ABSTRACT
BJORNSDOTTIR, KRISTIN. Effects of organic acids on Escherichia coli O157:H7
independent of pH under acidified food conditions. (Under the direction of Dr. Fred Breidt.)
Outbreaks of illness caused by acid-tolerant bacterial pathogens in acid foods have raised
questions about the safety of acidified foods. However, acidified foods have an excellent
safety record which is in part due to the presence of organic acids. The objective of this
research was to (1) a develop method that allowed rapid comparison of test acids on E. coli,
(2) measure the effectiveness of acetic, malic, citric, and lactic acids to kill Escherichia coli
O157:H7 independent of pH effects and (3) examine the mechanism of protection of D-lactic
acid and on E. coli O157:H7. Gluconic acid (20 mM), which has been shown to be non-
inhibitory to E. coli, was used to buffer solutions with 0 mM to 420 mM fully protonated
concentrations of the test acids at various pH’s and temperatures, with ionic strength adjusted
to 0.60-0.68. The effect of anaerobic incubation during acid challenges was examined. We
found that using the 96 well microplate and determining viability by plating before and after
acid challenge was consistent reproducible and efficient method which allowed us to evaluate
up to 96 solution simultaneously. Compared to pH, acetic, malic, pyruvate, and particularly
D-lactic acids had a significant protective effect on E. coli O157:H7 at low (1-20 mM)
protonated acid concentrations. Citric acid was not found to exhibit any protective effect at
similar concentrations. At higher concentrations L-lactic acid was the most lethal acid
followed by acetic, citric and malic acids which had about equal degree of lethality against
the O157:H7 strains. To our knowledge this is the first time organic acids have been
observed to have a protective effect on pathogenic bacteria. D-lactic acid and pyruvate

protected cells against 40 mM protonated acetic acid which has previously shown to reduce



cells beyond detection during the acid challenge. These acids may protect the cells by
inactivation of reactive oxygen radical species. These results showed that oxygen may play a
major role in the effect of organic acids on E. coli O157:H7. It is important to understand the
mechanism of this protective effect to be able to assure safety of acid and acidified foods.
Additional research will be needed to understand acid specific effects on the survival of E.
coli O157:H7 and other acid-resistant food pathogens in acid and acidified foods. In order to
reliably and efficiently eliminate acid tolerant pathogens from acid and acidified foods we
should have a clear understanding of the environmental factors that affect killing of these
microorganisms. Thus, the role of oxygen during acid challenge studies must be determined

to assure the safety of acid and acidified products.
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CHAPTER 1

Literature Review

Introduction

Organic acids are weak acids commonly found in fruit juices and fermented foods or
are added to foods as a preservative agent (Luck and Jager, 1997). Acidification with
organic acids is used in the food industry to control growth and survival of spoilage-causing
and pathogenic organisms as well as giving some characteristic flavors. Acid and acidified
foods are defined in the U.S. Code of Federal Regulations (21 CFR part 114) to be foods
having pH of 4.6 or lower and water activity greater than 0.85. Acid foods are foods that
naturally have a pH below 4.6 while acidified foods are low-acid foods to which acid or acid
ingredients have been added to reach a final equilibrated pH of 4.6 or below. Examples of
acidified foods include products made from cucumbers, artichokes, cauliflower and peppers
with a pH < 4.6. Tomatoes, apple juice and orange juice are examples of acid foods. A heat
treatment must be included in the production of acidified foods, if necessary, to prevent the
growth or survival of microbial pathogens. A water activity of 0.85 is the lower limit for
preventing the growth of vegetative cells of microbial food pathogens, while pH 4.6 is the
upper limit for preventing the growth and toxin production of Clostridium botulinum. In
1979 when 21 CFR 114 (Acidified Foods) was first published, several botulism outbreaks
had occurred as a result of improperly acidification commercially prepared canned foods
(Barker et al., 1977). These regulations were thus intended to control the growth and toxin

production of Clostridium botulinum (N.N, 1997).



Acid or fermented foods such as apple cider, salami and apple juice have been
associated with outbreaks of disease caused by Escherichia coli O157:H7 (Besser et al.,
1993; CDC, 1994; Steel et al, 1982). These outbreaks have raised concern about the safety
of acid and acidified foods. As a result FDA mandated application of Hazard Analysis and
Critical Control Point (HACCP) principles to all to fruit and vegetable juices. In 2001 FDA
proposed that all new process filings of acidified foods should receive a heat treatment or
pasteurisation step. However, there have been no reported illness caused by the consuption
of commercially processed acidified foods in the United States. It is likely that the organic
acids present in these products have contributed to their excellent safety record. Some
acidified foods have been produced for many years without heat treatment (Smittel, 2000)
and a heat treatment could render them with unacceptable quality loss. The current acidified
foods regulation considers only pH and not the type and concentration of organic acids
needed to assure safety of these products. While properly prepared acidified foods have an
excellent safety record, a better understaning of the microbial response to organic acids in

foods is needed.

Escherichia coli O157:H7 — Characteristics and Control

Escherichia belongs to the family Enterobacteriaceae. Escherichia coli is a Gram-
negative, facultative, non-sporeforming rod. It is a typical mesophile, growing from 7-10°C
up to 50°C with an optimum growth rate around 37°C. Optimum growth is at a pH near
neutral, but growth is possible as low as pH 4. The minimum A,, for growth is 0.95. E. coli
is serotyped according to three major antigens on the surface: O (lipopolysaccharide

somatic), H (flagella) and K (capsule)(Adams & Moss, 2002). Most E. coli strains are non-



pathogenic. They constitute a common part of the normal facultative anaerobic gut
microflora of humans and warm-blooded animals. Some E. coli strains are pathogenic and
cause illness characterized by diarrhea. They are categorized into specific groups based upon
virulence properties, mechanisms of pathogenicity, clinical syndrome and distinct O:H
serogroups. These serogroups are: entropathogenic E. coli (EPEC), enterotoxigenic E. coli
(ETEC), entreroinvasive E. coli (EIEC), diffuse-adhering E. coli (DAEC), enteroaggregative
E. coli (EAEG), and enterohemorrhagic E. coli (EHEC). The main EHEC serovars are
0157, 026 and O111 (Doyle et al., 2001)

E. coli O157:H7 is the most common serotype of EHEC. It was first recognized in
1982, when it was associated with two separate hemorrhagic colitis outbreaks in Michigan
and Oregon related to eating hamburger patties at the restaurants of one national chain
(Karmali, 1983)(Riley et al., 1983). It has since then been associated with number of
outbreaks including, the outbreaks associated with acid foods previously mentioned. Most
strains of E. coli O157:H7 strains show some characteristics different from other E. coli.
These include the inability to grow well or at all at 44.5°C or higher, the inability to produce
B-glucuronidase (Doyle & Schoeni, 12984), the lack of rapid fermentation of sorbitol (Farmer
& Davis, 1985), possession of an attachment and effacing (4/EF) gene which mediates
attachment to epithelial cells, a 60-Mda plasmid, and expression of an unique 5,000 to 8,000
molecular-weight outer membrane protein (Doyle & Padhye, 1991; Doyle et al., 2001).

Temperature, pH and water activity are the three primary factors used to control
growth of microorganisms in food. The effect of temperature on the growth of E. coli
O157:H7 has been extensively studied in various substrate/media. Doyle et al. (1984)

reported that E. coli O157:H7 grew most rapid at 37°C, but no growth was detected at 1, 10



or 45.5°C within 48h in TSB. Gothier et al. (2001) compared the T,y of twenty O157
serotypes (nineteen O157:H7 and one O157:H-) with twelve other E. coli serotypes in
complex laboratory media. They found that O157 E. coli and non-O157 strains were
significantly different (P = 0.0002) in their Ty with the O157 group having T, between
38.5°C and 41.5°C (mean 40.2°C), and the non-O157 between 40.4°C and 41.9°C (mean
41.2°C). Palumbo et al. (1995) on the other hand reported that the minimum and maximum
growth of E. coli O157:H7 in brain heart infusion (BHI) broth was 8°C to 10°C for the
minimum to at least 45°C at the maximum. Similarly, Rajowski (1995) found that E. coli
O157:H7 could growth at 8°C if given sufficient incubation time. E. coli O157:H7 has been
reported to grow at temperatures not normally used to enumerate E. coli and other fecal
coliforms in selective EC media. Instead it grows at a temperature range that is typical of
non fecal coliforms such as K. pneumoniae and E. aerogenes. The growth of E. coli O157:H7
in EC media occurred in the temperature range 16.4-42.5°C (Errol & Matches, 1990).
Ferenc et al. (2000) reported that the ability of E. coli strains to grow at 45.5°C in EC broth is
dependent on initial cell density and that at low density the ability to initiate growth is
dependent on either low numbers of phenotypic variants tolerant to the presence of bile salts
in EC broth at 45.5°C or prior conditioning of the medium with elevated numbers of cells.
The minimum pH of growth for E. coli has been reported to be between pH 4.0-4.5,
but growth is affected by other parameters as well, such as acid concentration (Buchanan &
Bagi, 1994). Lin et al. (1995) reported that the minimum pH for growth of E. coli and
Shigella flexneri was pH 4. 4 compared to pH 4.0 for Sa/monella Typimurim in Luria Bertani

(LB). However, E. coli and Shigella flexneri showed greater acid survival than S.



Typhimurium at pH 2.5. Benjamin and Datta (1995) reported that E. coli O157:H7 was able
to survive without lost of viability at pH 3.0 and 2.5 for at least 5 h.

Most studies on water activity focus on salt concentration. Slater et al. (2000) studied
the effect of temperature and water activity (salt) on growth/no-growth of Shiga toxin
producing E. coli. They reported that E. coli O157:H7 was the most salt tolerance at
temperature between 25°C and 30°C. The lowest observed water activity for growth was
0.948 at 25°C and 28°C. No growth occurred at water activity 0.949 at 37°C. Buchanan and
Bagi (1994) developed a mathematical model for the effects and interaction of NaCl (0.5-
5%) concentration with pH, temperature and NaNO, on the growth of E. coli O157:H7.
Results were compared to the non-ionic humectants mannitol, sucrose and sorbitol. Sodium
chloride affected the growth of E. coli O157:H7, particularly at low temperatures and pH
values. They reported that the type of solute had little effect on water activity at 0.98.

Controlling temperature, A,, and pH alone is not an effective way to control the
survival of microorganism in foods. However, use of these factors in combination, referred

to as the hurdle concept, has been shown to be effective to control the safety and quality of

foods.

Escherichia coli O157:H7 — Virulence and Infection

E coli O157: H7 virulence has been attributed in part to two or more verotoxins called
verotoxin 1 (VT1) and verotoxin 2 (VT2). Theses toxins are also referred to as Shiga toxin 1
(Stx1) and Shiga toxin 2 (Stx2). This ability to form Shiga toxin was presumably acquired
from bacteriaphage, directly or indirectly from Shigella (Buchanan & Doyle, 1997). Both

toxin consist of a single A subunit and five B subunits. The B subunit binds to the



glycolipid globotriaosylceramide (GB3) which can be found to varying degree in membranes
of eukaryotic cells. The A subunit enzymatically inactivates the 60S ribosomal subunit after
endocytosis, which blocks protein synthesis. E. coli O157:H7 may produce Stx1 or Stx2
alone or in any combination. Other factors that might also contribute to the virulence of E.
coli O157:H7 are genes necessary for attachment and effacing (A/E) lesion formation
referred to as the locus of enterocyte effacement (LEE) and 60 kDa virulence plasmid
(pO157). Thus, LEE encodes an adhesion molecule and other factors that help the bacteria to
attach to the epithelial cells, which is an important virulence factor (Mead & Griffin, 1998;
Simon et al,. 1999).

Most outbreaks of E. coli O157:H7 have been associated with consumption of food of
bovine origin such as ground beef and milk (Griffin and Tauxe, 1991). Illness caused by E.
coli O157:H7 can range from non-bloody diarrhea, through haemorrhagic colitis, to the life
threatening conditions hemolytic uremic syndrome (HUS) and thrombotic
thrombocytopaenic purpura (TTP). Hemorrhagic colitis symptoms begin with abdominal
cramps and non-bloody diarrhea and in most cases progress to bloody diarrhea with severe
abdominal pains with little or no fever (Riley et al., 1983). Average time between exposure
and illness is 3 days. Most patients with hemorrhagic colitis recover in 7 days without
treatment. HUS develops in about 6% of patients around 2 to 14 days after onset of diarrhea.
It is most common in children, where it is the most common cause of renal failure. HUS is
characterized by hemolytic anemia (reduction in number of red blood cells),
thrombocytopenia (a drop in number of blood platelets) and central nervous system
manifestations (Boyce et al., 1995)(Adams & Moss, 2002). The pathogenesis of HUS is

associated with toxins that damage endothelial cells, thus triggering clotting mechanisms.



Blood clots form and completely or partially clot the capillaries of the kidneys and other
organs, resulting in accumulation of waste products in the blood (Padhye & Doyle, 1992).
TTP is a less common complication and usually occurs in adults. Symptoms are similar to
HUS except with more symptoms in the nervous system. However, TTP causes less kidney
damage and includes fever. Patients often develop blood clots in the brain and death

frequently results (Adams & Moss, 2002; Padhye and Doyle, 1992).

