
ABSTRACT 

LU, HUIYING. The Antimicrobial Effects of Weak Acids on Escherichia coli O157:H7, 
and the Application of Fumaric Acid to Develop Processing Treatments for 5-log 
Reduction of Escherichia coli O157:H7 in Refrigerated Pickle Products. (Under the 
direction of Dr Fred Breidt, Jr. and Dr Ilenys Pérez-Díaz). 
 

The survival of acid resistant pathogen, Escherichia coli O157:H7 in acidic food 

products has been an important food safety concern. E. coli O157:H7 can survive in 

acidic food for up to one month, depending on the brine pH, acidulant type, salt content, 

storage temperature, and oxygen content. The lack of dissolved oxygen, which is typical 

in hermetically sealed acidified vegetable products, can prolong survival of E. coli 

O157:H7. The objectives of this research include 1) find out and compare the efficacy of 

food grade weak acids for E. coli O157:H7 inactivation, under the condition that 

represent acidified vegetable products with pH 3.2 or below; 2) utilize the effective 

acidulants to reformulate refrigerated acidified vegetable products, and develop 

applicable processing treatments to guarantee a 5-log reduction of E. coli O157:H7 in this 

type of products. For the first part of research, a variety of food grade acids (acetic, malic, 

lactic, citric, fumaric, benzoic, sorbic acids and sulfite) were investigated to determine 

their bactericidal effects against E. coli O157:H7. Experiments were done anaerobically at 

pH 3.2 with an ionic strength of 0.342 (equivalent to 2% salt). The overall antimicrobial 

effectiveness of weak acids used in this study were ranked, from most effective to least 

effective: sulfite > benzoic acid > sorbic acid > fumaric acid > L-/D-lactic acid > acetic 

acid > malic acid, based on their protonated concentrations required to achieve 5-log 

reduction after 24 h incubation at 30 °C. Citric acid was found to be ineffective on E. coli 

O157:H7 inactivation. The second part of the research focused on addressing food safety 

risk of refrigerated pickle products. The results indicated the ability of E. coli O157:H7 to 



survive up to one month in this type of products. Our strategies to solve this issue 

included: using fumaric acid, a much more effective antimicrobial than acetic acid, to 

supplement acetic acid for better pathogen killing; designing holding treatments at 10, 20 

and 30 °C to accelerate the inactivation rate of pathogen; and utilizing fumaric acid to 

retard lactic acid fermentation during holding treatments. The optimized brine 

formulation contained 25 mM fumaric acid, 5 mM benzoic acid, 70 mM acetic acid and 2% 

salt, with a pH of 3.8. This formulation was capable of achieving a 5-log reduction of E. 

coli O157:H7 after a holding process of 30 °C for 1.52 ± 0.15 d; or 20 °C for 3.12 ± 0.36 

d; or 10 °C for 8.83 ± 0.56 d. The results provide processing choices for the refrigerated 

pickle industry to reduce the risk of E. coli O157:H7 outbreaks.  
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1.1 Acidified Foods and Regulations 

Acidification is one of the traditional ways to preserve food. Low pH food includes 

acid food and acidified food. The former one refers to foods that naturally have a pH 

below 4.6, which is a limiting factor for growth of Clostridium Botulinum (Townsend, et 

al., 1954; Ito, et al., 1976). Acidified food products are those that reach their equilibrated 

pH of 4.6 or lower through the addition of acidulants or acid food ingredient (21 CFR 

parts 114).  

As one of the most popular acidified food products in the United States and Europe, 

acidified pickles were once made with high concentrations of acetic acid, approximately 

3.6% (wt/vol) or 500 mM in concentration (Binsted, et al., 1971), giving a strong acidic 

taste. However, the flavor trend has gradually moved to milder sour taste today. As a 

result, a combination of acidification and pasteurization became necessary to ensure food 

safety. Nowadays, fresh packed pickle are processed by mild acidification (0.5% -1.1% 

acetic acid) of fresh cucumbers (sliced or intact), followed by pasteurization to internal 

temperature of 150-172°F for a variable time span around 15 min, depending on package 

size and product type (Lisa Moeller, personal communication). An exception would be 

refrigerated pickle products which are practically not heat processed. In addition, 

acidified vegetable products with pH of 3.3 or less are consider to be safe without 

pasteurization, provided that the product has been stored at 10 °C for at least 6 days, or 

at 25 °C for more than 51 hours before released to the market (Breidt, et al., 2007). 

