, MOP3-M6. This strain does not produce CO 2 from
malic acid (a natural acid present in cucumbers), and is being
investigated for potential commercial use. Knowing the difference in glucose and fructose utilization in cucumber fermentation and understanding the underlying mechanism are
practically important in developing a system for complete
conversion of cucumber sugars to lactic acid and traces of
other end-products during cucumber fermentation.

Materials and Methods
Growth media
Cucumber juice from size 2 fruit (dia = 2.7 to 3.8 cm) was
used as a model fermentation system in this study. Fresh
pickling cucumbers from the cultivar, Cross Country, were
obtained from a local farmer. The cucumbers were carefully
sorted for uniformity of size and shape, and freedom from
mold growth and mechanical damage and then washed in a
reel washer. Cucumber juice was prepared by freezing the
fresh cucumbers at 220 °C overnight and then partially
thawing and blending to a homogeneous slurry (Daeschel
and others 1988). The juice was collected by expressing it
from particulate matter in the slurry through cheesecloth,
and then stored at 220 °C. When needed, the juice was removed from the freezer and thawed. The thawed juice was
then heated in a water bath to 80 °C and rapidly cooled down
to room temperature. After centrifugation at 10,000 × g for
20 min, the supernatant juice was collected, and then diluted
with cover brine so that the medium contained 55% juice,
which simulates the pack-out ratio of 55/45, cucumber/
brine (w/w), used in the pickle industry for bulk fermentation and storage. The cover brine contained 4.4% NaCl, 39
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mM Ca(OH)2, and 137 mM acetic acid. After equilibration,
the diluted cucumber juice contained 2% NaCl, 17.5 mM
% Carbon recovery = (mM carbon in products/mM carCa(OH)2, and 61.6 mM acetic acid, and the pH was 4.84. The
bon in substrates utilized) × 100.
diluted juice was then supplemented with glucose and/or
fructose at various ratios (Table 1) to make cucumber juice
It was assumed that glucose and fructose were the only
broths (CJB). Each CJB was then filter-sterilized (0.22 :mm, substrates for producing lactic acid and acetic acid. There
Costar Bottle Filter, Costar Corp., Cambridge, Mass., U.S.A.). was no attempt to measure CO2 since the starter culture is
homofermentative and does not carry out a malolactic ferCulture
mentation.
MOP3-M6 was used in these studies. This culture is a mutant of L. plantarum MOP3 isolated from fermenting cu- Results
cumbers (Fleming and others 1988). The mutant was obThe natural sugar content in the cucumbers used for
tained by the procedure of Daeschel and others (1984), making juice was 58 mM (1.04%) for glucose and 63 mM
which involved exposure to N-methyl-N’-nitro-N-ni- (1.14%) for fructose. After dilution with brine, CJB contained
trosoguanidine and isolation from a differential medium. 32 mM natural glucose and 36 mM natural fructose. Figure 1
The culture was stored at 284 °C in MRS broth (Difco Labo- summarizes changes in the concentrations of substrates and
ratories, Detroit, Mich., U.S.A.) containing 16% glycerol. product, viable cell count, and pH during the CJB fermentaWhen needed, the frozen culture was streaked onto an MRS tion without sugar supplementation. Glucose and fructose
agar plate. After incubation at 30 °C for 2 d, an isolated colo- were utilized simultaneously (Figure 1a) by the starter culny was transferred into 5 mL of MRS broth supplemented ture. However, glucose depletion was slightly more rapid
with 2% NaCl. After growth at 30 °C for 1 d, 1 mL of the cul- than fructose during the exponential growth and stationary
ture was transferred into 100 mL of MRS broth with 2% NaCl phases, but slower thereafter, and finally stopped before
and incubated overnight at 30 °C. The culture was harvested complete depletion. In this case, only 23 mM natural glucose
at late log phase by centrifugation (Sorvall RC-5B; Du Pont was utilized by the starter culture, resulting in 8 mM residual
Co., Wilmington, Del., U.S.A.) at 3000 × g for 10 min at 10 to glucose at the end of fermentation. In contrast, fructose deg15 °C and then resuspended in 100 mL of 0.85% sterile saline. radation continued until all naturally present fructose (36
mM) was exhausted. Most lactic acid was produced during