Metabolism of E. coli

E. coli is a facultative anaerobe and as such can grow both aerobically and
anaerobically by using glucose as a sole carbon and energy source. Irrespective of the
presence or absence of oxygen, glucose is transported into the cell by the phosphotransferase
system and then catabolized to pyruvate. It is in the further metabolism of pyruvate that
differences between aerobic and anaerobic metabolism occur. In air, the NADH, which is
generated both during glycolysis and the Krebs cycle, is reoxidized by operation of the
respiratory chain. Under anaerobic conditions neither the respiratory chains linked to
oxygen, nor those linked to alternative electron acceptors are functional. The Krebs cycle
and pyruvate dehydrogenase reactions which generate NADH in large amounts are also
inoperative. However, NADH produced by glycolysis must be reoxidized to NAD" for
glycolysis to proceed. A key issue in fermentation is thus the recycling of NADH by
conversion of pyruvate to fermentation products. During aerobic growth, facultative
anaerobes such as E. coli metabolize pyruvate to acetyl CoA by means of the pyruvate
dehydrogenase (PDH) complex. Anaerobic synthesis of the PDH complex is largely

repressed and residual activity is presumably inhibited in vivo, possibly by NADH. This step



is replaced by pyruvate formate lyase. Acetyl-CoA is still produced, but release of CO, and
reduced NADH are replaced by the release of formic acid. This avoids the necessity of
reoxidizing NADH, which would be produced by the PDH complex. During conditions of
high pyruvate accumulation or at low pH, pyruvate may be converted to lactate by lactate
dehydrogenase. Finally pyruvate or phosphoenolpyruvate (PEP) can be converted to a C4
intermediate of the Krebs cycle by the incorporation of the CO,. Phosphoenol pyruvate
carboxylase converts PEP to oxaloacetate whereas malic enzyme interconverts pyruvate and
malate.

The major products of fermentation in E. coli are acetate, ethanol, lactate and formate
with smaller amounts of succinate. In addition the gaseous products hydrogen and carbon
dioxide are produced in substantial amounts. The fermentation pathway is branched and the
flow down each branch is varied in response to both the pH of the culture medium and the
nature of the fermentation substrate (Clark, 1989).

E. coli can produce acetic acid by converting acetyl CoA to acetyl phosphate by
phosphotransacetylase (PTA). Acetyl phosphate then transfers its high energy phosphate to
ADP so generating ATP in a reaction catalysed by acetate kinase, which also produces acetic
acid. When E. coli grows on glucose in air most of the acetyl CoA is converted to acetate via
the phosphotransacetylase/acetate kinase (PTA/ACK) pathway. Only a small fraction is
metabolized via the Krebs cycle to give NADH and CO,. When the glucose supply is
exhausted there is a brief lag period, after which acetate is taken back into the cells and
respired. Such aerobic uptake of acetate occurs mainly via the PTA/ACK pathway. Another

enzyme which interconverts acetate and acetyl-CoA is acetyl-CoA synthesase.



Anaerobically, glucose is converted to mixture of fermentation products of which acetate is a
major component (Clark, 1989).

E. coli K12 and O157:H7 have three lactate dehydrogenases (LDH) which
interconvert lactic acid and pyruvic acid (Tarmy and Kaplan, 1968;Genbank, 2005). Two are
membrane bound flavoproteins, one for the D- and the other for the L-isomer, which convert
lactate to pyruvate during oxidative growth on lactate. These enzymes are one directional in
vivo from lactate to pyruvate so they are not involved in fermentation. E. coli has one
fermentative lactate dehydrogenase which is soluble and NAD-linked. It is also more or less
unidirectional in vivo and serves to convert pyruvate to lactate during fermentation.
Originally this enzyme was mistakenly thought to produce the L-isomer (Tarmy & Kaplan,
1965) but later work showed that D-lactate is the isomer synthesized (Tarmy and Kaplan,
1968). The fermentative LDH is present both aerobically and anaerobically. Its level
increases anaerobically by 5 to 10-fold, but only upon substantial acidification of the
medium. In air such acid induction does not occur. The consequence of this is that the
proportion of lactate relative to acetate/ethanol/formate is higher the more acidic the medium
during anaerobic fermentation (Clark, 1989). D-lactate dehydrogenase (D-LDH) has been
reported to be an allosteric enzyme with pyruvate acting as an activator at a site distinct from
the catalytic site. As a consequence of the properties of these sites, the activity of D-LDH
appears to be controlled by the cellular concentration of pyruvate and H' (Tarmy and Kaplan,
1968). When pyruvate concentrations are low the enzyme is barely active. Only when
pyruvate accumulates will the LDH convert a significant fraction of the pyruvate to lactic
acid. The enzyme appears to be fully activated at about 5 mM total pyruvate concentration

(Tarmy and Kaplan, 1968). When aerobic cultures are shifted to anaerobic conditions



pyruvate dehydrogenase is rapidly inactivated by the build-up of NADH due to cessation of
the respiratory chain. During normal aerobic growth the pyruvate concentration never rises
to a level sufficient to activate the LDH (Clark, 1989).

It has been reported that D-lactic dehydrogenase is connected to oxygen via a
membrane bound respiratory system as an electrotransfer intermediate. Barners and Kaback
(1971) studied the effect of inhibitors and other agents on D-lactate dependent oxygen uptake
by membrane vesicles. Amytal, HOQNO (2-heptyl-4-hydroxyquinoline-N-oxide), and
cyanide all inhibit respiration by the vesicles in the presence of D-lactate. These inhibitors
were selected because their sites of inhibition in the respiratory chain in E. coli are well
documented. Cyanide inhibits cytochrome a,, HOQNO inhibits between cytochrome b; and
cytochrome a,, amytal inhibits at the flavin level. They suggested that electrons from D-
lactate dehydrogenase flow to cytochrome b, via flavoproteins (perhaps in several
stages)(Fig. 1). Electrons are then transferred to a ubiquinone component perhaps involving
non-heme iron, which in turn transfers electrons to the cytochrome oxidases, a, and o.
Succinic and NADH dehydrogenases also feed electrons via flavins to cytochrome b; and in
the latter case a second quinone site appears to be involved. Thus Barnes & Kaback’s (1971)
findings indicated that the site of energy coupling for lactate transport is localized primarily

between D-lactic dehydrogenase and cytochrome b;.
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Figure 1. Respiratory chain of E. coli (Barnes & Kaback, 1971). f, = flavoprotein,
Q = quinone

The same authors (Kaback & Barnes, 1971B) reported that the D-lactate dehydrogenase
coupled transport systems in membrane vehicles may be electron transfer intermediates.
They found that removal of oxygen from the reaction mixture blocks D-lactate oxidation and
lactose transport.

D-Lactate, L-lactate and glycolate can be utilized by Escherichia coli as a sole
source of carbon and energy (Gennis & Stewart, 1996). These acids are metabolized to
corresponding keto acids by the flavin-linked D-lactate dehydrogenase (Tarmy & Kaplan,
1968), L-lactate dehydrogenase (Tarmy & Kaplan, 1968), and glycolate oxidase (Pellicer et
al., 1996). Felisa et al. (2002) examined the substrate specificity and kinetic properties of
LIdP (L-lactate permease) and GIcA (glycolate permease). They found no permease
specifically dedicated to D-lactate transport. LIdP and GlcA were both effective in
transporting L-lactate, D-lactate, and glycolate. LIdP was most effective in transporting L-

lactate, whereas GIcA was most effective in transporting glycolate. They concluded that the

11



ability of the two carriers to transport D-lactate may account for either the failure of a special

D-lactate permease to emerge or the loss of such a pre-existing permease.

Acid Resistance

The low infectious dose of E. coli O157:H7 is attributed to the ability of the organism
to survive the low pH of the stomach (Giannella et al., 1972). Because of this, acid resistance
has been considered an important virulence factor of £. coli O157:H7 and has been
extensively studied. Different terminologies have been used in the literature to describe acid
stress response systems. Lin et al. (1995) classified the survival of E. coli and other enteric
bacteria at low pH into two general categories. If the system can be induced and function in
minimal medium, it is an acid tolerance response (ATR). If some form of supplementation
for either induction or function is required it is an acid resistance (AR) response. They
define ATR as acid survival systems evident in log-phase or stationary phase cells that can
function in minimal medium to protect cells from acid to pH 3.0. AR is described as acid
survival systems evident in stationary-phase cell that protect cells to pH 2.5 or below. Small
et al. (1994) defines acid resistance as survival of stationary-phase cells at extreme low pH.
As E. coli enters stationary phase, slowing and finally ceasing to grow, morphological and
genetic changes occur to prolong survival and increase resistance to a variety of stress
conditions. Cheng et al. (2003) define acid adaptation as an attribute that microorganism
exposed to moderately acidic environment may develop that give them increased resistance
and longer survival time when transferred to a more acidic condition.

At least four AR mechanisms have been identified in E. coli that can protect cells

against pH 2 to 2.5. First of all a low pH induced system, expressed when cells undergo
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oxidative metabolism, is controlled by the alternative sigma factor 6° (encoded by the gene
rpoS), cAMP, and CRP. The rpoS-dependent system is repressed by glucose, but is activated
by glutamate or glutamine during adaptation. However, these amino acids have no effect if
they are added during challenge (Lin et al. 1995; Castanie-Cornet et al., 1999). The gene
rpoS is induced when E. coli reaches stationary phase and the medium is totally exhausted of
essential nutrients. Its predicted amino acid sequence shows very similar homology over its
entire length to the family of ¢ genes which facilitate the binding of RNA polymerase to
DNA. It has been designed ¢°to indicate that the gene acts as an alternative ¢ subunit for
RNA polymerase (Hengge-Arnis, 1995). rpoS-regulated proteins are important for the
survival of E. coli O157:H7 in acidic environments, as well as being able to cross-protect
against starvation, hyperosmolarity, oxidative damage, UV radiation, heat and salt challenge
(Small et al., 1994)(Cheville et al., 1996).

The other AR systems are amino acid decarboxylase systems that are induced during
fermentative metabolism. These systems remove protons from the cell cytoplasm by
decarboxylation of glutamate, lysine, or arginine (Lin et al., 1996). Arginine-dependent AR
of E. coli has been attributed to arginine decarboxylase a product of adiA gene and activated
by CysB (Smith et al., 1993; Castanie-Cornet et al., 1999). The expression of CysB is not
affected by pH but is thought to be regulated as a result of pH change by a small signal
molecule or another protein(s) involved in forming a functional transcriptional complex (Shi
and Bennett, 1994). The glutamate decarboxylase (GAD) system is the most effective (Diez-
Gonzalez & Karaibrahimoglu, 2004) and thoroughly studied system of the decarboxylase
systems (Ma et al, 2002; Tucker et al., 2003). The system uses a GAD, two isoforms

produced by the genes gadA and gadB, and antiporter gadC which transports the end product
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of the decarboxylization reaction out of the cell in exchange for a new substrate molecule
(glutamate). One of the two isoform is needed to produce AR (Castanie-Cornet et al., 1999).
Both genes are induced by low pH and stationary phase, but gadB expression is greater than
gadA. The gad genes are also partially regulated by rpoS (Castanie-Contet et al., 1999).

All three systems have been identified in stationary phase cells. These acid resistance
responses are different among strains and organisms. Lin et al. (1995) found that E. coli
CU4 did not have an ATR or oxidative AR, but did posses an arginine- and glutamate-based
AR system. The amino acid based systems were not found in S. Typhimurium. S. flexneri
had a glutamate system that was controlled by rpoS.

Different methods have been used to induce acid resistance. Buchanan et al. (1996)
studied the use of glucose fermentation in enterohemorragic E. coli strains (six O157:H7 and
one O111:H’) as a means to induce acid tolerance. They found that supplementation of TSB
with >0.75% glucose insured that cultures reached and maintained the pH that would result
in maximal acid tolerance. The mean final pH values after overnight growth in TSB
supplemented with glucose ranged form 4.6 to 5.2 with glucose and 6.9 to 7.0 for TSG
without glucose. The acid tolerance response in acidic conditions was not uniform among
strains. Their results indicate that pre-culturing of isolates in glucose-containing media could
be used to insure that cells have maximal acid tolerance when they are used to assess the
effectiveness of food processes that rely on acid inactivation of the pathogen. Small et al.
(1994) reported that two environmental factors contribute to acid resistance: (1) acid pH
during growth and (2) anaerobiosis. Buchanan and Edelson (1999) examined the survival of
E. coli cultures in TSB with and without 1% glucose in various acidulants. With some strain-

acidulant combinations the survival of the cells grown in TSB+G were essentially unchanged
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while the TSB-G grown cells had declined by 4 to 5 log cycles. Another common method
used to induce ATR includes exposing mid-exponential or stationary phase cells to pH 5.0
for various time periods (Jordan, 1999; Cheng et al., 2003). These studies demonstrate the

importance of inducing acid tolerance in E. coli when evaluating the effect of organic acids.

Effect of Oxygen on E. coli

Escherichia coli is a facultative anaerobe and is thus able to grow in presence or
absence of oxygen. Oxygen, however, can be toxic to E. coli by reacting with flavoproteins,
reduced iron-sulfur proteins, or UV light to form hydrogen peroxide (Gourmelon et al., 1994;
Gottschalk, 1986). E. coli contains catalase, which converts H>O, to oxygen and water (1).

catalase

2H,0, %%, 2H,0+ 0, (1)

E. coli possess two catalase genes, katG and katE. These code for the periplasmic
catalase HPI and the cytoplasmic catalase HPII, respectively. Whereas katG is induced by
H,0,, kafE is induced by entry into the stationary phase. While both genes are regulated by
the alternate sigma factor, ¢°, the product of the rpoS gene, the periplamic catalase is also
under control of oxyR (Stroz and Zeng, 2000). Oxygen can also form toxic superoxide anion
radicals (O,") by reduction with reduced flavins, quinones, or other electron carriers. E. coli
contains the enzyme superoxide dismutase, which converts the radical to H,O, and O, (2).

