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Abstract: Bacterial profile modification is an important
enhanced oil recovery technique used to direct injected
water into a reservoir’s low permeability zone containing
trapped crude oil. During water flooding, the use of bac-
teria to plug the high permeability water zone and divert
flow into the oil-bearing low-permeability zone will have
a significant economic impact. However, during the field
implementation of bacterial profile modification, the
rapid growth of bacteria near the injection well bore may
hinder the subsequent injection of growth media so that
profile modification of the reservoir occurs only in the
immediate vicinity of the well bore. By slowing the
growth rate and prolonging the lag phase, the onset of
pore-space plugging may be delayed and the biologically
active zone extended deep into the reservoir. High sub-
strate loading, high pH values, and the addition of the
growth inhibitors sodium dodecylsulfate and sodium
benzoate have been used in combination to alter the
growth characteristics of Leuconostoc mesenteroides
NRRL-B523 grown in batch conditions. The highest su-
crose concentration used in these studies, 500 g/L, pro-
duced lag times 12-fold greater than the slowest lag
times achieved at low sucrose concentrations. When L.
mesenteroides was grown in media containing 500 g/L
sucrose, an alkaline pH value threshold was found above
which bacteria did not grow. At this threshold pH value
of 8.1, an average lag time of 200 h was observed. In-
creasing the concentration of sodium benzoate had no
effect on lag time, but reduced the growth rate until the
threshold concentration of 0.6%, above which bacteria
did not grow. Last, it was found that a solution of 0.075
mM sodium dodecylsulfate in media containing 15 g/L
sucrose completely inhibited bacterial growth. © 2001
John Wiley & Sons, Inc. Biotechnol Bioeng 72: 603-610, 2001.
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INTRODUCTION

exhausted reservoir follows the path of least resistance
through the water-flooded high permeability zone, and by-
passes the oil-containing low permeability zone (Fig. 1a).
The accumulation of biomass within the high permeability
zone diverts injected water into low permeability regions
containing crude oil to force oil out of the production well,
as shown in Figure 1b (Jenneman et al., 1985; Lappan and
Fogler, 1992; Vandevivere and Baveye, 1992). While the
presence of bacterial cells can affect permeability in low
permeability systems (Sarkar et al., 1994), the production of
exopolymers augments pore blockage.

L. mesenteroideBlIRRL B-523 was chosen for BPM re-
search because it produces a highly branched water in-
soluble dextran containing 15% to 34861,3 anda-1,4
linkages (Jeanes, 1965; Jeanes et al., 1954). After injection,
the bacteria quickly enter the exponential growth phase near
the well bore region, the section of the reservoir containing
the highest nutrient concentration. As can be seen in Figure
1c, rapid bacterial growth and exopolymer production near
the well bore prevents deep penetration of bacterial cells
and nutrients (Cusack et al., 1987; Jenneman et al., 1984;
Taylor and Jaffe1990). Consequently, one of the greatest
challenges of BPM is near well bore biomass plugging.

To improve BPM, this study focuses on chemical strate-
gies that prolong the onset of biomass plug formation by
reducing the growth rate and increasing the lag time of
Leuconostoc mesenteroid®RRL B-523. The inhibition
kinetics of dextransucrase, the enzyme that catalyzes the
formation of dextran byL. mesenteroide®NRRL B-523,
provides some qualitative insight into the growth inhibition
of this bacterium, but a quantitative understanding of the
effects of inhibitors on both the enzyme and its bacterial
producer are required to predict the kinetics of exopolymer

Controlling the flow of water in the subsurface is essentialProduction for BPM. The activity of dextransucrase fram

for a variety of crude oil recovery operations. Bacterial MesenteroideBIRRL B-512 has been measured as a func-
profile modification (BPM), an enhanced oil recovery meth- tion of pH by Otts and Day (1988), and the sodium dodec-
odology, relies on bacteria that produce extracellular polyY!sulfate (SDS) inhibition ofL. mesenteroidesNRRL
saccharides (exopo|ymers) to alter the porosity and perm@'1416 dextransucrase was inVeStigated by KObayaShi et a.l.
ability of the subsurface porous matrix. In the absence 0f1985). However, the growth kinetics &f mesenteroides

profile modification, water injected into a partially oil- NRRL B-523 growing in whole cell broth at a high pH
value and containing SDS have not been investigated prior

to this study.