Inoculation and fermentation
The inoculum culture (1%, by volume) was added to each
15-mL sterile plastic tube containing 10 mL CJB to give an
initial cell population of approximately 106 colony-forming
units per mL (CFU/mL). Then each tube was screw-capped
tightly and statically incubated at ambient temperature
(l23 °C). All the treatments were in triplicate. A sample (1
mL) was taken at suitable time intervals until day 60 when
acid concentrations and pH remained unchanged (from 45
d). All samples were stored at 220 °C for later analysis.
Cell growth was followed during the course of the fermentation by plating on MRS agar with a spiral plater (Autoplate 3000; Spiral Biotech, Inc., Bethesda, Md., U.S.A.). After
incubation at 30 °C for 2 d, viable cell count was determined
with a colony counter (Protos Plus; Bioscience International,
Rockville, Md., U.S.A.).
The NaCl concentration in brine was determined by titration with standard AgNO3 using dichlorofluorescein as an indicator (Fleming and others, 1992). The pH was measured
with a pH meter (Model 825 MP, Fisher Scientific Co., Pittsburgh, Pa., U.S.A.). Sugars, organic acids, and ethanol were
determined by the HPLC method of McFeeters (1993). Each
sample was centrifuged at 12,000 × g for 3 min in an Eppendorf 5415 microcentrifuge (Eastburg, N.Y., U.S.A.). The supernatant was collected and then diluted 25 or 50 times with
distilled water and appropriate internal standards (isobutyric
acid for acids and meso-erythritol for sugars and alcohols).
Separation was achieved on a cation-exchange column
(Aminex HPX-87H, Bio-Rad Laboratories, Richmond, Calif.,
U.S.A.) with a 0.8 mL/min flow of 3 mM heptafluorobutyric
acid at 65 °C. A conductivity detector (model CDM-2; Dionex
Corp., Sunnyvale, Calif., U.S.A.) and a pulse amperometric
detector (model PAD-2; Dionex) were connected in series for
detection of organic acids and sugars.
Fermentation balances were determined by the calculation of carbon recovery according to the equation:
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Figure 1—Substrate consumption, product formation, viable cell count, and pH during cucumber juice fermentation by MOP3-M6. d, Glucose; s, fructose; ,, viable cell
count; m, lactic acid; u, pH. All values represent the means
of triplicate samples. The vertical dashed line (—) indicates conditions when cell count starts to decline.
Vol. 66, No. 1, 2001—JOURNAL OF FOOD SCIENCE
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the 1st 3 wk of fermentation. It was noted that lactic acid
production continued when viable cell counts started to decline. Totally, 136 mM lactic acid was produced from the naturally present glucose and fructose in CJB, leading to a terminal pH of 3.5 (Figure 1b).
The extent of sugar utilization possible during the fermentation was studied by supplementation of each sugar to
increase the initial sugar content up to 75 mM for glucose
and 78 mM for fructose in CJB. The highest initial glucose
and fructose concentrations were over 100% greater than
the concentrations usually present in CJB with the pack-out
ratio of 55/45, cucumbers/brine. It was found that the starter culture always utilized the same amount of glucose (23
mM), but all natural fructose was used whether or not the
media were supplemented with glucose and/or fructose
(Figure 2). Addition of glucose into the media resulted in
more residual glucose in CJB. Surprisingly, when fructose or
both fructose and glucose were added into CJB, fructose
degradation continued until an additional 14 mM fructose
was utilized; no additional glucose was utilized (Figure 2).
The utilization of additional fructose resulted in a significant
increase (30 mM more) in lactic acid production and 0.12
unit decrease in pH (Figure 3). Maximally, 23 mM glucose
and 50 mM fructose were utilized by the starter culture, resulting in 165 mM lactic acid produced and terminal pH 3.37.
Approximately 10 mM acetic acid was produced during
fermentation, but no ethanol was detected (data not shown).
The concentration (9 mM) of natural malic acid remained
unchanged during the fermentation (data not shown). The
carbon recoveries ranged from 108 to 118% (Table 1).