+ superoxide dismutase

0" +0,"+2H" —————"p  H,0,+0, (2)
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E. coli possesses three isozymic forms of superoxide dismutases (Hassan &
Fridovich, 1997): a manganese-containing enzyme (Keele & McCord, 1970), an iron-
containing enzyme (Yost and Fridovich, 1973), and a hybrid enzyme containing both
manganese and iron (Dougherty and Sadowski, 1978). James et al. (1999) examined the
effect of change in oxygen availability on the physiology, morphology and expression of
virulence determinants in E. coli O157:H7. The E. coli O157:H7 was grown in steady state
chemostat culture under aerobic, oxygen-limited and anaerobic conditions. They found no
detectable alterations in cellular morphology under oxygen-limited and anaerobic conditions,
and change in oxygen availability did not significantly influence toxin expression.

Several investigators have reported that when bacterial cells are incubated under
anaerobic conditions after a heat treatment, the number of cells recovered is higher than if
recovered under aerobic conditions. Murano and Pierson (1993) examined the ability of heat
injured cells to repair themselves under aerobic and anaerobic conditions. After heat-
treatment at 55°C for 60 min, cultures were plated on either aerobic or anaerobic media.
Both heat-shocked and nonheat-shocked cells showed higher recovery, 1.3x and 2.3x higher
Dss values respectively, when incubated anaerobically. Similarly, Bomberg et al. (1998)
examined the factors affecting the oxygen sensitivity of heat treated cells of £. coli O157:H7
including the gas atmosphere of the enumeration medium. A heat treatment at 59°C for 5
min caused a 3 decimal (3-Ds9) and 6-Dsg reduction in the number of cells of E. coli
O157:H7 enumerated in anaerobic and aerobic growth medium, respectively. After heat
treatment, a large proportion of the heat treated cells are sub-lethally damaged and unable to
grow in the presence of oxygen. This is caused by the spontaneous formation of toxic

oxygen radicals in aerobic media, which heated cells are unable to deactivate due to
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destruction of detoxifying enzymes like catalase and superoxide dismutase. During
anaerobic incubation the synthesis of these enzymes takes place and greater recovery is
possible.

Other methods than anaerobic incubation to recover heat treated cells have been
investigated. Gadezella and Ingham (1994) examined whether the use of anaerobic jar
incubation and fluid thioglycollate medium overlay method would increase observed D-
values of heat-stressed E. coli cells. After heat treatment (52, 54, and 56°C) the cells were
incubated aerobically, anaerobically in anaerobic jars or by overlaying spread and pour plates
with thioglycollate medium. The use of anaerobic jar incubation only resulted in a
significant difference among mean D-values at 56°C. One of the disadvantages of the
anaerobic jar method is that anaerobic conditions are not immediately obtained. Thus cells
are exposed to oxygen during the initial stage of incubation. This method did not appear to
increase the D-values sufficient to warrant widespread use of this incubation technique when
determining heat resistance in E. coli. The use of the fluid thioglycollate medium overlay
step in the enumeration of survivors by the spread plate method resulted, surprisingly, in
significantly lower D-values at all three temperatures tested. It is possible that the
concentration of thioglycollate to which cells in the study were exposed was inhibitory to
growth. Mizunoe et al. (1999) examined the ability of non-culturable E. coli O157:H7 cells
to regain the ability to grow on agar plates by treatment with H,O, degrading agents or an
antioxidant. For H,O,, the degrading agents they used were catalase, sodium pyruvate and a-
ketoglutaric acid. They used 3,3-thiodipropionic acid as an antioxidant added to or on LB
agar plates. The highest recovery of non-culturable cells was observed on plates

supplemented with 0.1% pyruvate, 0.1% a-ketoglutaric acid, 0.1% 3,3 thiodipropionic acid,
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or catalse at concentration of 1000-20,000 U/plate. The highest concentration of cells (10
CFU/ml) was recovered on agar medium supplemented with catalase or pyruvate, which are
able to degrade H,O..

Similar to anaerobic enumeration techniques, anaerobic growth has been reported to
increase the number of cells that survive heat stress. Murano and Pierson (1992) examined
the effect of heat shock on the ability of £. coli O157:H7 to survive a heat process and
determined whether anaerobic growth triggers the heat-shock response. The effect of heat
shocking on the enhancement of survival of cells at 55°C was greater when cells were grown
aerobically than when grown anaerobically. Thus anaerobic growth by itself may have the
effect of increasing the number of surviving cells after heat treatment.

Similar studies of the effect of oxygen have been conducted on other pathogens.
George et al. (1998) studied the effect of oxygen concentration and redox potential on the
measured heat resistance of E. coli, Salmonella enteriditis and L. monocytogenes. Cells were
grown, heated, and recovered in media prepared under different oxygen concentrations and
redox potentials. They reported that when E. coli O157:H7, S. enteriditis, and L.
monocytogenes were grown, heated and recovered anaerobically, the measured heat
resistance was greater then when the cells were grown, heated and recovered aerobically.
When cells of E. coli O157:H7 and Salmonella enteriditis were grown, heated and recovered
in media prepared under eight defined mixtures of oxygen, hydrogen and nitrogen, there was
up to an eightfold difference in the measured heat resistance between the highest and lowest
concentrations of oxygen tested. Kong et al. (2004) constructed an oxyR mutant of Vibrio
vulnificus. OxyR positively activates HPI (one of two catalases in E. coli) in response to low

concentrations of hydrogen peroxide (Stroz et al., 1990). Thus an oxyR mutant would be
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incapable of neutralizing H,O; to a significant degree whether it was present in the medium
or as a result of cellular metabolism. They found that catalase activity was critical to the
resuscitation response from the viable but non culturable (VBNC) state. They reported that
the entry into the VBNC state is due largely to the loss of catalase activity in the cold-
incubated cells, and that resuscitation is likely due to the production of catalase in H,O,-free
diluents at permissive temperatures. Thus low temperature inhibits oxyR-mediated catalase
activity, and that cells in the VBNC state, at least in the case of V. vulnificus, are non-
culturable because of the loss of catalase activity. The loss of catalase activity makes the
cells sensitive to the H,O; naturally present in the routine agar-containing media employed
for their culture. Resuscitation of V. vulnificus cells involves the production of active
catalase, which results in active and fully culturable cells. However, entry into VBNC state
by different bacteria is clearly induced by a large variety of environmental factors and has
only been shown to be affected by catalase in a limited number of species. Different
bacteria will likely require different strategies to permit their growth, or resuscitation, from
the VBNC state. These results show that oxygen plays an important role in the recovery of
other pathogens.

These studies demonstrate that the use of aerobic growth enumeration techniques may
give a false impression of the effectiveness of the heat treatment applied and hence, an
unrealistic expectation of product safety. The effect of anaerobic growth or incubation after

or during acid stress should be further studied.
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Organic Acids

Lactic, acetic, citric and malic acids are organic acids commonly found in foods,
either naturally, as a product of microbial metabolism in fermented foods or added as a
preservative. Acetic acid can be found in mayonnaises, salad dressing and pickled
vegetables in 0.5 to 3% concentration in the aqueous phase. Lactic acid is one of the oldest
known preservatives, it can be found in sauerkraut, pickles, beans and olives as well as being
produced by lactic acid bacteria during fermentation. Citric acid can be found in citrus fruits
and is added to soft drinks, and malic acid is present in various fruits and vegetables,
particularly apples (Luck and Jager, 1997).

It is generally believed that the antimicrobial form of any organic acid is the fully
protonated species, which causes inhibition or death of bacterial cells by depression of
internal pH (pH;) ( Salmond et al., 1984). Organic acids are thus more active below their
pKa where the fully protonated form predominates (Smittle, 2000). At low pH, the
uncharged lipophilic protonated form predominates which can pass freely through the cell
membrane by diffusion until the equilibrium is reached in accordance with the gradient
across the membrane. Upon entering the cytoplasm, where the pH is near neutrality, the acid
molecule dissociates into anions and protons which cannot cross the plasma membrane. The
accumulation of protons will lower the internal pH. Dissociation will continue until the
distribution of the anion of the acid is in equilibrium with the transmembrane pH gradient
(Booth et al., 1989)(Brul and Coote, 1999)(Stradford and Aslow, 1998). Russel (1992)
argued that the toxicity of organic acids at low pH could also be caused by anion

accumulation.
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Inhibition of bacteria by organic acids has been proposed to be caused by number of
actions. Alkomi et al. (2000) reported that lactic acid, in addition to its antimicrobial
property due to the lowering of the internal (pH;), also functions as a potent outer membrane
(OM)-disintegrating agent. This sensitizes bacteria to other antimicrobial substances such as
detergents or lysozyme. Stratford et al. (1998) found a correlation between sorbic acid
resistance and ethanol tolerance and suggested that sorbic acid acts on bacterial membranes,
rather than as a weak acid preservative. Sinha et al. (1985) examined the effect of lactic acid
and acetic acid against E. coli cells with different DNA repair deficiencies. Polymerase
repair deficient strains showed extreme sensitivity to lactic and acetic acid suggesting that
these acids cause damage to DNA. Freese et al. (1973) reported that lipophilic acids
somehow uncouple both substrate transport and oxidative phosphorylation from the electron
transport system. They proposed that organic acids inhibit growth principally by inhibiting
the cellular uptake of amino-acids. Salmond et al. (1984) examined the effect of four weak
acid food preservatives (benzoate, cinnamate, propionate and sorbate) at pH 5 on growth and
intracellular pH of E. coli to determine the relationship between pH; and growth inhibition.
They concluded that decline in pH; is unlikely to be the primary cause of growth inhibition.
Cinnamate was the most potent inhibitor and propionate the weakest despite similar pKa,
which suggest they did not exert their effects on growth simply as a function of their
excessive accumulation causing acidification of the cytoplasm. Growth inhibition, however,
correlated strongly with the concentration of the protonated acid. They proposed that growth
inhibition consists of two components, (1) specific inhibition of an unidentified metabolic
function by the protonated acid (HA), and (2) a generalized inhibition caused by acidification

of the cytoplasm.
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Effect of Organic Acids on E. coli

The effect of organic acids on E. coli has been extensively studied, often with
inconsistent results. The main problem in comparing results between laboratories is the
different conditions used. Variables in these experiments often include pH, concentration,
ionic strength, temperature, growth phase, acid induction and type of acid. Antimicrobial
activity of organic acids can be classified into two categories, bacteriostatic action, inhibition
of bacterial growth, and bactericidal action, that is, reduction of viable cell numbers. Entani
et al. (1998) examined the bacteriostatic effect of vinegar on E. coli O157:H7 and the effect
of sodium chloride and glucose on the bactericidal action. Growth was inhibited at 0.1%
concentration of acetic acid at pH 5.1 but 10% acetic acid (pH 2.2) killed E. coli O157:H7 in
I min. Inhibition was enhanced by sodium chloride and glucose but the bacteriocidal effect
increased with sodium chloride addition and decreased with glucose addition.

The antimicrobial activity of organic acids generally increases with higher
temperatures (Entani et al., 1998). McWilliam and Steward (2002) examined the effect of
temperature on organic acid-mediated killing of E. coli. A decrease in temperature from 20
to 5°C decreased the activity of lactic acid and propionic acid at pH 3.8. To investigate why
lower temperature reduces the antimicrobial activity of organic acids they examined the
proton motive force in lactate-treated cultures at various temperatures. The ApH was less at
20°C than at 37°C. They suggested that the susceptibility of E. coli strains to lactate at 20°C
is perhaps related to the lower internal unprotonated acid concentration [A’] at 20°C because
of the temperature dependence of pKa. Another factor that may contribute to the reduced

effectiveness of lactate at lower temperature is the alteration in the fatty acid content of £.
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coli membranes at lower temperatures (Kadner, 1996). Thus, temperature plays a critical
role when the effect of organic acids is studied.

Growth phase can affect the survival of E. coli during acid challenge. Buchanan et al.
(1999) reported that the extent of survival varied with the type of acid used, and prior
induction of pH-dependent stationary-phase acid resistance. Stationary phase cells were more
resistant to acid than exponential phase cells, decreasing by a 1 log during the 2 hour acid
challenge compared to 4 logs for the exponential phase cells.

Studies of the effects of organic acids on killing bacteria have resulted in conflicting
results. Ryu et al. (1999) reported that acetic was the most lethal to E. coli O157:H7,
followed by lactic, citric and malic acids when 2 M total malic, citric, or lactic acid or 8.3 M
acetic acid were tested at pH 3.9-5.4. On the other hand, Cheng et al. (2003) and Buchanan
et al. (1999) found that lactic acid was more lethal than acetic acid for E. coli O157:H7.
Cheng et al. (2003) exposed E. coli O157:H7 to 125 mM total acid at room temperature at
pH 3.0 and Buchanan et al. (1999) 0.5% citric, malic, lactic or acetic acid in BHI medium at
pH 3.0. At pH 3.0 (37°C) the fully protonated acid concentration evaluated were 13.6, 26.7,
48.4, and 81.8 mM for citric, malic, lactic, and acetic acid. Conner and Kotrola (1995) found
that mandelic acid appeared to have the greatest activity against E. coli O157:H7 but acetic
and lactic acid showed little activity. They compared the acids based on the pH required to
inhibit the growth in TSBYE medium acidified with acetic acid (pH 5.0), citric acid (4.0),
lactic acid (pH 4.5), malic acid (pH 4.0), mandelic acid (pH 5.0), and tartaric acid (pH 4.0).
They noted that because of the differences in pKa of the test acids, different amounts of each
acid were required to achieve the tested pH values, which were not the same for each acid

tested. Deng et al. (1999) determined survival by plating on TSA acidified with 8.33 M
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acetic, 2 M citric or 2M malic acid at equal pH values and 37°C. The molarity of acetic acid
(8.33M) was higher than that of citric or malic acid (2 M) and different amounts of
protonated acids were present at equal pH values. As previously discussed, it is generally
believed that the antimicrobial form of organic acids is the fully protonated species. The
different pH and different protonated acid concentrations at a given pH may thus cause a
difference in results among studies. These factors must be held constant when organic acids
are being compared.