Correspondence td:. S. Fogler A preliminary investigation of the effects of high sucrose
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Growth Conditions

Flow Before BPM

L. mesenteroidesnoculum was prepared by transferring
one colony from the streak plate into media containing 7.9
g/L glucose, 7.9 g/L fructose, and 10 g/L Difco yeast extract
solution diluted in a mineral salt solution. The mineral salt
solution contained 0.06M sodium acetate, 0.078 sodium
chloride, 0.061M ammonium chloride, 6.1 x I8 M
K,HPQ, - 3H,0, 3.1 x 10° M ascorbic acid, 4.1 x T6 M
MgSO, - 7H,0, 4.0 x 10° M MnSQ, - H,0, and 4.0 x 10°

M FeSQ - 7H,0. After 22 h of growth at 30°C, 10 mL of
inoculum was aseptically transferred to a 1000-mL batch
reactor containing 550 mL of the desired growth medium.
. The initial cell concentration was 7.5 x 4@ 0.1 x 16
After Ineffective BPM % cells/mL. The growth medium contained 10 g/L Difco yeast

After Effective BPM

Biologically
Active Zone

[
>

""""""""" extract, varying concentrations of sucrose, and varying con-

: E centrations of inhibitors, all of which were dissolved in the
NSRRI B mineral water solution just described. For the hydroxide ion
N Z inhibition experiments, the medium initial pH value was
fixed using 4M sodium hydroxide; the medium pH value
was not controlled after inoculation. The batch reactor pH
value at inoculation was 6.4 + 0.15 for all other experi-
ments. Throughout this study, the term “initial pH” refers to
the growth medium pH value immediately following inocu-
lation.
The reactor contents were not modified during the course

Figure 1. Ideal implementation of BPM.

concentrations on the growth of aerobically cultutednes-
enteroidesvas conducted by Hdlland La&zlo(1971). They
qualitatively compared the growth rateslofmesenteroides

(strain was not specified) for different sucrose concentrabf the reaction except for the withdrawal of liquid samples.

tions and' determined .that S0 g/L sucrose produced thﬁll batch reactions were conducted at a constant 30°C with
greatest final cell density and fastest growth rate. Unfortu-

ol th rat d laq ti " fified éonstant mixing using a 1.5-in. stir bar rotating at 120 rpm.
hately, growth rates and fag imes were not quantiied antg 564 patch reactors provided anaerobic growth condi-
no attempt was made to extend the lag time or to reduce t

growth rate. Consequently, further study is required to pro- ons.

vide a quantitative analysis of the effects of high sucrose

concentrations oh. mesenteroideSRRL-B523 growth in-  Sampling and Analysis Techniques

hibition under anaerobic conditions. ) ) ) o )
Although sodium benzoate has been studied as an inhibPuring the reaction period, liquid samples were aseptically

tor of microbial growth, previous studies have concentrated@ken from the reactor upon inoculation and at intervals

on its effects in an acid medium. Furthermore, the effect ofanging from 10 min to 24 h. The total cell count was

sodium benzoate on the growthlofmesenteroideNRRL- measured using a model ZF Coulter Counter fitted with a

B523 has not been investigated. Hence, the present studP-+m-diameter aperture tube. Viable colonies were enu-

was undertaken to determine the feasibility of using sodiunfn€rated using the spread plate technique, with phosphate-