Table 1—Sugar content effect on sugar utilization in cucumber juice fermentation.
Added

Initial

Utilized

Glucose
(mM)

Fructose
(mM)

Glucose
(mM)

Fructose
(mM)

Glucose
(mM)

Fructose
(mM)

Carbon
recovery
(%)

0.00
14.24
28.62
43.26
0.00
0.00
0.00
7.67
14.78
29.27

0.00
0.00
0.00
0.00
14.69
28.07
41.36
6.51
14.00
28.02

31.73
45.97
60.35
74.99
31.74
31.47
31.62
39.37
46.51
61.00

36.44
36.37
36.37
36.97
51.13
64.51
77.80
42.95
50.44
64.46

23.51
22.95
22.14
21.37
23.67
22.69
22.88
24.03
23.74
23.01

36.44
36.37
36.37
36.97
48.02
48.88
48.40
42.95
50.44
48.53

117.58
116.10
114.40
115.52
110.97
112.41
113.84
112.37
108.36
109.20

fructose utilization. In contrast, more glucose was utilized
when fructose was not present in cucumber juice (Lu 1999)
or in modified MRS-based media containing the combination of glucose and fructose by the same starter culture used
in this study (unpublished data). These results suggest that
different mechanisms regulate the utilization of the two sugars by the starter culture.
Why did the starter culture ferment much less glucose
than fructose in the fermentation? What factor(s) limited the
ability of the starter culture to utilize more glucose? In homofermentative LAB, such as L. plantarum, glucose and
fructose are transported into cells via the phosphoenolpyruDiscussion
vate (PEP)-dependent sugar phosphotransferase system
HE RESULTS CLEARLY DEMONSTRATED THAT GLUCOSE AND (PTS) (Romano and others 1979; Thompson 1987) and mefructose were utilized at different rates and to different tabolized via glycolysis (Embden-Meyerhof pathway) to proextents during cucumber juice fermentation by the starter duce primarily lactic acid (Gottschalk 1986; Thompson 1987).
culture (L. plantarum MOP3-M6). Much more fructose than The metabolism of the two sugars differs only in the sugar
glucose was utilized. Similar observations were made in the transport step and the subsequent 1 or two steps of glycolyfermentation of whole cucumbers from different fruit sizes sis (Figure 4). Glucose is transported into cells via the glu(Lu 1999). Moreover, the presence of glucose did not affect cose-PTS (EIIglc) and mannose-PTS (EIIman) (Thompson
1987). The transport process is coupled to the phosphoryla-

T
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Fig 2—Effect of added sugars on glucose and fructose
utilization in cucumber juice fermentation by MOP3-M6.
d, glucose; s, fructose. All the values represent the means
of triplicate incubations.
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Figure 3—Effect of added fructose on lactic acid production and terminal pH in cucumber juice fermentation by
MOP3-M6. m, lactic acid; h, terminal pH. All values represent the means of triplicate samples.

tion of glucose to glucose-6-phosphate, which in turn converts to fructose-6-phosphate. Fructose is transported into
cells via EIIman and fructose-PTS (EIIfru), producing fructose6-phosphate and fructose-1-phosphate, respectively (Thompson 1987). The study on Lactococcus lactis (Thompson
and Thomas 1977) suggested that the mannose-PTS catalyses
the transport and phosphorylation of sugars in the order:
glucose > 2-deoxy-D-glucose > mannose > glucosamine >
fructose. Therefore, the transport of glucose is much faster
than the transport of fructose via mannose-PTS. Once fructose-1-P and fructose-6-P are converted to fructose-1,6-bisphosphate, the remaining steps of glycolysis are shared by
glucose and fructose. It is not clear which steps play a significant role in making the starter culture utilize much more
fructose than glucose. Since no more than 23 mM glucose
was utilized, it seemed that either glucose transport or the
subsequent glucose flow through the pathway was inhibited
or shut down at a certain point of glucose catabolism. In Escherichia coli, PTS plays a central role in the regulation of
carbon metabolism. The activity of enzyme EII in PTS mediates the regulation of the transport of PTS sugars (Fisher
1987). The PTS in Bacillus subtilis also appears to be involved in regulating carbon metabolism. In streptococci, the
step of sugar transport could be one of the most important
sites regulating the rate of glycolysis (Yamada 1987). It is unknown if that is also true in the starter culture used in cucumber fermentation. It is possible that the enzymes necessary for the transport and metabolism of glucose had relatively high optimal pH as compared to that for fructose, and
thus their activities were more inhibited by lactic acid produced in the fermentation. Or perhaps fructose-1-phosphate
competed for ATP with fructose-6-phosphate (F6P) and
made ATP less available for F6P, thereby inhibiting glucose
flow. Alternatively, the activities of 1-phosphofructokinase
and 6-phosphofructokinase could be regulated by different
mechanisms, resulting in the different extents of utilization
of the 2 sugars. Which step in sugar metabolism was the
most important site regulating glucose and fructose utilization and limiting the ability of the starter culture to utilize
more glucose in the fermentation? The question remains fascinating and unanswered. A better understanding of glucose
and fructose catabolism and their regulation mechanisms
may be useful in developing a procedure to assure the complete sugar utilization during cucumber fermentation by the