Deng et al. (1999) suggested that one of the reasons that acetic acid was more
effective in the killing of bacteria is its low molecular weight. Acetic acid (CH;COOH) has
a molecular weight of 60.5 compared with lactic acid (CH;CHOHCOOH, 90.08 molecular
weight), malic acid (HOOCCH,CHOHCOOH, 134.09 molecular weight), and citric acid
(COOH)CH,C(OH)(COOH), 192.12.molecular weight, which also have more complex
structures and different pKa values. E. coli O157:H7 produces lactic acid when grown in
TSBG thus perhaps influencing its tolerance to reduced-pH environments containing lactic
acid compared to its tolerance to acetic acid.

Conditions are important when designing acid challenge studies and comparing
results between laboratories. Controlling pH, protonated acid concentration, growth phase,
ionic strength, atmosphere, and temperature is important when organic acids are being

compared on equal basis.

Effect of Organic Acids on Other Pathogens

The effects of organic acids on other known acid resistant pathogens such as

Salmonella, Listeria monocytogenes and Sigella flexineri has also resulted in conflicting
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results. Sorellis et al. (1989) studied the effect of pH, acidulant and temperature on the
growth of L. monocyotogenes. They found that based on equal pH values the overall
antimicrobial activity of the acids was acetic > lactic > citric > malic > HCl acid. However,
based on equal molar concentrations, the activity was citric > malic > lactic > acetic > HCI
acid at 35 and 25°C, and malic > citric > acetic > lactic > HCI acid at 10°C. Ahamed et al.
(1989) studied the effect of acetic, citric, or lactic acid (0-0.50%) on L. monocytogens. They
found that based on equal weight basis, acetic acid was the most lethal to L. monocyotogenes
followed by lactic and citric acid. These results coincide with their degree of protonated.
Buchanan and Golden (1994) came to a different conclusion. They found the order of
activities based on fully protonated acid concentration was citric > lactic >acetic acid on L.
monocytoges. They used a complete factorial design to assess the effect of pH and citric acid
concentration. Surprisingly they found that citric acid exhibits a considerable protective
effect at low concentration compared to the control, specifically at pH 5.0 and 6.0. Higher
concentrations, however, enhanced the killing. Because of the pH dependent nature of the
competing protective and toxic effects associated with citric acid, they suggest that these
effects may involve different ionic forms of the molecule. The toxic effect correlated best
with the concentration of the fully protonated form of the molecule, whereas, the protective
effect appeared related to the calculated levels of the partially dissociated acid. From this
they suggested that the protective effect may be related to the chelating capacity of the
partially ionized acid. Young and Foegeding (1993) also found that citric acid exhibit some
protective effect on L. monocyotgenes. They studied the effects of acetic, lactic and citric
acids and pH on the growth rate and intracellular pH of Listeria monocytogenes Scott A.

They found that at equal pH values and on an equimolar total acid basis, the inhibition effect
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was generally acetic acid > lactic acid > citric acid. Citric acid either inhibited or stimulated
growth. They suggested that the observed stimulation of growth by citric acid may because it
is being used metabolically, or it may chelate toxic cations from the medium or serve some
other advantageous role. Goepfer et al. (1969) found that the order of killing on Salmonella
Typhimurium was formic > acetic > propionic > butyric > HCI but was dependent on their
concentration, temperature of storage, composition of media, and water activity.
Cherrington et al. (1992) found that acetic acid was less bactericidal than lactic acid on
Salmonella serotype Kedougou based on equal weights of the acids. Tetteh et al. (2001)
reported that the order of lethality of acids on Shigella flexineri at pH 3.5 to 5.5 was
propionic> acetic > lactic acid in acidified TSB and TSA. They pointed out, because of the
higher pKa of propionic acid, more fully protonated acid is present at same pH compared to
acetic and lactic acid. These studies demonstrate again how controlling experimental

condition is important when examining the effect of organic acid on bacteria.

Survival of E. coli in Acid and Acidified Foods

The survival of E. coli in acid and acidified foods has been studied as a result of
outbreaks that have been associated with these products. As an example, E. coli O157:H7
has been found to survive for 21 days in apple cider with pH between pH 3.7 and 4.1 (Miller
et al., 1994), 55 days at 5°C in commercial mayonnaise (Zaho and Doyle, 1994) and was
reduced beyond detection in Dijon style mustard (pH 3.6) after 3h at 25°C and 2 days at 5°C
(Mayerhauser et al., 2001). In many of these studies the survival of acid-adapted and non-
acid adapted cells was being compared. Leyer et al. (1995) examined the survival of acid

adapted and non-adapted E. coli O157:H7 in hard salami and apple cider. Acid adapted cells
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survived substantially longer during sausage fermentation, and showed enhanced survival in
salami (pH 5.0) and apple cider (5.0). When apple cider (pH 3.42) was incubated with E.
coli and stored at 6°C, the non adapted cells were completely killed after 28h but the acid
adapted cell population had only decreased about 10 fold. Thus, acid adaptation of E. coli
157:H7 can substantially increase its survival in acid foods. However, several authors have
reported that acid-adaptation reduces survival of E. coli in acidic foods. Hsin-Yi et al. (2001)
studied the survival of E. coli O157:H7 strains in mango juice (pH 3.2), asparagus juice (pH
3.6), low-fat yogurt (pH 3.9) and Yakult (a cultured milk drink)(pH 3.6), as affected by acid
adaptation and temperature (7°C or 25°C). Acid adaptation and low temperature enhanced
the survival of E. coli O157:H7 in mango juice and asparagus juice. Strangely, acid
adaptation reduced the survival of E. coli O157:H7 in yogurt and the fermented milk drink.
They suggested that acid adaptation might lead to increased susceptibility of E. coli to
antimicrobials such as bacteriocins, hydrogen peroxide, ethanol and diacetyl produced by
lactic acid bacteria and present in the fermented products. Similarly, Riordan et al. (2000)
found that non acid-adapted cells were generally more resistant to heat than acid-adapted
cells which implies that no cross protection occurred. They suggested that growth in BHI
supplemented with 1% glucose, intended to enhance the acid tolerance of these cells, may
actually have sublethally injured them and increased their sensitivity to the stresses
encountered during pepperoni production.

E. coli has been reported to survive better than Salmonella spp. and L.
monocytoegenes in acid and acidified foods. Tsai et al. (1997) studied the effect of storage
temperature and acid adaptation on the survival of E. coli O157:H7 and Salmonella spp. in

ketchup, mustard, and sweet pickle relish (pH 3.3, 3.1, and 2.8) at 5 and 23°C. E. coli
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survived longer than Sa/monella. Both organisms survived considerably longer in ketchup
than in mustard or sweet pickle relish. Roering et al. (1999) came to a similar conclusion
when they studied the survival of Salmonella Typhimurium DT104, Listeria monocytogenes,
and E. coli O157:H7 in pasteurized and unpasteurized apple cider held at 4 and 10°C for 21
days. E. coli O157:H7 survived better (ca. 5.0 log CFU/ml reduction) than S. enterica
Typhimurium DT104 (>7.0 log CFU/ml) after 14 days at 4°C in unpasteurized cider.
Salmonella Typhimurium DT104 survived for 5 to 7 days but L. monocytogenes died rapidly

in pH 3.3-3.5 preservative free apple cider.

Conclusion

Emerging acid resistant pathogens such as E. coli O157:H7 have raised questions
about the safety of acidified foods. Current regulations take into the account pH but not the
amount or type of acids in these products. In addition, studies on the effects of organic acids
on acid resistant pathogens such as E. coli have not taken into account all variables affecting
the activity of these acids. To effectively evaluate the effect of organic acids on acid
resistant pathogens all variables affecting survival must be taken in account to properly

assure the safety of acidified products.
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CHAPTER 2

Methods for the Rapid Comparison of Organic Acids

INTRODUCTION

Methods used to evaluate the effects of organic acids often involve rate experiments
to produce death or survival curves (Ryu et al., 1999; Conner and Kotrola, 1995; Buchanan
and Edelson, 1999). However, these experiments are time consuming and it is hard to
evaluate many acid solutions simultaneously. Another problem that arises when comparing
organic acids on an equal basis is trying to find one set of conditions that allow comparison
of all acids in a reasonable time frame. Factors that affect the activity of organic acids such
as temperature, pH, protonated acid species and ionic strength must be held constant if the
acids are going to be compared on equal basis (Conner and Kotrola, 1995; Entani et al, 1998;
Buchanan and Edelson, 1999; Cheng et al., 2003). The antimicrobial species of organic
acids is believed to be the fully protonated molecule, which is able to diffuse across bacterial
membranes (Salmond et al., 1984; Booth et al., 1989). Organic acids have different pKa’s
and thus at the same total concentration and pH, different amounts of the protonated species
are present. The Henderson-Hasselbalch equation, which relates pH and pKa to each other,
can be used to calculate the total concentration of each acid that is required for a specific
protonated acid concentration at particular pH. The variables that are easy to manipulate
when trying to find conditions that groups of acids can be evaluated at are thus pH and

temperature.
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The objective of this study was to find a rapid method that could be used to evaluate
the effects of lactic, malic, citric and acetic acid solutions on E. coli K12 by changing the

protonated acid concentrations, pH and temperature.

MATERIALS AND METHODS

Acid challenge and solution preparation. Escherichia coli K12 was cultured
statically in 20 ml Luria-Bertani (LB) broth supplemented with 1% glucose for 22 hours
(37°C) to induce acid resistance (Buchanan and Edelson, 1996). Cells were washed once
with 20 ml saline (0.85% NaCl) and resuspened in 2 ml saline. The cell suspension (1 ml)
was incubated in 99 ml acid solution. Acid challenge was carried out in 100 ml water-jacked
flasks buffered with 20 mM total concentration of sodium gluconate as a non-inhibitory
buffer at pH 3.1, 3.5 and 3.7 (20 and 25°C) without added organic acid, and solutions with
acetic (100, 125, 200, 400, 800 mM protonated acid), D,L-malic (125 mM protonated acid),
citric (125 mM protonated acid) or D,L-lactic acid (125 mM protonated acid). The pH of the
solutions was adjusted with HCl and NaOH. lonic strength was held constant at 0.342 by
adjusting the NaCl concentration based on acid anion concentrations as determined by the
Henderson-Hasselbalch equation for these initial experiments. Samples were taken
periodically (0.1 ml) and serially diluted in 0.9 ml MOPS buffer (0.1M, pH 7.2, 0.85%
saline). Cell viability was determined following dilution and plating on non-selective media
(TSBG) with a spiral plater (Model 4000, Spiral Biotech, Inc., Norwood, MA) and an
automated plate reader (QCount, Spiral Biotech). A Weibull model was used to compare 5

log reduction times for organic acid solutions and the effect of pH alone.
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Acid challenge in microplates. E. coli K12 was cultured in 25 ml TSB (1% glucose)
for 18 h at 37°C to induce acid resistance. Cells were centrifuged, washed and resuspended
in 2.5 ml of 0.1 M MOPS buffer (pH 7.2, 0.85% saline). A 20 pl cell suspension was added
to 180 pl acid solutions in 96-well microplates (non-tissue cultured treated flat bottom plate,
#351172 Falcon, Franklin Lakes, NJ) and incubated (pH 3.5, 25°C) for 4 hours. After
incubation the cells were either serially diluted in microplates (20 pl diluted in 180 pm
MOPS buffer) and plated as before or measured specrofluorometrically. For
spectrofluorometric measurements 20 pl of experimental solution were added to 180 pl
BacLight dye solution (Moleculare Probes, Invitrogen, Carlsbad, CA) or Toto-1 (Moleculare
Probes, Invitrogen, Carlsbad, CA) in microplates and incubated in dark for 15 min as
directed by the manufacturer. Spectrofluorometric measurements were performed with a
spectrofluorometer plate reader (Safire, Tecan, Durham, NC) using excitation 485 nm and
emission of 630 and 530. A standard curve was used to evaluate the percent live vs. dead
cells in the solutions. Dead cells were prepared by resuspending live cells in 25 ml of 70%
isopropanol for 1 hour. The absorbance of live cells was adjusted to 0.12 at 670 nm and
solutions with different concentration of live cells (0%, 10%, 50%, 90%, and 100 % cells)

prepared in microplates with a total volume of 200 pm.

RESULTS AND DISCUSSION
Initial experiments focused on finding one condition that allowed us to compare all
four acids (acetic, citric, malic and D/L-lactic acid). The first experiment was carried out at
pH 3.7 (20°C) with 100 mM protonated acetic acid using E. coli K12 strain (Fig. 2). Under

these conditions the number of survivors, as determined by plating, decreased very slowly

31



during a 6 hour time period. Thus, to increase the rate of death we raised the temperature to

25°C and pH was lowered to 3.1 (Fig. 3).

Survivors (log cfu/ml)

0 1 2 3 4 5 6
Time (h)
Figure 2. Effect of 100 mM protonated acetic acid on the survival of E.

coli K12 at 20°C, pH 3.7. Experimental observations were fitted with a
Weibull predictive model.

Survivors (log cfu/ml)

0.0 0.5 1.0 1.5 2.0 25 3.0
Time (h)

Figure 3. Effect of 100 mM protonated acetic acid and pH on E. coli
K12 at pH 3.1, 25°C. Experimental observations were fitted with a
Weibull predictive model. Symbols: filled circles, no added acid (pH
effect); closed circles, 100 mM protonated acetic acid.
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At pH 3.1 and 25°C the number of survivors decreased more rapidly and was below
detection limit after 2 hours for 100 mM protonated acetic acid and 3 hours for no added acid
solution (pH effect). At these conditions, the killing was too rapid to compare the acids
properly. Finally, pH 3.5 (25°) was tested with 100, 200, 400 and 800 mM protonated acetic

acid concentration (Fig. 4).
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Figure 4. Effect of acetic acid on E. coli K12 from 100-800 mM
protonated concentration on E. coli K12 at pH 3.5, 25°C.
Experimental observations were fitted with a Weibull predictive
model.