B523. was determined by measuring the rate of production of fruc-

tose. One unit of dextransucrase is defined as the amount of
enzyme that catalyzes the formation ofuinol of fructose
MATERIALS AND METHODS per minute in a 20 M sodium acetate buffer (pH 5.4)
containing 100 g/L sucrose, 0.05 g/L Ca@hd 1 g/L NaN.
Fructose was measured using the dinitrosalicylic acid assay.
Bacteria For dextran analysis, 3-mL samples were withdrawn
from the reactor. Water insoluble dextran (WID) and cells
Leuconostoc mesenteroid®RRL-B523 (ATCC 14935) were separated from water-soluble dextran (WSD) by cen-
was obtained from the American Type Culture Collectiontrifugation. WSD was then precipitated from the superna-
(Rockville, MD) and placed in a —80°C freezer for long- tant using 66% v/v ethanol. WSD precipitates were weighed
term storage. Every 30 days an aliquot was removed fronafter filtration through a 47-mm 0.@m Poretics track-
the freezer, streaked out onto agar plates prepared usirggched polycarbonate membrane. WID was separated from
Difco Lactobacillus MRS broth, grown for 18 h, and stored cellular material with potassium hydroxide, decomposed
at 4°C. Streak plates were discarded after 30 days of 4°@to monomers using hydrochloric acid, and assayed for
storage. total sugar content by the phenol-sulfuric acid assay (Ko-
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bayashi et al., 1985). A more detailed procedure for dextran

E1.
analysis has been described by Kim and Fogler (1999). §1 6 Initial pH: 6.4+0.15
s L
S 1.4
RESULTS S 12—
‘; .

Sucrose, hydrogen ion, sodium benzoate, and SDS concen 1
trations were varied over a physiologically significant range 3, o g
to slow the growth rate and increase the lag timelLof “g 0.6-%
mesenteroidedA typical growth curve ofL. mesenteroides 2, |
is shown in Figure 2. 2 0.47
The cell concentration data from batch growth experi- 3 0.2 [
ments were fit to the modified Gompertz equation using the -z ¢ T I I I I
Levenberg—Marquardt method, as shown by the solid line in ‘2“ 0 100 200 300 400 500 600
Figure 2 (Press et al., 1992; Zwietering et al., 1990). The Initial Sucrose Concentration (g/1)
modified Gompertz equation is:

Figure 3. Sucrose inhibition of.. mesenteroidegrowth. The solid line

w-e represents the fit of the modified Edwards equation.
y=A- exp[—exp(T()\—t))+ 1} @

wherey = IN(NINg), A = In(N./N,), e = 2.718,t denotes growth rate. The maximum growth rate occurred at an initial

the time in units of hourgy denotes the specific growth rate sucrose concentration of 75 g/L and the highest observed
in units of 1/h, anc\ denotes the length of lag time in units cell density increase occurred at an initial sucrose concen-

of hours:N is the cell concentration at any time during the tration of 125 g/L. While .high sucrose concentrations were
experiment in units of cells per milliliterl\, is the initial aple to prolong the Iag tlme and.decrease the groyvth rate,
cell concentration (cells per milliliter)\.. is the stationary Flgure o shqws that, within expenmental_ error, the increase
phase cell concentration (cells per mililiter). in cell Qensny was the same using an initial sucrose con-
centration of either 15 g/L or 500 g/L.
Dextran was assayed for both water-insoluble and water-
Substrate Inhibition soluble fractions because it is hypothesized that WID is
more effective than WSD for the plugging of a porous ma-
concentrations varying from 1 to 500 g/L and with an initial trix. When low initial sucrose concentrations were u_sed
‘e.g., 15 to 75 g/L), the initially clear broth became notice-

PH of 6.4 £ 0.15, The growth rates, lag times, and amoun%bly opaque during the course of reaction and contained

of each type of dextran produced were measured for ea :
batch experiment. As can be seen in Figure 3, increasing tﬁgrge aggregates of WID. At concentrations >200 g/L, the

sucrose concentration significantly decreased the specifigslitially clear broth became slightly opaque, but visible
ID aggregates were not present. The production of both

growth rate. A deqreased growth rate accompanled an Myip and WSD was inhibited by increasing the initial su-
crease in the lag time for sucrose concentrations >75 g/L

Figure 4 shows that the lag time increasedrfrd h whenL. crose cpncentra’uon, as can be seen in Figure 6, and a de
: . . I crease in dextransucrase activity was observed (Table I).
mesenteroidewas grown in media containing 1 g/L sucrose ) .
: . . L. mesenteroidesa heterofermentative member of the
to 12 h when grown in media containing 500 g/L sucrose.