starter culture.
Since the starter culture was able to utilize 50 mM fructose and the presence of glucose did not seem to affect fructose utilization, residual fructose might not be present in
most cucumber fermentations because cucumbers generally
do not contain such high fructose content. Therefore, complete glucose utilization would be the major concern in developing a system to assure complete sugar utilization by the
starter culture.
The starter culture entered the stationary growth phase
perhaps due to low pH, product inhibition, nutrient limitation, or a combination of these factors. The acid production
from stationary and death phases is probably due to energy
generation for the maintenance of cell viability. Cell maintenance involves survival or preservation of cell integrity (or
viability) and growth potential (Neijssel and Tempest 1976),
which is not directly related to the synthesis of a new cell
(Neidhardt and others 1990; Russell and Cook 1995). Several
workers demonstrated a maintenance energy requirement
by LAB (Giraud and others 1991; Kemp and others 1989).
The fact that malic acid concentration remained the same
in the fermentation verified that the starter culture was malolactic-deficient. It is not clear why the carbon recoveries
exceeded 100% of the theoretical value from hexoses present
in the cucumbers. But the observation was consistent with
those reported by Fleming and others (1983, 1988) and McDonald and others (1993).
The extent to which the differential glucose and fructose
utilization phenomena observed in this study exists among
other strains of L. plantarum, as well as other species and
genera of LAB, is a subject for future investigation. The fact
that the MOP3-M6 culture was achieved by mutagenesis raises the issue of its distinguishing metabolic characteristics
from its parent strain, MOP3. When parent and mutant
strains were compared, lag and generation times were significantly (P #0.05) longer for the mutant strain, slightly less
sugar was fermented, slightly less lactic acid was formed, and
malic acid was not utilized (McDonald and others 1993). Similar relationships existed between another mutagenized L.
plantarum strain (WSO-M35) and its parent. In other studies
on cucumber juice fermentation by the MOP3 parent strain
(Passos and others 1994), the rate of glucose utilization was
initially higher than that for fructose, but, as the sugar concentration was reduced during fermentation, the rate of
fructose utilization was higher. This effect is similar to the
sugar utilization pattern found in the MOP3-M6 mutant
strain, as reported in the current study. There seems to be no
major physiological differences in the way sugars are utilized
by the parent and mutant strains. It would be of interest,
however, to learn how the extent of sugar utilization relates
to malic acid utilization, and if the same relationship exists
with naturally existing malate-negative and -positive strains.
Regardless of those fundamental questions, the MOP3-M6
mutant has potential commercial value, which we are continuing to investigate.

References

Figure 4—The 1st steps of glucose and fructose metabolism in homofermentative LAB (adapted from Thompson
1987).