Different concentrations of acetic acid were compared to find the best concentration
to compare the effects of acetic, lactic, malic and citric acid on E. coli K12. A concentration
of 125 mM protonated acid, pH 3.5 and 25°C was found to be good to compare the four acids
(Fig. 5). Under these conditions malic acid was found to be the most lethal organic acid,

reducing the killing time by 13.8 h compared to pH alone. Citric acid was least inhibitory
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with a 6.8 h reduction in killing time (Table 1). These results demonstrate that direct
comparison of the specific killing effect of different protonated acids on an equal molar basis
is possible by holding the ionic strength, pH and temperature constant and using sodium
gluconate as a non-inhibitory buffer. This method may have broad application for

determining the safety of acidified foods.
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Figure 5. Effect of 125 mM protonated acetic, lactic,
malic and itric acid on E. coli K12 at pH 3.5, 25°C.
Experimental observations were fitted with a Weibull
predictive model.

Table 1. 5 log reduction times for E. coli K12 in acetic, lactic,
malic, citric and no added acid solutions at pH 3.5 and 25°C.

Acid 5 log reduction time (h)*
No added acid 13.8
Malic 3.0
Lactic 5.2
Acetic 7.6
Citric 10.1

*Calculated with Weibull model, fitted to two replicates
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Using rate experiments to produce death curves is a good approach for measuring
acid killing, however, it would be very labor intensive and time consuming to test all the sets
of conditions selected for evaluation using this method. A search for a more efficient method
was thus initiated. A spectrophotometric method appeared to be a fast and efficient method
where many solutions could be evaluated simultaneously in 96 well microplate. Cells were
added to acetic, lactic, malic and citric acid (pH 3.5, 25°C) solutions at different
concentration in microplates and sampled after 4 hours. This way we could evaluate up to 96
solutions simultaneously. The two nucleic acid dyes were used were LIVE/DEAD BacLight
and TOTO-1 (Molecular Probes™, Invitrogen, Carlsbad, CA). LIVE/DEAD BacLight uses
a mixture of the green fluorescent SYTO®9 nucleic acid stain and the red fluorescent nucleic
acid stain, propidium iodide. These stains differ both in their spectral characteristics and in
their ability to penetrate healthy bacterial cells. When used alone, the SYTO®™9 stain
generally labels all bacteria in a population — those with intact membranes and those with
damaged membranes. In contrast, propidium iodide penetrates only bacteria with damaged
membranes, causing a reduction in the SYTO®9 strain fluorescence when both dyes are
present. Bacteria with intact cell membranes fluorescent green, whereas bacteria with
damaged membranes fluorescent red. The excitation/emission maxima for these dyes are
about 480/500 nm for SYTO™9 and 490/635 nm for propidium iodide. Toto-1 is dimeric
cyanine nucleic acid dye which has very high sensitivity for nucleic acid staining. It is a very
stable nucleic acid dye and has high affinity to nucleic acid. Toto-1 has essentially no
fluorescent in the absence of nucleic acids and exhibits a 100 — to 1000-fold fluorescence

enhancement upon binding to DNA. The excitation/emission maxima for TOTO-1 is
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514/533 (Molecular probes, 2004). Results from spectrofluorometric experiments were
inconsistent despite a good fit to the standard curve (R=0.98;Fig. 6). Replicates for the
LIVE/DEAD BacLight dye were very variable (Fig. 7,8,9,10). In many instances, such as
with citric and acetic acid, the % live cells increased with increased protonated acid
concentration (Fig. 7 & 10), while viable cells decreased as observed by plating Thus, this

method did not work well under the conditions of these experiments.
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Figure 6. Standard curve with different % live cells using a LIVE/DEAD
BacLight dye.
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Figure 7. Effects of acetic (black bars), lactic (gray bars) and no
added acid (white bars) on E. coli K12 at pH 3.5 and 25°C.
Survival determined spectrofluorometrically with LIVE/DEAD
BacLight dye after 4 hours in different protonated acid
concentrations.
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Figure 8. Effects of citric (gray bars), malic (black bars) and no
added acid (white bars) on E. coli K12 at pH 3.5 and 25°C. Survival
determined spectrofluorometrically with LIVE/DEAD BacLight dye
after 4 hours in different protonated acid concentrations.
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Figure 9. Effects of acetic (black bars), lactic (gray bars) and no
added acid (white bars) acids on E. coli K12 at pH 3.5 and 25°C.
Survival determined spectrofluorometrically with Toto-1 after 4
hours in different protonated acid concentrations.
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Figure 10. Effects of citric (gray bars), malic (black bars) and
no added acid (white bars) acids on E. coli K12 at pH 3.5 and
25°C. Survival determined spectrofluorometrically with Toto-1
after 4 hours in different protonated acid concentrations.
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Live/Dead Baclight and Toto -1 have been used previously to determine the viability
of Escherichia coli. Grigorian et al. (2003) used Live/Dead BacLight to determine the
viability of E. coli cells filtered though a polycarbonate membrane with fuorocence
microscopy. Taushceck et al. (2002) used the Live/Dead kit to determine the extent of cell
death (lysis). Cells were viewed using a fluorescence microscope. The percent of live and
dead bacteria was determined by counting and recording the fluorescence color of at least
100 cells in at least five separate random fields. Guidulain et al. (1997) compared Syto-13,
Toto-1 and Yoyo-1 dyes on Escherichia coli culture and marine bateriopolankton
populations by using flow cytometry after RNase and DNase digestion of the suspension
fluid. They reported that these dyes stain the DNA and RNA in E. coli but only respond to
DNA in marine populations. These dyes have to my knowledge not yet been used to
evaluate viability for acid challenge studies.

Several factors could have caused inconsistent results including: (1) pH or acids may
have affected the dye binding to DNA inside cells (2) cells lyse and DNA leaks into solution
disturbing the reading. We decided, therefore, to determine CFU/ml by plating the acid
solutions from the microplate on TSA+G using a spiral plater. Cells were added to the acid
solutions as before and plated after 4 hours. Results were overall more consistent, where
more cell death occurred as protonated acid concentration increased (Fig. 11 & 12). Cell
survival in citric acid increased with increased protonated acid concentration (Fig. 12).
However, further replication would be needed to confirm this result. This method was used

for the rest of the study.
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Figure 11. Effects of acetic (black bars), lactic (gray bars) and
no added acid (white bars) on E. coli K12 at pH 3.5 and 25°C.
Viability determined by plating after 4h.
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Figure 12. Effects of citric (gray bars), malic (black bars)
and no added acid (white bars) on E. coli K12 at pH 3.5 and
25°C. Viability determined by plating after 4h.
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CONCLUSION
The optimal conditions for comparing the acids by rate of death were: 125 mM
protonated acid (malic, acetic, citric and lactic acid), pH 3.5 and 25°C. Use of fluorescent
dyes to measure live and dead cells, did not give consistent results. Using the 96 well
microplate and determining viability (by spiral plater) before and after acid challenge was
consistent reproducible and efficient method which allowed us to evaluate 96 solution

simultaneously.
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CHAPTER 3
Protective Effects of Organic Acids on the Survival of Escherichia coli

0O157:H7 in Acidic Conditions

INTRODUCTION

Organic acids are weak acids commonly found in fruit juices and fermented foods
and are added to foods as preservative agents (Luck and Jager, 1997). Acid and acidified
foods are defined in the U.S. Code of Federal Regulations (21 CFR part 114) to be foods
having a pH 0f 4.6 or lower. Acid foods are foods that naturally have a pH below 4.6, while
acidified foods are foods to which acid or acid food ingredients are added to reach the final
equilibrated pH of 4.6 or lower. For acidified foods, a treatment must be applied if needed to
destroy microbial pathogens (21 CFR part 114). Current FDA regulations for acidified foods
do not take into account the amount or type of organic acid needed to lower pH. Acid or
fermented foods such as apple cider (Besser et al., 1993), salami (CDC, 1994) and apple
juice (Cody et al., 1999; CDC, 1997) have been associated with outbreaks of disease caused
by Escherichia coli O157:H7. These outbreaks have raised concern that these pathogens
might be able to survive in acidified foods. While acidified foods have an excellent safety
record, a better understanding of the microbial response to organic acids in foods is needed.

It is generally believed that the antimicrobial species of organic acids are the fully
protonated molecules which can freely cross cell membranes (Salmond et al., 1984; Booth
and Kroll, 1989; Brul and Coote, 1999; Stradford and Anslow, 1998). Factors that affect the
antimicrobial activity of organic acids include pH, acid concentration, and ionic strength.

The response of a particular bacterial species to acids depends upon the strain as well as
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conditions of the culture, including growth phase, induced acid resistance and temperature
(Conner and Kotrola, 1995; Entani et al., 1998; Buchanan and Edelson, 1999; Cheng et al.,
2003). In previous studies, comparison of the effects of organic acids on killing bacteria has
given conflicting results. For example, Ryu et al. (1999) reported that acetic was the most
lethal to E. coli O157:H7, followed by lactic, citric and malic acids, when tested over a range
of pH values. Cheng et al. (2003) found that lactic acid was more lethal than acetic acid for
E. coli O157:H7. These differences may result from varying conditions used for the
experiments.

Inducible acid resistance in E. coli must also be considered when studying the
antimicrobial effects of organic acids. Buchanan and Edelson (1996) reported that culturing
E. coli statically in the presence of glucose will induce acid resistance. There are at least four
overlapping acid resistance systems in E. coli, including a glucose repressed system and three
amino acid decarboxylase systems (Castanie-Cornet et al., 1999; Guilfoyle and Hirshfield,
1996).

The objective of this study was to examine the effect of organic acids commonly
found in acid and acidified foods on the survival of E. coli O157:H7. A unique feature of
this study was the use of gluconic acid as a non-inhibitory buffer, which allowed a direct
comparison of the specific effects of selected organic acids over a range of concentrations,
independent of the effect of pH (Breidt et al., 2004). By controlling other environmental
variables, including ionic strength (using NaCl) and temperature, the specific effects of
different organic acids under otherwise identical conditions were compared. We found, that
under selected conditions, low concentrations of protonated organic acids can have a

protective effect on the survival of E. coli O157:H7 relative to the effect of pH alone.
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MATERIAL AND METHODS

Bacteria and growth media. The five E. coli O157:H7 strains used in this study
were E. coli B202 (serotype O157:H7, ATCC 4388), E. coli B201 (serotype O157:H7, apple
cider isolate), E. coli B203 (serotype O157:H7, salami isolate), E. coli B203 (serotype
O157:H7, ground beef isolate) and E. coli 204 (serotype O157:H7, pork isolate) kindly
provided by Silliker Labs in Chicago (SRCC). Bacterial strains were grown in tryptic soy
broth or agar (TSB or TSA, respectively, Difco laboratories, Franklin Lakes, NJ)
supplemented with 1 g/L. glucose (Sigma Chemical Co., St. Louis, MO) and referred to as
TSBG or TSAG, respectively. For the acid challenge experiments, the strains were grown
separately in 10 mL TSBG for 18 h at 37°C to induce acid resistance (Buchanan & Edelson,
1996). Overnight cultures were centrifuged, re-suspended in 3 mL of 8.5 g/L NaCl (saline)
and combined. The strain mixture was washed once with saline and re-suspended in 3 mL
saline. The mixed culture was diluted 10-fold by adding 20 pL to 180 pl acid solution
(described below) in 96-well microplate (non-tissue cultured treated flat bottom plate,
#351172 Falcon, Franklin Lakes, NJ). The initial cell count was approximately 8 x 10°
CFU/mL. Cell viability was determined following dilution and plating on non-selective
media (TSBG) with a spiral plater (Model 4000, Spiral Biotech, Inc., Norwood, MA) and an
automated plate reader (QCount, Spiral Biotech).

Acid challenge conditions. Acid solutions at pH 3.2, 3.5 and 3.8 of acetic acid
(0.01-420 mM), malic acid (0.01-80 mM), citric acid (0.01-60 mM), D- and L-lactic acids
(0.1-40 mM, Sigma Chemical Co., St. Louis, MO) were prepared in water. The final
concentrations reported refer to the amount of the fully protonated acid species present in

solution at pH 3.2. Sodium gluconate (pK, = 3.6) was used as a non-inhibitory buffer in all
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acid solutions at 20 mM total acid concentration (Breidt et al., 2004). Ionic strength was
maintained in the range of 0.6 to 0.68 by the addition of NaCl. Because there may be
significant deviations from the published pKa values primarily due to ionic strength, we used
prTools software (Dougherty, 2002, available at:
http://www.mathworks.com/matlabcentral/fileexchange) or custom Matlab routines (Breidt,
unpublished) to adjust the pK values and calculate protonated acid and acid anion
concentrations. Acid solutions were adjusted to give the indicated concentrations of fully
protonated acid in the final 200 pL volume of the microtiter plate wells with. The
concentrations of acetic, malic, citric, and D- or L- lactic acids in the acid treatment solutions
were confirmed by HPLC of the acid solutions before and after exposure of the bacterial
cells. Prior to adding cells, the microtiter plates were incubated at 25°C for approximately 1
h to ensure temperature equilibration. Initial and final cell numbers after 6 h incubation were
determined by plating the appropriate dilution on non-selective media as described above.
The E. coli cells were immediately diluted at least 10-fold in 0.1 M MOPS buffer (Sigma) pH
7.2 with 0.85% saline to neutralize pH prior to plating. The lower limit for detection of
bacterial cells by this method was approximately 4,000 CFU/mL. For survival curves of E.
coli O157:H7 in acid solutions, cells were prepared as described above. A 10-fold dilution of
the cell suspensions in saline was added to the acid solutions (0.3-2.7 mL) in 15 ml plastic
screw cap test tubes (Corning, Big Flats, NY) at pH 3.2 and 25°C. Samples were taken
periodically for 9 h, serially diluted in MOPS buffer, and viable cells determined as
described.