The stationary phase cell density (Fig. 5) parallels theIactobacnlus family, produces lactic acid as it ferments glu-

L. mesenteroidesvas grown in media containing sucrose

20
ad o /A (maximum population Initial pH: 6.4=0.15
15—
39 , o
_ . %Slopez 4 (maximum =
2 - A (lag time) specific growth rate) g 10
Z Y; : =
E ; %
- | -
Growth 5
Medium: 250 g/l sucrose
0-4 : 10 g/l yeast extract 0
T T T T T I [ I I I
0 :-5 10 15 20 25 30 0 100 200 300 400 500
Time (hours) Initial Sucrose Concentration (g/1)
Figure 2. Typical batch growth curve df. mesenteroides. Figure 4. Sucrose delays onset bf mesenteroidegrowth.
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5.5 =
E Initial pH: 6.4+0.15 @ 2 —&—— WID (g/l) 25 §
52 T é‘ ----/--- WSD (g/l) 20§
] 8 ZL5 &
z°4.5] ‘ R g =
Z . . : T/ ’ ~ . E "f I 15 (T
z 1.4 ) | B 1 g
o], R S I 10
SRR : :
T '$0.5: >
354% g i > §
] 8 ) Initial pH: 6.420.15 =
3 TTTT I TTTT I LI ' TTTrT I TTTT I TTTT § O I I I | == ' O (Q
0 100 200 300 400 500 600 0 100 200 300 400 500 600 =
Initial Sucrose Concentration (g/1) Initial Sucrose Concentration (g/1)
Figure 5. Cell density increase is a function of initial sucrose concen- Figure 6. WSD and WID produced varies with initial sucrose concen-
tration. tration.

cose. While not able to increase in cell number during theat an initial pH value of 8.1 to a maximum of 0.077 1/h at
lag phasel. mesenteroidesvas able to ferment glucose an initial pH value of 7.1. Interestingly, for all hydroxide ion
with an accompanying drop in pH during the lag phase (datanhibition experiments, the bacteria did not enter the expo-
not shown). When the sucrose concentration was increasedential growth phase until the solution pH dropped to a
the maximum specific growth rate decreased as did the ratealue of 6.79 + 0.06.

of pH decrease. Acid production was coupled with the rate The growth ofL. mesenteroideis alkaline solutions had,

of cell metabolism and this rate was slowed by higher subwithin experimental error, no effect upon the production of
strate concentrations. The rate of decrease in the broth piater-insoluble exopolymers and showed an increase in the
during the exponential growth phase followed a similaramount of low-molecular-weight exopolymers produced
trend as the specific growth rate (Fig. 7). (Fig. 10).

. o Sodium Benzoate Inhibition
Hydroxide lon Inhibition . ) ) .
Sodium benzoate is a common weak acid food preservative

Like other microorganismd,. mesenteroideBlRRL-B523  used to prevent the growth of yeast and bacteria. Initially, a
was able to grow in a wide range of pH values (Kim et al.,0.1% w/v (weight/volume) concentration of sodium benzo-
2000). The pH of the medium is typically maintained be-ate was added to a solution containing 15 g/L sucrose and
tween 5.5 and 7 for maximum dextran yield (Lazic et al.,no growth inhibition was observed. To accentuate the inhi-
1993). To accentuate the effect of growth inhibition in abition of media containing 500 g/L sucrose, solutions con-
solution containing a sucrose concentration of 500 g/L, theaining 0.1%, 0.2%, 0.4%, and 0.6% w/v sodium benzoate
solution pH was progressively increased until growth wasyere made. Viable plate counts (data not shown) confirmed
completely inhibited. As the solution pH was increased,thatL. mesenteroidesas unable to grow in solutions con-
there was little change ih. mesenteroidegrowth charac- taining a benzoate concentration of >0.6%. As the benzoate
teristics until the solution pH reached 7.5 Above pH 7.5, theconcentration was increased, the lag time remained approxi-
growth rate decreased to an average value of 0.1 1/h, anflately constant, the growth rates and the final cell densities
then dropped to O at a value of 8.2 (Fig. 8). It was deterdecreased, and the final pH increased. Table || summarizes
mined that a pH value of 8.2 is the upper limit for mes-  these results.
enteroidesgrowth because there was no measurable cell
growth even after 300 h. Most importantly, Figure 9 ShOWSSodium Dodecylsulfate Inhibition
that lag time was significantly increased (200 h) at pH 7.9 o
when compared with the 12-h lag time observed when Anther sub;tance that can inhibit the growthLofmesen-
mesenteroidesvas grown in solutions with an initial pH teroides,sodium dodecylsulfate (SDS), also known as lau-
of 6.3.