However, it is of great interest to the pickle industry to shorten the holding time during 

pickle processing. 
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1.2 Weak Acids as Antimicrobials 

Inspired by the effective preservation with lactic acid in fermented food, food grade 

weak acids have gradually became the most widely used food additives for preservation. 

Adding organic acid not only lowers the pH, making the environment inhospitable, but 

also exerts toxic chemical stress on microbes, which could be fatal. Low pH stress works 

with other environmental inhibitors as multiple hurdles to inhibit or eliminate 

microorganisms. pH stress also helps increase the sensitivity of microbes to other 

environmental stresses, thus shortens the processing time. For the purpose of this research, 

the present review will only cover information about acetic, lactic, malic, fumaric, sorbic, 

and benzoic acid along with sulfite.   

Acetic acid is naturally formed during fermentation by acetic acid bacteria, notably 

Acetobacter (Kittelmann, et al., 1989). Acetic acid could be generated from ethanol by 

acetic acid bacteria during beer or wine spoilage (Bartowsky and Henschke, 2008). 

Some hetero-fermentative lactic acid bacteria such as Leuconostoc spp. also produce 

acetic acid. Acetic acid is probably the most widely used acidulant in foods. It is the 

major acidulant in many preserved foods, including acidified vegetables, mayonnaise, hot 

pepper sauce and salad dressing, generally called as “acetic acid preserves”. Although 

acetic acid has been reported to significantly reduce the viability of a wide spectrum of 

bacteria, including Listeria monocytogenes, Yersinia enterocolitica, and Bacillus cereus 

(Ahamad and Marth, 1989; Karapinar and Gonul, 1992; Levine and Fellers, 1940), it is 

relatively ineffective against Escherichia coli O157:H7. Hardin reported lower 

bactericidal effect of acetic acid than lactic acid against E. coli O157:H7 (Hardin, et al., 

1995). The use of acetic acid in a washing step to sanitize beef was noticed to be less 

effective than a lactic acid wash treatment (Kotula and Thelappurate, 1994). It was 
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recently demonstrated by Bjornsdottir that under the same experimental conditions, it 

required twice as much the concentration of protonated acetic acid to reach five log 

reduction of E. coli O157:H7 comparing with using protonated lactic acid (Bjornsdottir, 

et al., 2006). Furthermore, an antagonist effect of acetic acid and sodium chloride has 

been reported, in which E. coli O15l7:H7 was found to be protected by the hyperotonicity 

from acetic acid (Chapman and Ross, 2009; Lee, et al., 2010).  

Food fermentation is probably the most longstanding way of food preservation that 

has been known and used ever since the first occurrence of human civilization. As the 

major weak acid generated during food fermentation, lactic acid contributes to longer 

preservation of the perishables, as well as the unique flavor and texture attributes of 

fermented foods, such as cheese. Its pronounced antimicrobial effect has been extended 

and adopted in food formulation and processing to resolve food safety issues. The 

effectiveness of lactic acid spray on beef pork and chicken carcasses has been extensively 

studied (Smulders and Woolthuis, 1985; Visser et al., 1988; Castelo, et al., 2001). Lactic 

acid spray provids a continual antibacterial effect throughout the shelf life of raw meat 

under refrigeration temperature (Kang, et al., 2001). The bactericidal effect of lactic acid 

was found to be more significant on Gram-negative, causing a microbial population shift 

to primarily Gram positive bacteria after lactic acid treatment (Van Netten and Huis In’t 

Veld, 1994). The lactic acid antibacterial effect was synergistically increased when 

combined with mild heat, and caused more than 6 log reduction of E. coli O157:H7 on 

contaminated beef rounds (Castillo et al., 1998). Minor changes in color, and to a less 

extent, in flavor were reported for meats treated with lactic acid; however, the shear 

values, moisture and other sensory properties were retained (Eilers, et al., 1994; Kotula 

and Thelappurate, 1994; Ellebracht, et al., 1999).  
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Malic acid is widely present in fruits and vegetables. It was first isolated from apple 

juice in 1785. It contributes to the sourness of green apples and grapes. Malic acid is 

mainly used to provide sourness to fruit jams, candies, snacks and in apple-related food 

products. When combining with anti-browning and softening agents, 2.5% L-D-malic 

acid dipping treatment prior to pathogen inoculation to fresh apple slices resulted in a 

more than 5-log reduction of E. coli O157:H7 (Raybaudi-massilia, et al 2009). Two 

similar studies were done to examine the effect of malic acid on heat inactivation of E. 

coli O157:H7 in apple siders. In the first one, the addition of 0.5% malic acid was found 

to effectively sensitize E. coli O157:H7 to heat treatment, and shortened the D50 value (at 

50 °C) from 65 min to 13.9 min (Dock, et al., 2000); while 0.1% malic acid was 

insufficient to make a difference (Comes and Beelman, 2002).  