Chater KF. 1984. Morphological and physiological differentiation in Streptomyces. In: Losick R, Shapiro L, editors. Microbial development. Cold Spring Harbor, New York: Cold Spring Harbor Laboratory. P 89-115.
Daeschel MA, McFeeters RF, Fleming HP, Klaenhammer TR, Sanozky RB. 1984.
Mutation and selection of Lactobacillus plantarum strains that do not produce
carbon dioxide from malate. Appl Environ Microbiol 47 (2):419-420.
Daeschel MA, Fleming HP. 1987. Achieving pure culture cucumber fermentations: A review. In: Pierce G, editor. Developments in industrial microbiology,
Vol. 28. Arlington, Va.: Society for Industrial Microbiology. P 141-148.
Daeschel MA, Fleming HP, McFeeters RF. 1988. Mixed culture fermentation of

Vol. 66, No. 1, 2001—JOURNAL OF FOOD SCIENCE

165

Food Microbiology and Safety

Sugar Utilization in Cucumber Fermentation . . .

Sugar Utilization in Cucumber Fermentation . . .
cucumber juice with Lactobacillus plantarum and yeasts. J Food Sci 53 (3):862864, 888.
Demain AL, Aharonowits Y, Martin J-F. 1983. Metabolic control of secondary biosynthetic pathways. In: Vining LC, editor. Biochemistry and genetic regulation
of commercially important antibiotics. Reading, Mass.: Addison-Wesley. P 4971.
Fisher S. 1987. Catabolite repression in Bacillus subtilis and Streptomyces. In:
Reizer J, Peterkofsky A, editors. Sugar transport and metabolism in grampositive bacteria. New York: John Wiley & Sons. P 365-385.
Fleming HP. 1982. Fermented vegetables. In: Rose AH, editor. Economic microbiology. Fermented foods. Vol. 7. New York: Academic Press, Inc. P 227-258.
Fleming HP, McFeeters RF, Thompson RL, Sanders DC. 1983. Storage stability of
vegetables fermented with pH control. J Food Sci 48 (3):975-981.
Fleming HP, McFeeters RF, Daeschel MA, Humphries EG, Thompson RL. 1988.
Fermentation of cucumbers in anaerobic tanks. J Food Sci 53 (1):127-133.
Fleming HP, McFeeters RF, Daeschel MA. 1992. Fermented and acidified vegetables. In: Vanderzant C, Splittstoesser DF, editors. Compendium of methods for
the microbiological examination of foods. Washington, DC: American Public
Health Association. P 929-952.
Fleming HP, Kyung KH, Breidt F. 1995. Vegetable fermentations. In: Rehm HJ,
Reed G, editors. Biotechnology. Enzymes, biomass, food and feed, Vol. 9. New
York: VCH Publishers, Inc. P 629-661.
Giraud E, Lelong B, Raimbault M. 1991. Influence of pH and lactate concentration on the growth of Lactobacillus plantarum. Appl Microbiol Biotechnol
36:96-99.
Gottschalk G. 1986. Bacterial fermentations. In: Bacterial metabolism. New York:
Springer-Verlag. P 224.
Handley LW, Pharr DM, McFeeters RF. 1983. Carbohydrate changes during maturation of cucumber fruit. Implications for sugar metabolism and transport.
Plant Physiol 72:498-502.
Jones ID, Veldhuis MK, Etchells JL, Veerhoff O. 1940. Chemical and bacteriological
changes in dill pickle brines during fermentation. Food Res 5 (5):533-547.
Kemp TL, Karim MN, Linden JC. 1989. Response surface optimization of Lactobacillus plantarum batch growth. Biotech Lett 11 (11):817-820.
Lu Z. 1999. Factors influencing sugar utilization during cucumber fermentation
by a malolactic-deficient strain of Lactobacillus plantarum. [MSc thesis]. Raleigh, NC: NC State Univ..
McCombs CL, Sox HN, Lower RL. 1976. Sugar and dry matter content of cucumber
fruits. HortSci 11 (3):245-247.
McCreight JD, Lower RL, Pharr DM. 1978. Measurement and variation of sugar
concentration of pickling cucumber. J Amer Soc Hort Sci 103 (2):145-147.
McCreight JD, Lower RL. 1978. Heritability of reducing sugar concentration in
pickling cucumber fruit and its implication on methods of selection. J Amer Soc
Hort Sci 103 (2):271-274.
McDonald LC, Shieh D-H, Fleming HP, McFeeters RF, Thompson RL. 1993. Evaluation of malolactic-deficient strains of Lactobacillus plantarum for use in
cucumber fermentations. Food Microbiol 10 (6):489-499.
McFeeters RF. 1993. Single-injection HPLC analysis of acids, sugars, and alcohols in cucumber fermentations. J Agric Food Chem 41 (9):1439-1443.
Neidhardt FC, Ingraham JL, Schaechter M. 1990. Growth of cells and populations.