While the lag-phase hydrogen ion concentration in-Table I. Maximum dextransucrase activity observed throughout the
creased slightly during the lag period of the substrate inhicourse of a batch reaction.
bition experiments, there was an exponential increase in the Initi )

. . I nitial sucrose Maximum dextransucrase

hydrogen ion concentration during the exaggerated lagoncentration (g/L) activity (units/mL)
phase observed during the hydroxide ion inhibition experi
ments. The observed rate of decrease in solution pH during
the lag phase varied linearly from a minimum of 0.015 1/h

125 45+0.3
500 25+0.2
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£ 0.473 250 T——
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Figure 7. Rate of decrease in pH varies linearly with growth rate. ~ Figure 9. Effect of alkaline solution pH values dn mesenteroidetag
time.

ryl sulfate, was added to solutions containing 15 g/L su- ] ) )
crose. SDS was chosen as a growth inhibitor because of idient across the bacterial cell membrane. It is hypothesized

documented success in reducing the effectiveness of sucroli#at the first effect dominated at relatively low sucrose con-
cleavage by dextransucrase (Kobayashi et al., 1985). For trg¢ntrations, and that the second effect explains the lower-
conditions used in the growth experiments, the SDS criticafn@n-predicted growth rates in solutions containing >350
micelle concentration (CMC), was approximately 0.81m 9/L sucrose. .

(Hiemenz and Rajagopalan, 199T). mesenteroidesvas The inhibition of dextransucrase may explain the de-
grown in solutions containing SDS in concentrations above€ase in growth rate with increasing initial sucrose concen-
and below the CMC. A sharp change in growth characteriration. When sucrose is present in concentrations that are
istics was found above an SDS concentration of 0.050 m Not inhibitory, dextransucrase binds sucrose, forms a cova-

The lag time at 0.050 M was approximately 1 h, whereas lent glucosyl intermediate by releasing fructose, and then
the lag for 0.070 vl was near 200 h, as shown in Table Ill. transfers the glucosyl intermediate to the growing dextran
chain covalently attached to another site. The reaction is as

follows:
DISCUSSION

Dextransucrase

Sucroser G, 0 O O O - Fructoser G,

Substrate Inhibition . .
whereG, is the growing dextran polymer.

Excess sucrose acted on growth and dextran production in In addition, glucose can be released either by dextran
two ways: (1) by interfering with the catalytic activity of chain growth termination or by an invertase-like activity of
dextransucrase, the enzyme thatmesenteroidesecretes dextransucrase (Lappan and Fogler, 1994). Tanriseven and
in the presence of sucrose for the production of dextran anRobyt (1993) suggested that dextransucrase’s active sites
cleavage of sucrose; (2) by creating a strong osmotic graare independent of a third acceptor site that binds glucosyl

0.25 =

@ ! ° WID (g/l) Initial Sucrose 20 §
0.2 { § 0.8 ] WSD (g/l) | Concentration: 500 gfl &
£ = 152
= — o
© 0.15— { £ 0.6 3
o § ~10§
= ] _ =
s 0.1 { S 04 g
o E ¢ 5 2

© 3 5
0.059 TInitial Sucrose 2 0.27 §
Concentration: 500 g/I P =
0 | ! | e s 0 l l t 0%E

6 6.5 7 7.5 8 8.5 6 6.5 7 7.5 8.5
Initial pH Initial pH

Figure 8. Effect of alkaline solution pH values oh. mesenteroides

growth.