Fumaric acid is currently used as an antibacterial agent by food industry. It offered 

better surface disinfecting effect than lactic acid or acetic acid (Podolak et al., 1996). In 

addition, it was exploited as an inhibitor of malolactic fermentation in the wines 

especially made from grapes grown in warm climates (Cofran and Meyer, 1970; Ough 

and Kunkee, 1974). The antimicrobial effect of fumaric acid on E. coli O157:H7 has been 

demonstrated by several studies (Kondo et al., 2006; Comes and Beelman, 2002; 

Chikthimmah et al., 2003). A strong linear correlation between the concentration of 

undissociated fumaric acid and log reduction of E. coli O157:H7 was observed in apple 

cider when treated for 4 hours at 25 °C (Comes and Beelman, 2002). In the same study, a 

treatment for 5-log reduction of E. coli O157:H7 was developed. The treatment required 

0.15% fumaric acid coupled with 0.05% benzoate at 25 °C for 6 hours (Comes and 

Beelman, 2002).  

Benzoate is widely used to preserve perishable foods, including meat products, drinks, 
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preserved fruits and vegetables. It naturally forms in vegetables, fruits and some 

mushrooms, e.g., apples, blueberries and tomatoes. High level of benzoate was also found 

in cultured dairy products, for instance, yogurt (9-56 mg/kg), sour cream (10-18 mg/kg), 

butter milk (10-19 mg/kg), cottage cheese (2-18 mg/kg), and smear-ripened cheese (0-622 

mg/kg) (Chipley, 2004). Microbial degradation of either hippuric acid or phenylalanine 

was suggested to be the pathway of biosynthesis of benzoate in cultured dairy foods 

(Chipley, 2004). The antimicrobial effects of benzoate have been documented against 

molds, yeast and various pathogenic bacteria. Zhao reported the effect of benzoate to 

substantially improved the safety of unpasteurized apple cider (Zhao, et al. 1993). 

Benzoate (0.1%) significantly decreased the D value of E. coli O157:H7 in mildly heated 

apple cider (50℃) from 65 min to 7 min (Dock, et al., 2000). Furthermore, combination 

of benzoate and fumarate was found capable of achieving 5 log reduction of E.coli 

O157:H7 in apple cider (Comes and Beelman, 2002).  

Sorbate was first identified as a fungistatic agent (Gooding, 1945). It is widely used in 

food products with intermediate water activity and a wide pH arranges of up to 6.5 

(Skirdal and Eklund, 1993). Its extensive application in food products is due to the 

antimicrobial effect against a wide spectrum of microbes, including molds, yeast and 

bacteria (Sofo, 2000). Sorbate was found to be less effective than benzoate for E. coli 

O157:H7 inactivation in apple cider (Zhao, et al, 1993). The synergistic effect of 

cinnamon and sorbate against E. coli O157:H7 were reported at 8 and 25 °C (Ceylan, et 

al., 2004).  

Sulfite is the conjugated base of sulfurous acid, an unstable form of the hydrated 

sulfur dioxide. Sulfite has been extensively employed in food processing and food 

formulation for multiple purposes, including: preventing enzymatic browning of fresh 
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produce or seafood (Sapers and Hicks, 1989); texture retention of acidified vegetables 

(McFeeters, et al., 2004); and dough conditioning (Papazian, 1996). It is also well known 

as a wine preservative (Liu and Gallander, 1983; Ribéreau-Gayon, et al., 2000) and 

antimicrobial (Banks, et al., 1985). Bacteria are typically more sensitive to sulfite than 

yeast and molds (Ough and Were, 2004). Sulfite was reported to be more effective against 

gram negative bacteria, causing a shift to primarily gram positive organisms in meat 

(Banks, et al., 1985). Sulfite and sulfur dioxide has been used to extend the shelf life of 

meat product at refrigeration temperature (Reddy and Mandokhot, 1987; Adams, et al., 

1987). Sulfite treatment was shown to effectively inactivate E. coli O157:H7 in fermented 

sausage products (Charimba, et al., 2010). When combined with dimethyl dicarbonate 

(DMDC), 50 ppm SO2 could decrease E. coli O157:H7 in apple cider by more than 5 logs 

at room temperature (Basaran-Akgul, et al., 2009).  