Food Microbiology and Safety
166 JOURNAL OF FOOD SCIENCE—Vol. 66, No. 1, 2001

In: Physiology of the bacterial cell. A molecular approach. Sunderland, Ma.:
Sinauer Associates, Inc. P 214-215.
Neijssel OM, Tempest DW. 1976. The role of energy-spilling reactions in the
growth of Klebsiella aerogenes NCTC418 in aerobic chemostat culture. Arch
Microbiol 110:305-311.
Passos FV, Fleming HP, Ollis DF, Felder RM, McFeeters RF. 1994. Kinetics and
modeling of lactic acid production by Lactobacillus plantarum. Appl Environ
Microbiol 60 (7):2627-2636.
Pastan I, Adhya S. 1976. Cyclic adenosine 5’-monophosphate in Escherichia coli.
Bacteriol Rev 40:527-551.
Pharr DM, Sox HN, Smart EL, Lower RL. 1977. Identification and distribution of
soluble saccharides in pickling cucumber plants and their fate in fermentation. J Amer Soc Hort Sci 102 (4):406-409.
Postma PW, Lengeler W. 1985. Phosphoenolpyruvate:carbohydrate phosphotransferase system of bacteria. Microbiol Rev 49:232-269.
Raccach M, Marshall PS. 1985. Effect of manganese ions on the fermentative
activity of frozen-thawed lactobacilli. J Food Sci 50:665-668.
Romano CH, Trifone JD, Brustolon M. 1979. Distribution of the phosphoenolpyruvate: glucose phosphotransferase system in fermentative bacteria. J Bacteriol
139:93-97.
Russell JB, Cook GM. 1995. Energetics of bacterial growth: Balance of anabolic
and catabolic reactions. Microbiol Rev 3:48-62.
Thompson J, Thomas TD. 1977. Phosphoenolpyruvate and 2-phosphoglycerate:
endogenous energy source(s) for sugar accumulation by starved cells of Streptococcus lactis. J Bacteriol 130:583-595.
Thompson J. 1987. Sugar transport in the lactic acid bacteria. In: Reizer J, Peterkofsky, editors. Sugar transport and metabolism in gram-positive bacteria.
New York: John Wiley & Sons. P 13-38.
Veldhuis MK, Etchells JL, Jones ID, Veerhoff O. 1941. Influence of sugar addition
to brine in pickle fermentation. Food Indus 13 (10):54-56.
Yamada T. 1987. Regulation of glycolysis in streptococci. In: Reizer J, Peterkofsky
A, editors. Sugar transport and metabolism gram-positive bacteria. New York:
John Wiley & Sons. P 69-94.
MS 20000338
Paper no. FSR-006 of the Journal Series of the Dept. of Food Science, NC State Univ., Raleigh,
NC 27695-7624. Mention of a trademark or proprietary product does not constitute a guarantee or warranty of the product by the U.S. Dept. of Agriculture or North Carolina Agricultural Research Service, nor does it imply approval to the exclusion of other products that
may be suitable.
This work was supported in part by a research grant from Pickle Packers Intl., Inc., St.
Charles, Ill., U.S.A. We thank S.S. Yoon and F. Breidt for valuable discussions and R.L. Thompson for advice on HPLC analyses.

Author Lu is a graduate student with the Dept. of Food Science, NC State
Univ., Raleigh, NC 27695-7624. Authors Fleming and McFeeters are with
the U.S. Dept. of Agriculture, Agricultural Research Service, and Dept. of
Food Science, N.C. State Univ., Raleigh, NC 27695-7624, USA. Contact: H. P.
Fleming, tel 919-515-2979; fax 919-856-4361; E-mail henry_fleming@
ncsu.edu.