Figure 10. Effect of alkaline solution pH values oh. mesenteroides

production of exopolymers.
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Table Il.  Effect of sodium benzoate on growth in 500-g/L sucrose solutions.

Sodium benzoate Growth rate Lag time Stationary phase cell Stationary
concentration % (w/v) (2/h) (h) concentration (#/mL) phase pH
0.0 0.17£0.04 13.2+5.0 45xi@1x106 42+0.1
0.1 0.095 +0.02 13.1+22 2.4x980.7 x 1¢ 48+0.2
0.2 0.090 +0.03 122+21 1.4x981.1x 16 52+0.1
0.4 0.078 £ 0.01 13.1+24 25x980.8 x 1¢ 52+0.2
0.6 0.026 £ 0.01 125+15 1.6x980.9 x 1¢ 57+0.1
0.7 0 0 Not applicable Not applicable

intermediates but does not bind sucrose or the growing dexknown as compatible solutes, within the cytoplasm to com-
tran molecule. They further proposed that excess sucroggensate for the loss of water (Brown, 1976; Csonka and
binds to a distinct low-affinity sucrose-binding site, alloster- Hanson, 1991). The reallocation of cellular resources for the
ically inhibits the formation of dextran by altering the con- import of compatible solutes may have delayed the initia-
formation of one of the two high-affinity sucrose-binding tion of exponential growth fot.. mesenteroides.

sites, and prevents the elongation of dextran. Under these To model the growth rate df. mesenteroides a me-

conditions, the reaction is as follows: dium containing excess sucrose, an inhibition kinetics
model was used as a first approximation. This model as-

Dextransucrase . R .
Sucrosdl 0 0 O — Fructoset Glucose sumes unsegregated and unstructured growth kinetics (Bai-

ley and Ollis, 1986). Excess sucrose interfered with dex-
Tanriseven and Robyt (1993) stated that the formation ofransucrase by binding to the enzyme—substrate complex
glucosyl intermediates is not affected by excess sucroseind hindered the cleavage of sucrose into glucose and fruc-
However, Martinez-Espindola and Lopez-Munguia (1985)tose; this mechanism is known as noncompetitive inhibi-
observed that excess sucrose, up to a concentration of 4¢@n. Noncompetitive inhibition has been used successfully
g/L, inhibited L. mesenteroide®NRRL B-512 dextransu- py Hill and Robinson (1975) to describe substrate inhibition
crase. They were also able to describe changes in the frugf Pseudomonas putiday phenol. Eq. (2) is derived after
tose prOdUCtion rate USing a substrate-inhibition kinetic%ssuming quasi_steady_state conditions. Eq (2) relates the
model. specific growth ratep., to the maximum growth ratey,as

The presence of high concentrations of WSD observed ifhe Monod constank,,, and the inhibition constank;:

this study verifies that sucrose interferes with the growing

dextran polymer. The bacterial growth rates observed in this _ Femax>

study confirm that fructose (and glucose) is produced at H= K, +S+ SZ/Ki
reduced rates in the presence of high sucrose concentrations. ) )
Furthermore, the observed decrease in dextransucrase d¥ereSis the sucrose concentration (g/L).
tivity above a sucrose concentration of 125 g/L validates While Eq. (2) describes the experimental data well at low
this hypothesis. Sucrose inhibition began above a sucrodgitial sucrose concentrations, it predicts higher growth rates

concentration of 100 g/L, as can be seen in Figures 6 and #1an were observed at sucrose concentrations >350 g/L.
The decrease in water activitg,() due to an increase in Above a sucrose concentration of 350 g/L, it is believed that

sucrose concentration may also explain the reduction ithe model does not predict the observed results because of