The maximum levels of weak acids applied in food formulation as preservatives are 

regulated (Table 1) based on their toxicity towards humans. Benzene can be generated 

from the benzoate and ascorbic acid (Cao, et al., 2007; Nyman, et al., 2008), especially at 

high storage temperature and exposure to UV light (Nyman, et al., 2010). Adverse 

reactions to benzoate or sorbate were observed in some individuals (Parke and Levis, 

1992). Previous studies found no link between sorbate intake and carcinogenic or 

mutagenic effects (Stopforth, et al., 2004). Sulfite is not allowed in meats and other foods 

known as vitamin B sources (FDA, 1988), because sulfite can destroy vitamin B1 

(thiamine), a critical vitamin required for carbohydrate metabolisms (William, et al., 

1935). The maximum level of sulfite allowed in food product may vary depending on the 

food type; however, FDA mandates sulfite concentrations above 10 ppm to be declared 

on product labels (FDA, 1986). The FDA in 1986 prohibited the application of sulfite on 
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produce served raw or presented fresh to the public, due to the severe, even fatal response 

for some individuals that are allergic to this compound. However, sulfur dioxide could 

still be used as fungicide on table grapes provided the level is less than 10 ppm (Warner, 

2000).  

1.3 Escherichia coli O157:H7 

Escherichia coli were initially described in 1885 by Dr Theodore Escherich as a short 

rod and slightly curved (Bettelheim, 1986). Escherichia coli is a gram negative, 

facultative anaerobic bacterium widely found in the environment as well as the intestinal 

tract of warm blood animals. As members of normal microflora in gastrointestinal tract of 

human and animals, they contribute to vitamin K biosynthesis (Bentley and Meganathan, 

1982), as well as prevent foodborne pathogenic infection (Hudault, et al., 2001; Reid et 

al., 2001). The total E. coli counts are often used as an indicator for fecal contamination.  

Pathogenic E. coli strains are capable of causing a broad spectrum of diseases, 

including diarrheal disease, urinary tract infection, sepsis and meningitis, especially for 

immuno-compromised people (Meng, et al., 2007). Diarrheagenic E. coli isolates are 

divided into several sub-groups, based on characteristics of serotype, virulence, 

pathogenicity and syndromes. The subgroups include enteropathogenic E. coli (EPEC), 

enterotoxigenic E.coli (ETEC), enteroinvasive E. coli (EIEC), enteroaggregative E. coli  

(EAEC), enterohemorrhagic E. coli (EHEC) and diffuse-adhering E. coli (DAEC) 

(Meng, et al., 2007).  

E. coli O157:H7 belongs to the EHEC pathogenic group. It was first isolated in 1975 

from a californian woman with bloody diarrhea (Griffin and Tauxe, 1991). E. coli 

O157:H7 was recognized as pathogen by Riley and co-workers during an investigation of 

two outbreaks of hemorrhagic colitis in 1982, which were associated with consumption of 
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contaminated hamburgers (Riley, et al., 1983). Unlike other E. coli strains, it cannot 

ferment sorbitol. E. coli O157:H7 is also unable to hydrolyze 4-methylumbelliferyl-D-

glucuronide [MUG], due to the lack of β-glucuronidase (Meng, et al., 2007). Other than 

its pathogenicity, it was also shown to be much more acid resistant than other E. coli, 

which re-enforce its infectivity (Diez-Gonzalez and Russell, 1997).  

The epidemiology of E. coli O157:H7 is characterized by the extremely low 

infectious dose and severe symptoms thereafter. The infectious dose of E. coli O157:H7 

was estimated to be as low as 10 cells (Gorden and Small, 1993; Meng, et al., 2007). 

Symptoms include severe abdominal cramp and watery hemorrhagic diarrhea (Yoon and 

Hovde, 2008). Serious infection of E. coli O157:H7 can lead to life threatening syndrome, 

including hemolytic uremic syndrome (HUS) and Thrombotic thrombocytopenic purpura 

(TTP). Most of the HUS cases in the United States were caused by E. coli O157:H7 

infection (Banatvala, et al., 2001). In addition, E. coli O157:H7 is one of the leading 

causes for children kidney failure (Siegler, et al., 1994).   

Food transmission remains the major route for E. coli O157:H7 infection, accounting 

for 52% of the outbreaks in the United States (Rangel, et al., 2005). Based on a report 

from Centers for Disease Control and Prevention, an estimated of 82% of the total 

infection cases were tracked back to contaminated food sources. Previous E. coli 

O157:H7 outbreaks have been traced back to a wide spectrum of food types (Figure 1, 

data referred from Rangel, et al., 2005).  