Biochemical analysis. Organic acid concentrations were measured using a Thermo

Separation Products HPLC (ThermoQuest, Inc., San Jose, CA) system consisting of a P2000
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pump, SCM100 solvent degasser, AS3000 autosampler and a UV6000 diode array detector
(ThermoQuest). A Bio-Rad HPX-87H column, 300 mm x 7.8 mm (Bio-Rad Laboratories,
Hercules, CA), was used to resolve citric, malic, lactic, gluconic, and acetic acids. The
operating conditions of the system included: sample tray at 6°C, column at 75°C, 0.03N
H,SO; eluent at 1 mL/min flow rate. The UV6000 detector was set to 210 nm at a rate of 1
hz for data collection. ChromQuest version 4.1 chromatography software was used to
control the system and analyze the data. Concentrations of acids were determined based on
peak height measurements relative to peak heights of standard solutions of the acids.

Statistical analysis. Log reduction values (6 h) for viable cells were determined by
the difference between the final count and the initial number [log;o (No/N)]. The regression
line, D-values, and the standard error for the survival curve data were calculated using
Microsoft Excel. Statistical inferences for 6-h log reduction values were calculated using the
general linear models procedure (Proc GLM) with the Tukey adjustment (SAS Institute Inc.,
Cary, NC). Calculations were done using base 10 logarithms of the cell numbers or

reduction in cell numbers. Each experiment was done in at least three independent replicates.

RESULTS and DISCUSSION
Published pK, values for acids are generally reported for conditions of 25°C and zero
ionic strength. The pK, values change in response changes in temperature and ionic strength.
In our experiments temperature was held constant at 25°C and ionic strength was held within
a range between 0.6 and 0.68, including the contributions of acid anions, using NaCl. Acid
concentrations could then be adjusted to all the values used in our experiments without

exceeding this target range. At ionic strength values in this range, however, the pK,
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adjustments can be in excess of 0.5 units and substantially affect the distribution of acid
species. Reliable adjustments of pK, values can be calculated up to an ionic strength of 1.2
with a modification of the Davies equation developed by Samson et al. (1999). This method
was used to calculate the distribution of the various species of an acid in solution using
Matlab software (pH Tools, Dougherty, 2002). Other factors that could possibly affect the
antimicrobial activity of organic acids, including pH and temperature, were held constant to
compare the acids on equal basis (Conner and Kotrola, 1995). It is generally believed that
the fully protonated species of organic acids can diffuse into the bacterial cells and cause cell
death (Booth and Kroll, 1989; Brul and Coote, 1999; Stradford and Aslow, 1998).

Gluconic acid is a highly polar molecule which is apparently unable to penetrate the
cell membrane (Breidt et al., 2004). Previously it has been shown that the antimicrobial
activity of gluconic acid solutions between pH 3.0 and 4.0 is due to the pH effect alone.
Therefore, gluconic acid can be used over a wide range of concentrations (0.2-200 mM) as a
non-inhibitory buffer (Breidt et al., 2004). In this study, we used pH 3.2 to allow a range of
lactic, malic, acetic and citric acid concentrations to be tested without exceeding 0.60-0.68
ionic strength due to the acid anion contribution to ionic strength. However, other pH levels
were also tested (pH 3.5 and 3.8) but with fewer acids and concentrations. Under these
conditions, the reduction in cell counts for E. coli O157:H7 strains due to the specific effects
of lactic, citric, malic, and acetic acids could be measured and compared to the effect of pH
alone.

The survival of the E. coli O157:H7 multi-strain cocktail in the presence of organic
acids at pH 3.2, 25°C and an ionic strength of 0.60-0.68 was compared to pH alone with

gluconic acid as a non-inhibitory buffer (Breidt et al., 2004). No significant difference (p
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<0.05) in cell survival was observed between the pH effect alone and the combined effects of
pH and low protonated acid concentrations (0.01-1 mM) of acetic acid after 6 hours.
Surprisingly, at 5 mM protonated acid concentration, a significant (p >0.05) 1 log increase in
survival of the E. coli O157:H7 strains was observed (Fig. 13A). Survival of the cells

decreased as the protonated acid concentrations increased above 5 mM.
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Figure 13. Log reduction (6 h) of Escherichia coli O157:H7 strain
mixture with and without acetic acid (A), malic acid (B) and citric
acid (C) at 25°C, pH 3.2. Ionic strength was adjusted as described
above by adding NaCl.
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The effect of malic acid on E. coli O157:H7 was similar to the effect of acetic acid
(Fig. 13B). A significant increase (p >0.05) in survival was observed at 5 and 10 mM
protonated acid concentrations. Higher concentrations up to 60-70 mM resulted in a 5-log or
greater reduction in cell numbers at 6 h. In contrast, at pH 3.2 fully protonated citric acid had
no protective effect on the five E. coli O157:H7 strains (Fig. 13C).

Acetic, lactic and malic acids were also tested at pH 3.5 and 3.8 (Fig. 14 & 15).
Citric acid is a triprotic acid, while malic acid is a diprotic acid. Therefore, they increase
ionic strength to a greater extent than acetic and lactic acid at similar total molar
concentrations. The ionic strength constraint limited the concentrations of these acids that
could be tested. Acetic acid was the only acid that could be tested over a wide concentration
range at all three pH values (pH 3.2, 3.5 and 3.8). Acid challenge at pH 3.5 and 3.8 required
(Fig. 14 & 15) higher concentration of acids than at pH 3.2 to get the same amount of killing

in 6 hours.
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Figure 14. Log reduction (6 h) of Escherichia coli strain mixture
with and without acetic acid, malic acid and D/L lactic acid at 25°C,
pH 3.5. Ionic strength was held at 0.600 - 0.684 by adding NaCL
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Figure 15. A log reduction (6 h) of Escherichia coli strain mixture with
and without acetic acid , malic acid and D/L lactic acid at 25°C, pH 3.8.
Ionic strength was held at 0.600 - 0.684 by adding NaCl.

A significant protective effect, compared to the effect of pH alone, was only seen with 25
mM protonated lactic acid at pH 3.5 (Fig. 14). However, lower protonated acid
concentrations that were later found to have protective effect were not tested at pH 3.8 and
3.5. As expected, the log reductions from the pH effects alone at pH 3.5 and 3.8 were less
than the reductions observed at pH 3.2.

To compare the effect of acetic acid at different pH values, we compared the 5 log
reduction in 6 hours at pH 3.2, 3.5 and 3.8. For acetic acid, higher concentrations of acid
were required to get the same mount of killing as the pH increased: 45 £5, 85 + 5 and 370 +
10 mM protonated acetic acid at pH 3.2, 3.5 and 3.8 respectively (Fig. 16). The change in

the concentration of acetic acid required to get a 5 log reduction at different pH values can be
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explained in part because less killing was attributed to the effects of pH alone at higher pH

values.
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Figure 16. Concentration of acetic acid required to reduce E. coli
O157H7 cocktail by 5 log in 6 hours at different pH’s.

Unexpectedly, acetic, malic and lactic acids all exhibited a protective effect on the
survival of E. coli O157:H7 around 5-10 mM undissociated acid concentrations. No
protective effect was seen with citric acid at similar concentrations (Fig. 13). Similar results
have been observed for acetic acid (at pH 3.1) where an increase in D, values occurred with
20 mM protonated acid (Breidt et al., 2004). A protective effect was observed at low D/L
lactic acid concentration at pH 3.2 (Fig. 17). To confirm that gluconic acid was not affecting
acid killing, a solution of D/L lactic acid with and without gluconic acid was tested. No
significant difference was observed between the two solutions, thus the protective effect

appeared to be caused by lactic acid alone.
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Figure 17. Effect of D/L lactic acid on E. coli O157:H7 cocktail
alone and with gluconic acid at pH 3.2 and 25°C.

When the D- and L- isomers of lactic acid were tested separately, different effects on
the survival of the E coli O157:H7 cells in the multi-strain mixture were observed (Fig. 18).
E. coli O157:H7 cells treated with L-lactic acid exhibited a survival pattern similar to that
seen with acetic acid, malic acid, and D,L-lactic acid. Cells treated with D-lactic acid,
however, showed a significant increase in survival (p <0.05) compared to the other acids
tested. Less than a 1-log reduction in cell counts was observed with 1 — 20 mM D-lactic
acid, compared to a 4 log reduction in the control treatments with the gluconic acid buffer

alone (Fig. 18).
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Figure 18. A Log reduction (6 h) of E. coli strain mixture in D-lactic
acid, L-lactic acid, or without added acid at 25°C, pH 3.2. Ionic strength
was held at 0.600 - 0.684 by adding NaCl.

To directly compare the lethal effects of L-lactic, acetic, citric, and malic acids, we
determined the protonated acid concentrations required to give a 5-log reduction in cell
numbers of the cocktail of E. coli O157:H7 strains (Fig. 19). L-lactic acid was the most
lethal of the acids tested, requiring 12.5 +/- 2.5 mM protonated acid. Interestingly, acetic,
malic and citric acid all had similar lethal effects on the five E. coli O157:H7 strains,
exhibiting a 5 log reduction in cell numbers with 45 +/- 5, 55 +/- 5 and 50 +/- 10 mM

protonated acid, respectively.
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Figure 19. Comparison of the killing effect of organic acids based on
the concentration required to reduce initial count of E. coli O157:H7 by 5
logs in 6 hours at 25°C , pH 3.2. Each acid was tested over wide range of
concentration and the concentration range required to reduce the initial
count by 5 logs in 6 hours determined. Points represent median values of
the rang

D-lactic acid had the greatest protective effect at the lowest concentration (1 mM)
among the acid concentrations tested. L- and D- lactate are metabolized by different
enzymes in E. coli (Felisa et al., 2002). At higher concentrations (10 to 60 mM) found L-
lactic acid was found to be the most lethal of the four acids tested at pH 3.2, which is in
agreement with the results of Buchanan and Edelson (1999). Conner and Kotrola (1995)
reported that acetic and lactic acids were the least inhibitory to E. coli O157:H7 compared to
citric acid, malic acid, mandelic acid, and tartaric acid. In their study, however, both pH and
the concentration of the protonated acids varied.

The individual strains of E. coli O157:H7 used in the cocktail in the experiments

described above were not significantly different from each other with respect to the
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protective effect of 5 mM D-lactic acid (Fig. 20). The average 5-log reduction time for the D-
lactic acid treated cells was 0.45 +/- 0.41 log CFU/ml compared to 4.5 +/- 0.67 log CFU/ml
for the cells in gluconic acid buffer. Figure 21 shows the reduction in cell numbers for strain
202, isolated from an outbreak of disease associated with salami, over a 9 h period at pH 3.2
with and without 5 mM protonated D-lactic acid. Using a linear model, D-values were 7.2 h
(R* = 0.956) for D-lactic acid, compared to 0.74 h (R* = 0.932) for the control solution
containing only the gluconic acid buffer.

The O157:H7 strains were compared to various E. coli strains using a 5 mM
protonated D-lactic acid concentration (Fig. 22). Overall the O157:H7 survived better than
the non-O157:H7 strains. This might suggest that O157 strains have some additional

mechanism of protection with D-lactic acid.
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Figure 20. Acid challenge of individual E. coli O157:H7 strains with 5
mM protonated D-lactic acid (gray bars) and no added acid (black bars)
at 25°C, pH 3.2. Ionic strength was held at 0.600 - 0.684 by adding NaCl.

56



6 hour reduction (log cfu/ml)

E. coli O157:H7 - strain 202

£
] °
[y
o ..
8’ 71 @ Observed - 5 mM D-lactic
= O Observed - No acid
n O Linear - 5 mM D-lactic
‘6 6 1 o~ e Linear - No acid
2 .
c
= .
n 51
O -,
4 °
e}
T T T T 1
0 2 4 6 8 10
Time (h)

Figure 21. . Survival curves of E. coli O157:H7 strain 202 isolated from
a salami outbreak at 25°C (pH 3.2) with (closed circles) and without
(open circles) 5 mM protonated D-lactic acid. Survival data were
modeled with a linear model for two independent trials.
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Figure 22. Acid challenge of individual E. coli O157:H7 strains with 5 mM
D-lactic protonated acid concentration (gray bars) and no added acid (balck
bars) at 25°C, pH 3.2.
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To determine if the acids were taken up by the cells and metabolized during the acid
challenge, HPLC analyses were preformed on samples taken before and after the challenge
with bacterial cells. The results indicated no significant reduction in the citric or L-lactic
acid during 6 h of incubation at pH 3.2, 25°C (p >0.05; Table 2 & 3), while decreases of 10%
or less were seen with acetic, malic, and D-lactic acids (p <0.05; Table 2 & 3). The results

do not give clear indication that these acids are being metabolized during the acid challenge.

Table 2. Acetic and malic acid concentrations before and after incubation
with E. coli O157:H7 cells®

Acetic acid Malic acid
Nr Before After Before After

1 1.0 (0.1) 0.9(0.1)  4.0(0.02)  4.0(0.14)
2 5.2 (0.4) 47(03)  23.5(0.19)  23.5(0.30)
3 39428  355(25) 77.0(1.47)  68.7(2.05)

*Average and standard deviation in parenthesis of 2-3 replicates.