growth rate. A correlation betwees, and growth rate has the use of AT_P for osmoregulation. Because the growth_of
been observed when other species of bacteria are grown ln Mmesenteroides hypothesized to be slowed by a combi-
solutions containing high concentrations of salts or sugar§ation of effects, empirical growth inhibition models fit the
(Troller and Christian, 1978). While a decreaseajpmay data more closely than did a noncompetitive inhibition
describe the observed reduction in growth rate_ofnes- model. Model parameters are tabulated in Table IV. The
enteroidesthe change ira,, provides no mechanistic de- modified Edwards equation is plotted with the experimental
scription of growth inhibition, and it cannot explain the data in Figure 3.
increase in growth rate at low sucrose concentrations.

Longer lag times may have been caused by bacterial osrpje i,
moregulation strategies initiated to compensate for high su

@

Effect of SDS on growth in 15-g/L sucrose solutions.

crose concentrations. Although sucrose is able to pasSDS concentration (W) Lag time (h) Growth rate (1/h)
through the cell wall, sucrose is unable to pass through the 0.10 - 0
bacterial cell membrane, and bacteria rapidly lose water 0.075 w 0

when they are exposed to a medium containing a high su- 0.070 190+8 0.01+0.001
crose concentration (Yoneyama et al., 1986). When sucrose 8-828 193 f c1)32 0-00(2)8 f 8-821
concentrations are sufficiently high, bacteria accumulate in- 0.010 10015 0704005

organic and/or organic low-molecular-weight compounds
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Table IV. Fitted parameters fdr. mesenteroidesucrose inhibition. growth is effectively prevented by concentrations of sodium
benzoate of <0.3% w/v when the medium has a pH value

Model X e Kon K ranging from 2.5 to 4.0 (Chichester and Tanner, 1972).
_ Pmax> While growth inhibition has been observed in a less acidic
" Km+ S+ S7K, medium, an order of magnitude or higher concentration of
(noncompetitive inhibition) 0273 1781h 240g/L 199g/ SOdium benzoate may be required as the pH of the medium
is increased (Cruess and Richert, 1929).
_ Bmax” S* exp=S/Kj) In an acidic medium, benzoic acid readily diffuses
B Kn+S through the cell membrane. Once in the cytoplasm, benzoic
(Edwards, 1970) 0.147 1.701/h 2.16g/L 343 g/lL acid deprotonates and causes a drop in the internal cell pH.
5 According to Krebs et al. (1983), a low cytosolic pH inhibits
_ Pmax” S+ eXA=(S/K)) the activity of key metabolic enzymes such as phosphofruc-
N KntS tokinase. Warth (1991) suggested that the internal pH re-
(Modified Edwards) 0.080 1.391/h 1.29g/L 389¢g/L duction is too small to account for growth inhibition caused

by enzyme inactivation. Warth concluded that reduced
growth rates were caused by the use of ATP for proton
Hydroxide lon Inhibition pumping (proton pumps in the membrane maintain the cy-
tosolic pH near neutrality) at the expense of normal meta-
Bacterial metabolism depends on hundreds of enzymes tgolic pathways.
catalyze the reactions required for maintenance and repro- While sodium benzoate has proven most effective in
duction. The amino acids that are the bUIIdlng blocks Ofacidic conditions, for this Study_ mesenteroidesas grown
enzymes contain ionizable groups that lose activity in then media with an initial pH of 6.1 to 6.3 to achieve maxi-
presence of high concentrations of hydrogen or hydroxidenum cell densities. As lactic acid accumulated in the ex-
ions (Bailey and Ollis, 1986). The unfavorable ionization of tracellular environment sodium benzoate became a more
key enzymes slows or completely stops bacterial growtheffective growth inhibitor, an effect confirmed by a de-