Table 3. D- and L-lactic acid concentrations before and after incubation
with E. coli O157:H7 cells®

L- lactic acid D-lactic acid

Nr Before After Before After

1 0.18(0.01) 0.18(0.02) 02(0.0)  0.04(0.0)
2 7.0(022)  67(0.75)  6.8(0.1) 5.4 (0.0)

3 14.0 (0.40)  14.0 (0.60) 13.5(0.1) 12.2 (0.1)

*Average and standard deviation in parenthesis of 2-3 replicates.
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CONCLUSION

We have shown that compared to pH, acetic, malic, L-lactic acid, and D-lactic acids
can have a significant protective effect on E. coli O157:H7 at low (1-20 mM) protonated
acid concentrations. D-lactic acid was more protective at lower concentration that the other
acids. Citric acid was not found to exhibit any protective effect at similar concentrations.
The protective effect of D-lactic acid was more pronounced in E. coli O157:H7 strains than
other E. coli strains tested. Measuring the protonated acid concentrations required to give a
5-log reduction of E. coli O157:H7 in 6 h at 25°C (pH 3.2) is a unique way of comparing
organic acids. There was no difference among citric, malic and acetic acid in the amount of
protonated acid required to achieve a 5 log kill. A lower concentration of L-lactic acid was
required to have the same killing effect. To our knowledge this is the first time protonated
organic acids have been found to have a protective effect on pathogenic bacteria. It is
important to understand the mechanism of this protective effect to be able to assure safety of
acid and acidified foods. Additional research will be needed to understand acid specific

effects on the survival of E. coli O157:H7 and other acid-resistant food pathogens in acid and

acidified foods.

59



CHAPTER 4

Mechanisms of Acid Resistance

INTRODUCTION

Previously we have found that acetic, malic and lactic acid have a protective effect on
Escherichia coli O157:H7 relative to pH alone. This protective effect was most pronounced
with 1-20 mM protonated D-lactic acid. We suspected that the mechanisms of these
protective effects could be related to oxygen stress or caused by induction of acid resistant
systems. Previous literature has shown that stress from reactive oxygen species such as
hydrogen peroxide and superoxide radicals can be inhibitory to microorganism (Gourmelon
et al., 1994; Gottschalk, 1986). Several investigators have reported that when bacterial cells
are incubated under anaerobic conditions during and after a heat treatment, the number of
cells recovered is higher than if recovered under aerobic conditions. (Murano and
Pierson,1992; Bomberg et al., 1998; Gadezella and Ingham,1994; Mizunoe et al., 1999;
Khaengraeng and Reed, 2005). Organic acids may protect E. coli O157:H7 cells by
inactivating reactive oxygen species.

E. coli has several acid resistant systems that protect the cells against low pH. The
gene rpoS encodes a stationary phase stigma factor (¢°) which acts as an alternative ¢ subunit
for RNA polymerase (Hengge-Aronis, 1995). An rpoS-dependent acid resistance system is
induced when E. coli reaches stationary phase. The rpoS-regulated proteins are important for
the survival of E. coli O157:H7 in the acidic environments, as well as being able to cross-
protect against starvation, hyperosmolarity, oxidative damage, UV radiation, heat and salt

challenge (Small et al., 1994; Cheville et al., 1996). The other acid resistance systems are
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amino acid decarboxylase systems that utilize glutamate, lysine, and arginine. They are
induced during fermentative metabolism. These systems consume protons during the
decarboxylation of glutamate, lysine or arginine (Lin et al., 1996). It is possible that organic
acids induce these acid resistant systems or other unidentified systems. The objective of this

study was to examine the mechanism of protection of D-lactic acid on E. coli O157:H7.

MATERIALS AND METHODS

Bacteria and growth media. The four E. coli K12 mutants and one E. coli O157:H7
used for this study are shown in table 4. Bacterial strains were grown in tryptic soy broth or
agar (TSB or TSA, respectively, Difco laboratories, Detroit MI) supplemented with 1 g/L
glucose (Sigma Chemical Co., St. Louis, MO). For acid challenge experiments, the strains
were grown separately in 25 mL tryptic soy broth supplemented with 1 g/L glucose (TSBG)
for 18 h at 37°C to induce acid resistance (Buchanan & Edelson, 1996). During that time the
pH decreased from pH 6.8 to 4.7. Overnight cultures were centrifuged and re-suspended in
25 mL of 8.5 g/L NaCl (saline). The cell solution was washed once with saline and re-
suspended in 0.9 mL saline. The cell suspension was diluted 10-fold by adding 20 pL to 180
ul acid solution in 96-well non-tissue cultured treated flat microtiter plate (Falcon #351172,
Franklin Lakes, NJ). The initial cell count in the microtiter plate wells was approximately 8
x 10° CFU/mL. Cell viability was determined following dilution in MOPS buffer as
described below, and plating on non-selective media (TSBG) with a spiral plater (Model
4000, Spiral Biotech, Inc., Norwood, MA) and an automated plate reader (QCount, Spiral

Biotech).
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Table 4. E. coli K12 parent strain and mutant strains used

Strain Microorganism Genotype/Source

EK 227 E. coli K12 K-12, wild type, A— F—
EF 1080 E. coli K12 EK227/AyhiE(= gadE)
EF 1007 E. coli K12 EK227/AyhiE::Km
EF 362 E. coli K12 EK227 rpoS::Tnl0

B 202 E. coli O157:H7 Salami outbreak

Acid challenge under aerobic conditions. Acid acid solutions (40 mM) at pH 3.2
with and with out added pyruvic acid (0.01-5 mM), L-lactic acid (5 and 20 mM), D-lactic
acid (5 and 20 mM; Sigma Chemical Co., St. Louis, MO) were prepared in water. The final
concentration refers to the amount of the fully protonated acid species present in solution at
pH 3.2. Sodium gluconate at 20 mM total acid concentration (pK, = 3.6) was used as a non-
inhibitory buffer in all acid solutions (Breidt et al., 2004). Ionic strength was controlled in
the acid solutions by calculating the ionic strength contributions of all cations and acid anions
and then adding the appropriate amount of NaCl to give a final ionic strength of 0.60-0.68.
Because there may be significant deviations from the published pK, values primarily due to
ionic strength, we used ,Tools software (Dougherty, 2002, available at:
http://www.mathworks.com/matlabcentral/fileexchange) to adjust the pK values and
calculate protonated acid and acid anion concentrations. Acid solutions were adjusted to give
the indicated concentrations in the final 200 UL volume of the microtiter plate wells after
addition of bacterial cells. Prior to adding cells, the microtiter plates were incubated at 25°C

for approximately 1 h to ensure temperature equilibration. Initial and final cell numbers after
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5 h to 6 h incubation were determined by plating the appropriate dilution on non-selective
media as described above. The E. coli cells were immediately diluted at least 10-fold in 0.1
M MOPS buffer, pH 7.2 containing 0.85% saline to neutralize pH prior to plating. The lower
limit for detection of bacterial cells by this method was approximately 4,000 CFU/mL. For
survival curves of E. coli O157:H7 in acid solutions, cells were prepared as described above.
A 10-fold dilution of the cell suspensions in saline was added to the acid solutions (0.3-2.7
mL) in 15 ml plastic screw cap test tubes (Corning, Big Flats, NY) at pH 3.2 and 25°C.
Samples were taken periodically for 11 h, serially diluted in 0.1 M MOPS buffer, and viable
cells determined as described.

Induction of acid resistance with D-lactic acid. E. coli O157:H7 strain 202 was
grown in 25 mL TSBG (1% glucose) for 18 h at 37°C. Cells were washed once in 25 mL
saline (0.85% NaCl) and re-suspended in 10 mL TSB with and without 5 mM D - lactic acid
at pH 4.6. Cells were incubated at 37°C for 1 hour. After 1 hour incubation, the cells were
centrifuged, washed once with 10 mL saline (0.85%) and resupended in 0.9 ml saline. Acid
challenge was performed as described.

Effect of static and agitated growth conditions on acid challenge. E. coli
O157:H7 strain 202 was grown in 25 mL TSB-G (without glucose) without shaking and
TSB+G (with 1% glucose) with shaking for 18 h at 37°C. The overnight culture was washed
once with 25 mL saline (0.85% NaCl) and re-suspended in 0.9 ml saline. Acid challenge was
performed as previously described with 5 mM D-lactic acid, with and without 40 mM acetic
acid and gluconic buffer only.

Acid challenge under anaerobic conditions. E. coli O157:H7 strain 202 and acid

solutions were prepared as described above. Acid solutions were equilibrated overnight in an
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anaerobic hood (Coy Laboratory Products Inc, Grass Lake, MI) at 30°C. Oxygen was non-
detectable during incubation as determined by an oxygen meter (Coy Laboratory Products
Inc, Grass Lake, MI). Cell suspension (20pul) was added to 180 pL acid solution. Control
cell samples were incubated aerobically at 30°C. Cells were sampled before and after a 5
hour acid challenge.

RNA preparation for microarray analysis. E. coli O157:H7 strain 202 was grown
in 25 mL TSBG (1% glucose) for 18 h at 37°C. Overnight cultures were washed with 25 mL
saline (0.85% NaCl) and resuspened in saline (0.85% NaCl) to give the initial count of 5 x
10'° CFU/ml as required by RNA isolation kit (RNeasy Mini Kit, Qiagen, Valencia, CA). A
20 mM D- and L — protonated lactic acid and solution without added organic acid at pH 3.2
was prepared as previously described. Prior to adding cells, 9 ml of the acid solutions were
incubated in centrifuge tubes at 25°C for approximately 1 h to ensure temperature
equilibration. E. coli cell suspension (5 x 10'° CFU/ml) (1 ml) was incubated in 9 ml acid
solutions at 25°C for 30 min. RNA was isolated using RNeasy Mini Kit. The concentration
of the RNA was determined using a NanoDrop Machine (ND-1000, NanoDrop
Technologies, Delaware, USA) with the procedure described by the manufacturer. The
presence of RNA was examined by agarose gel electrophoresis with the procedure described
by the manifacturer. The RNA microarray analysis was conducted in collaboration with Dr.

Charles Minion, lowa State University.

RESULTS AND DISCUSSION

To further examine the protective effects of D-lactic acid described in the previous

chapter, pyruvate, the metabolic precursor and product of lactic acid formation and
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utilization, was tested for its ability to protect E. coli. E. coli has two D-lactate
dehydrogenases, one membrane bound that converts D-lactate to pyruvate during oxidative
growth and one soluble fermentative D-lactate dehydrogenase (Clark, 1989). It was possible
that D-lactate was converted to pyruvate during acid challenge. Pyruvate can act as a
peroxide scavenger and has been used as such to enhance cell growth (Khaengraeng and
Reed, 2005; Mizunoe et al., 1999). Therefore, it is possible that pyruvate may detoxify
peroxides in the medium and as a result protect the cells. No significant difference (p <0.05)
in cell survival was observed between pH alone at pH 3.2 and the combined effects of pH
and low protonated acid concentrations (0.01 mM) of pyruvic acid after 6 hours (Fig. 23).
However, at 1-2.5 mM protonated acid concentration, a significant (p >0.05) ~1-4 log
increase in survival of E. coli O157:H7 B202 was observed (Fig 23). Survival of the cells
decreased as acid concentrations increased above 1 mM. Pyruvate showed a similar degree
of protection as previously observed for D-lactic acid, however, over a much more narrow
concentration range. These results do not directly indicate that the protective effect is due to

the presence of pyruvate.

65



Pyruvate

6 - a Detection limit

6 hour reduction (log cfu/ml)
w
o
(1]

" T

0 oo 0A A 25 5

o

Protonated acid (mM)

Figure 23. A log reduction (6 h) of Escherichia coli 157:H7 strain 202 with and
without pyruvate at 25°C, pH 3.2.

To see if D-lactic and pyruvic acid would increase the survival of E. coli O157:H7
compared to pH in the presence of 40 mM acetic acid, we compared cell survival of 40 mM
acetic acid to 40 mM acetic acid combined with either D-lactic acid or pyruvic acid. The
solutions containing no added acid (gluconic buffer only) and 40 mM acetic acid reduced the
cells below the detection limit during the 6 hour acid challenge, which is in agreement to our
previous results (Fig. 24). Solutions containing 5 mM protonated D-lactic acid and 1 mM
pyruvic acid in combination with 40 mM acetic acid showed significantly (p >0.05) less
reduction in cell numbers of E. coli O157:H7 B202 compared to the acetic acid and no acid
solutions. Thus, the protective effect of D-lactic and pyruvic acid is also evident in the
presence of acetic acid at a concentration that normally reduced the cell number below

detection limit during the six hour acid challenge.
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Figure 24. Effects of different acid combination on E. coli O157:H7
strain 202 at pH 3.2, 25°C.

Effect of static and agitated growth on acid challenge. To see if the presence of a
high oxygen level during growth of E. coli cells affected their response to an acid challenge,
cells were grown under two different sets of conditions. The cells were acid adapted during
growth as previously described by growing in TSB with 1% glucose for 18 hours without
agitation (static). During this time the pH of the media decreased from pH 6.8 to 4.6. Cells
were also prepared in TSB without added glucose for 18 hours with agitation (agitated).
During this time the pH of the medium increased from 6.8 to 8.7. Overall, the cells survived
acid challenge better when grown statically in presence of glucose (acid adapted, Fig. 25).
The E. coli O157:H7 cells in gluconate buffer solution at pH 3.2 were reduced below
detection limit during the 6 hours when grown statically in the presence of glucose (TSB+G).

As expected, survival of the E. coli B202 cells during acid challenge was increased by ~5
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logs with 5 mM protonated D-lactic acid. There was no significant difference (p <0.05)
between the gluconate buffer solution (pH effect) and 5 mM D-lactic acid with 40 mM
protonated acetic acid added when the E. coli cells were grown with agitation so they did not
become acid adapted. However, D-lactic acid in the absence of acetic acid did show a

protective effect with the non-acid adapted cells.
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Figure 25. Effect of growth conditions on E. coli O157:H7 strain
202 on acid challenged at pH 3.2, 25°C.

Buchnanan and Edelson (1996) reported that growth in media with and without
fermentable carbohydrates is a convenient way of studying the induction of acid tolerance.
They cultured six O157H7 strains, one O11:H" strain and one nonenterohemorrhagic E. coli
strain in trypticase soya broth (TSB) with (TSB+G) and without glucose (TSB-G) for 18
hours, followed by acid challenge at pH 2.5 and 3.0 in brain heart infusion broth at 37°C.
They reported that the depression of pH by E. coli was dependent on the concentration of

glucose. Maximum reduction of pH was observed with glucose levels of >7.5 g/L.. The
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mean final pH values ranged from 4.6 to 5.2 and 6.9 to 7.0 for TSG+G and TSG-G which is
lower than the final pH values we observed (4.7 & 8.6). As describe above, when culturing
E. coli B202 in TSB-G, the final pH value was affected by agitation and presumably the
increased oxygen availability in the media. Similarly, when Ryu et al. (1999) cultured E. coli
O157:H7 for 18 hours at 37°C in TSB-G or TSB+G, they observed final pH values of 6.2 and
4.9, respectively. Subsequent acid challenge in TSB with the pH adjusted to 4.5, 3.9, or 3.4
with malic, citric, lactic, or acetic acid caused the acid adapted cells to be more acid tolerant
than unadapted cells. When E. coli is grown in the absence of oxygen, glucose is
metabolized by fermentative pathways producing acetate, ethanol, lactate and formate as
major products, which causes pH to decrease (Clark, 1989). Our results indicated that non-
adapted cells were less acid tolerant than adapted cells when challenged with 5 mM
protonated D-lactic acid with and without 40 mM acetic acid (Fig. 23).

Acid challenge with mutants of acid resistant systems. To determine if the glucose
repressed system (rpoS) and gadE system were involved in the D-lactic acid protective
effect, an acid challenge using 5 mM D-lactic acid and gluconic buffer alone was conducted
using E. coli K12 mutants defective in these two acid resistance systems (Fig. 26).
Reductions in cell number (~2.5 logs) were significantly greater (p <0.05) with the parent E.
coli K12 strain compared to the E. coli K12 rpoS mutant (~1.5 logs) in the presence of 5
mM protonated D-lactic acid. There was no significant difference (p >0.05) between the
gadE mutants and parent strain. The cell numbers of all E. coli K12 strains, including both
parents and mutants, were reduced beyond the detection level during the 6 hour acid

challenge in gluconic buffer without additional acids present.
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Figure 26. Effects of 5 mM D-lactic acid (gray bars) and no acid (black
bars) on E. coli 12 mutants at pH 3.2, 25°C.

These results did not give any clear indication of the involvement of these acid
resistance systems in the D-lactic acid protective effect. The rpoS-regulated proteins are
important for the survival of E. coli O157:H7 in the acidic environments (Cheville et al.,
1996). The increased reduction in cell numbers seen with the mutants could have been
caused by pH alone. The gadE gene is a regulatory component of the glutamate
decarboxylase system and its gene product is required for expression of the two
decarboxylase isozymes encoded by gadA and gadB (Ma et al, 2003). The GadE protein
binds directly to the 20 bp GAD box sequence found in the control region of both loci. The
glutamate decarboxylate enzyme regulates internal pH by consuming protons during the

decarboxylation of glutamate. The gad genes are also partially regulated by 7poS (Castanie-
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Conrett et al. (1999). Results indicate that the 7poS system and gadE systems are not
affected by D-lactic acid.

Induction of acid resistance with D-lactic acid. An experiment was conducted to
determine if D-lactic acid induced an acid resistant system. Cells grown overnight were
adapted for 1 hour in TSG media with and without addition of 5 mM protonated D-Lactic
acid at pH 4.6. During the 18 hour overnight incubation of E. coli B202 the pH of the media
decreased from 6.8 to 4.6, therefore a pH of 4.6 was chosen for the 1 hour adaptation. Cells
were subsequently acid challenged with 5 mM protonated D-lactic acid, 40 mM acetic acid
and gluconic acid buffer. A statistically significant (p >0.05) difference was found between
the adapted and non-adapted E. coli with 5 mM protonated D-lactic acid. However the
difference was only ~0.3 log units (Fig. 27). Garren et al. (1997) adapted E. coli cells in
media acidified with 0.85% lactic acid at pH 5.5 or 5.0 for 0, 1, 2, 3, or 24h. After induction
of acid resistance, cells were acid challenge at pH 4.0 or 3.5 using 0.85% lactic acid for pH
adjustment at 25°C or 32°C for 21 days. Cells not subjected to an acid challenge were used
for comparison. The acid adapted cells better tolerated the acid stress over time than did the

non-adapted. Our results did not show induction of an acid resistant system by D-lactic acid.
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Figure 27. Effects of D-lactic acid adaptation on acid challenge at pH
3.2 and 25°C.

DNA Microarray experiment. DNA Microarray analysis is a technique which
allows determination of the genes that are active under particular condition. Every gene of
the microorganism is spotted onto a solid medium in arrays of spots. mRNA is extracted
from the cell, converted to cDNA and the cDNA labeled and hybridized to the microarrays
(Brown, 2001).

A microarray experiment was conducted to see if there was a difference in gene
expression between E. coli strain B202 exposed to solutions containing no added acid, 20
mM protonated D-lactic acid and 20 mM protonated L-lactic acid at pH 3.2. The rate of
killing of E. coli B202 was measured in all three solutions at pH 3.2 (25°C) (Fig. 28). The
results confirmed our previous findings that the death rate with 20 mM protonated D-lactic

acid was significantly less than the death rate with pH alone (gluconic acid buffered
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solution), or 20 mM protonated L-lactic acid. From these results, a 30 min incubation in the

three acid solutions was chosen as a treatment for the microarray analysis.

Survivors (log cfu/ml)

Time (h)

Figure 28. Survival curves of E. coli O157:H7 strain 202 isolated from
a salami outbreak at 25°C (pH 3.2) with 20 mM protonated D-lactic acid
(closed triangles), 20 mM protonated L-lactic acid (open circles) and
without added acid (closed circles). Survival data were modeled with a
linear model for two independent trials. Experiment was done in
duplicate.

E. coli B202 was incubated in solutions with no added acid, 20 mM protonated D-
lactic acid and 20 mM protonated L-lactic acid for 30 min (pH 3.2, 25°C) and RNA
subsequently isolated. Isolated RNA concentration was measured (Table 5) and the RNA
examined by agarose gel electrophoresis (Fig. 29). Initial analysis of the results (data not
shown) did not show a significant difference in gene expression between treatments.
However, variation in the expression levels was large and further experiments may possibly

reduce variance and increase the possibility of finding if specific differences are present in
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gene expression. Variance in mRNA levels could be reduced by increasing the sample size,

or by change in the experimental design.

Table 5. Concentration or RNA isolates measured with Nanodrop

machine
Sample Treatment Concentration (ng/ul)
1 D-lactic acid 526.9
2 L-lactic acid 521.5
3 No added acid 531.5

235

165

Figure 29. Agarose gel with RNA isolates.

Anaerobic acid challenge. To determine if oxygen had an effect on acid challenge
of E. coli, cells were incubated at 30°C in the absence of oxygen in an anaerobic hood, and
aerobically, with the dissolved oxygen naturally present in solution. The temperature of the
acid challenge was in creased from 25 to 30°C. As a result, the acid challenge time was

decreased from 6 hours to 5 hours. Surprisingly, cell numbers of E. coli B202 strain were
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reduced by only ~1-1.5 log during the 5 hour acid challenge in the absence of oxygen for all
solutions tested (Fig. 30 & 31). When cells were incubated under aerobic conditions, a 3.5
log reduction was observed in the gluconic buffer control, with 5 mM L-lactic acid and with
40 mM acetic acid. However, when incubated in 5 mM protonated D-lactic acid with and
with and without acetic acid under aerobic conditions only about ~1-1.5 log reduction
occurred similar to the oxygen reduced conditions. No significant difference (p >0.05) was
found for acid killing with 5 mM D-lactic acid solutions under anaerobic and aerobic

conditions.

4
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E | |
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15 [ Aerobic
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No acid 5 mM L-lactic 5 mM D-lactic

Protonated acid

Figure 30. Effect of no added acid, 5 mM D-lactic acid and 5 mM L-
lactic acid on the survival of E. coli O157:H7 under anaerobic and
aerobic conditions at pH 3.2, 30°C.

When E. coli B202 was challenged with 5 mM protonated D-lactic acid in combination with
40 mM protonated acetic acid, no significant (p <0.05) difference in the 1-1.5 log reduction

was observed.
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Figure 31. Effect of different acid combination on the survival of E.
coli O157:H7 strain 202 under anaerobic and aerobic conditions at
pH 3.2.

An experiment was conducted to see if extending the time under anaerobic conditions
from 5 hours to 12 and 24 hours would accentuate the difference between the acid treatments.
Cells were kept at room temperature in the anaerobic hood for 12 hours and 24 hours.
Surprisingly, cell numbers of E. coli B202 were only reduced by 1.5 logs during the 12 hours

and 24 hours (Fig. 32) under anaerobic conditions.
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Figure 32. Effect of different acid combination on E. coli O157:H7
during 12 and 24 hour acid challenge in anaerobic hood at pH 3.2
and room temperature.

Oxygen can be converted to hydrogen peroxide and superoxide radicals (O,") both of
which are toxic to E. coli. However, E. coli contains catalase and superoxide dismutase that
can detoxify these compounds (Stroz and Zeng, 2000; Claiborne & Fridovich, 1979). The
presence of oxygen during acid challenge could increase the stress levels of the cells and thus
decrease cell survival. The optimum pH for catalase activity is pH 7.5 (Claiborne and
Fridovich, 1979). It has been reported that during acid challenge, E. coli can lower its
internal pH. Richard and Foster (2004) found that during acid challenge at pH 2.5 the
internal pH of E. coli was pH 3.6. Thus, it’s possible that during acid challenge at pH 3.2,
the internal pH of E. coli is reduced below the pH optimum of catalase. This can cause

decrease in the activity of catalase and make the cell susceptible to hydrogen peroxide and
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superoxide radicals present under aerobic conditions. However under anaerobic conditions
fewer radicals are present and thus increased survival may occur.

Cell counts when plating stressed cells have been reported to be higher when cells are
incubated anaerobically or with reactive oxygen species (ROS) removed after stress (Murano
and Pierson,1992; Bomberg et al., 1998; Gadezella and Ingham,1994; Mizunoe et al., 1999).
Khaengraeng and Reed (2005) studied the effects of oxygen on the inactivation of E. coli
exposed to either (i) UV-A light or (i) simulated full-spectrum sunlight by comparing
conventional plate counts on a nonselective, agar-based medium for cells grown under
illumination and incubated in either presence or the absence of oxygen. Cells were grown
under oxygenated (air-sparged) or hypo-oxygenated (N,-sparged) conditions and then
illuminated in a solar simulator under either hypo-oxygenated, oxygenated or
hyperoxygenated (O;-sparged) conditions. They found that the extent of cell death during
illumination was directly related to the dissolved oxygen content of the water. Aerobically
grown cells were more resistant to illumination in simulated sunlight than cells cultured
under N-sparged conditions. A similar trend was seen with cells cultured under air-sparged
and N,-sparged conditions. Cells illuminated under O,-sparged conditions showed the
greatest decrease in cell counts, followed by air-sparged and the O,-sparged conditions. Cell
counts of E. coli made in pyruvate—supplemented medium under anaerobic conditions
consistently showed greater plating efficiency than the corresponding cells plated under
aerobic conditions in unsupplemented medium. This is in agreement with our results, which
showed anaerobic conditions aided in the survival of acid treated cells compared to cells
where oxygen was present. However, in the presence of 5 mM protonated D-lactic acid cell

survival was the same in aerobic or anaerobic conditions. Thus the protective effect
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observed with lactic acids could possibly be related, directly or indirectly, to inactivation of
oxygen radicals species. Pyruvate is known to be a hydrogen peroxide scavenger
(Salahudeen et al., 1991). E. coli has two D-lactate dehydrogenases, one membrane bound
and one soluble (Tarmy and Kaplan, 1968;Genbank, 2005). It’s is possible that D-lactate is
converted to pyruvate by either of these enzymes which then protected the cells against the

toxic effects of hydrogen peroxide.

CONCLUSION

The results of this study did not show that increased survival of E. coli cells in the
presence of low concentrations of D-lactic acid was caused by an inducible acid resistance
system. Pyruvate was found to protect E. coli similar to D-lactic acid in that it was effective
at a 1 mM protonated acid concentration. D-lactic acid and pyruvate protected cells against
40 mM protonated acetic acid, which had previously been shown to reduce cells below the
detection limit during the acid challenge. The fact that the same survival of E. coli cells
occurs under anaerobic conditions as occurs when D-lactic acid or pyruvate are added
aerobically suggests that oxygen may play a major role in the effect of organic acids on E.
coli O157:H7. Thus, D-lactic acid and pyruvic acid may protect the cells by inactivating
reactive oxygen radical species. In order to reliably and efficiently eliminate acid tolerant
pathogens from acid and acidified foods we should have a clear understanding of the
environmental factors that affect killing of these microorganisms. Thus, the role of oxygen
during acid challenge studies must be determined to effectively assure the safety of acid and

acidified products.
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