Intracellular enzymes are protected from extremes in pH bytreased final cell density and increased final solution pH.
the cell membrane’s active transport of undesirable ions out

of the cytosol, but extracellular enzymes, such as dextran- o
sucrase, are immediately ionized by the ions present in so>PS Inhibition

lution. Unlike the gradual growth inhibition caused by excess su-
Although dextransucrase was completely inactivated agrose, SDS suppressed the growtH_ofmesenteroideat a
pH 8 or higher, its activity may be restored by lowering thethreshold concentration. SDS interfered with growth be-
solution pH, and Otts and Day (1988) foundttffah were  cause it was able to inhibit the activity of enzymes and
required for the complete inactivation of dextransucrase apecause it may have disrupted the cell membrane. For short
pH 8 in a cell-free system. Wheh. mesenteroidesvas  time periods, SDS may inhibit the activity of an enzyme, but
grown in media with an initial pH of 8.1, the solution pH given enough time, the enzyme will be completely inacti-
decreased exponentially at a rate of 0.015 1/h during th@ated by the binding of SDS to active sites (Vincenzini et
initial 100 h (lag phase) of the growth experiment; this ratea|., 1985). Higher concentrations of SDS were able to more
was sufficient to prevent permanent inactivation of dextranfu”y alter the Charge of the membrane and disrupt the nor-
sucrase. It has also been suggested by Otts and Day (1988 functioning of membrane-bound receptors and struc-
that, at pH values >8.0, sucrose phosphorylase, an intracegral proteins (Helenius and Simons, 1975; Seufert, 1973).
lular enzyme, may be responsible for the decomposition of \WhenL. mesenteroidesias grown in media containing
sucrose into utilizable glucose-1-phosphate and fructosep.060 nM SDS there was a reduction in growth rate, but
(Vandamme et al., 1987). Above a pH value of 8.2, eithemo change in the lag time. Above this concentration, a small
sucrose phosphorylase activity was insufficient to maintainncrease in the cell population was observed after lag times
cell metabolism, or dextransucrase decomposed morgf 300 to 400 h. This result indicates that there was a critical
quickly than the rate at which lactic acid lowered the me-concentration of SDS that denatured enzymes and/or the
dium pH As the initial pH was increased, it is believed thatmembrane structural proteins critical for growth_
the more severe conditions increased the rate at which dex-
tran polymerization was terminated, and the result was an
increase in the concentration of WSD. CONCLUSIONS

Batch growth experiments have demonstrated that the lag
time and growth rate of. mesenteroideBIRRL-B523 can

be controlled by substrate inhibition and by the addition of
Although benzoic acid is the active form of the preservative jnhibitors. A combination of substrate inhibition and a high
the sodium salt is commonly used because of its high soluiitial medium pH was the most successful technique for
bility in aqueous solutions (Reddish, 1957). Microbial delaying the growth oE. mesenteroidewhile allowing the
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bacteria to reach a stationary population concentration ag<im DS, Fogler HS. 1999. The effects on cell morphology and culturability
proximately equal to the population observed during unin- chLhenuoﬁosnzo-gtgogc g‘lise”tefo'dm””g starvation. Appl Microbiol
hibited growth. Unlike grov_Vth in media containing _<100_ Kim DS, Thomas S, Fogler HS. 2000. Effects of pH and trace minerals on
g/L sucrose, grovvth ata hlgh substrate concentration SIg- long-term starvation ofeuconostoc mesenteroidégpl Env Micro-
nificantly reduced the amount of WID and increased the piol 66:976-981.

amount of WSD. While the specific inhibitor regimes usedkrebs HA, Wiggins D, Stubbs M, Sols A, Bedoya F. 1983. Studies on the
in this study may not improve bacterial profile modification  antifungal action of benzoate. Biochem J 214:657-663.

for all oil reservoirs, the current results provide a framework<obayashi M, Yokoyama |, Matsuda K. 1985. Effectors differently modu-

S . lating the dextransucrase activity lofuconostoc mesenteroidégric
for further inhibition research that may improve the depth Biol Chem 49:3189-3195.

penetration of exopolymer-producmg bacteria. Lappan RE, Fogler HS. 1992. Effect of bacterial polysaccharide production
in formation damage. SPE Prod Eng 7:167-171.
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