Cattle are the most important reservoir of E. coli O157:H7 (Doyle, et al., 1987; Read, 

et al., 1990; Wilson, et al., 1992; Wells, et al., 1991; Elder, et al., 2000; Prendergas, et al., 

2009). Due to the lack of Shiga toxin receptor, globotriaosylceramide (Gb3) in 

gastrointestinal tract, cattle carrying this pathogen are generally asymptomatic 
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(Pruimboom-Brees, et al., 2000). The isolation rate varies from very low, around 0.45% 

(Wilson, et al. 1996) to more than 60% within the total population in farms (Jackson, et al. 

1998), and could be even higher for beef calves at weaning (Laegreid, et al. 1999). The 

prevalence of E. coli O157:H7 was found to be seasonal, peaking during summer and 

early fall (Barkocy-Gallagher, et al., 2003). Contamination may occur during milking or 

slaughter, resulting in contaminated raw meat and raw milk. Furthermore, grinding 

process can disseminate the pathogen through ground beef, which then requires an 

internal cooking temperature of 160 °C for a thorough inactivation of this pathogen. In 

addition, E. coli O157:H7 has also been isolated from numbers of domestic or wild 

animals, including sheeps, chickens, goats, swines, dogs, cats, birds, deers, water 

buffaloes and rodents (Beutin, et al., 1993; Galiero, et al., 2005; Nielsen, et al., 2004;). 

Raw milk could be easily contaminated by cattle feces during the milking process; 

hence it serves as a harbor of E. coli O157:H7 when milk is consumed prior to proper 

pasteurization (Wells, et al., 1991). Dairy products that are associated with documented E. 

coli O157:H7 outbreaks include raw milk, cheese, and occasionally yogurt (Keene, et al., 

1997; Morgan, et al., 1993; Honish, et al., 2005; CDC, 2000). Some cheese varieties, 

including Swiss semi-hard and hard cheeses, are made directly from raw milk.  FDA 

requires a minimum of 60-day holding time at ≥ 2 °C for such products (Anon, 194). 

However, the ability of STEC to survive the ripening period of more than 90 days has 

been demonstrated by several studies (Maher, e al., 2001; Schlesser, et al., 2006; Caro, et 

al., 2007). The numbers of pathogens was found to significantly increase (about three log) 

during cheese processing, while a 60-day holding time at 7 °C only reduce this pathogen 

cell count by one log (Schlesser, et al., 2006). Ramsaran and co-workers demonstrated the  

ability of E. coli O157:H7 to not only survive the manufacturing process of Camembert 
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and Feta cheeses but also multiply during a 75-day of holding period (1998).  

Contaminated water may play an important role in mediating E. coli O157:H7  
infections either through direct consumption (Geldreich, et al., 1992; Olsen, et al., 2002), 

indirectly during irrigation for produce (Solomon, et al., 2002), or as recreation water 

(Rangel, et al., 2005). A number of previous outbreaks in the United States were tracked 

back to contaminated water (CDC, 1996; CDC, 1999; Bopp, et al., 2003), which 

accounted for 9% of the E. coli O157:H7 outbreaks reported to date (Rangel, et al., 2005). 

Water contamination is highly seasonal, more frequent during warm and rainy seasons 

(Gannon, et al., 2004; Thomas, et al., 2006). Contaminants involve agricultural waste, 

manure from wild animals and sewage. Depending on the environmental conditions, 

survival of E. coli O157:H7 in water can last days to weeks (Maule, 2000; Nwachuku and 

Gerba, 2008).  

The risk of fresh produce contamination with E. coli O157:H7 during growth is not to 

be ignored. Contamination could occur during planting, processing, handling and/or 

distribution (Beuchat, 2002; Solomon, et al.; 2002). Contaminated produce has been a 

prominent vehicle for E. coli O157:H7 infections since 1991, accounting for 21% of total 

outbreaks and 34% of the overall infection cases from 1982-2002 in the United States 

(Rangel, et al., 2005). Outbreak-associated produce include spinach, lettuce, and alfafa 

sprout, as well as apple juice and apple cider (CDC, 2006; Hilborn, et al., 1999; 

CDC1997a; CDC, 1996b). Samadpour et al detected EHEC in 12 (6.0%) of 200 sprout 

samples collected from retail store in Seattle, WA, from which 3 (1.5%) were positive for 

E. coli O157. Among a group of 100 mushroom samples, 4 (4.0%) were positive for 

EHEC (Samadpour, et al., 2006). Table 2 listed the E. coli O157:H7 outbreaks associated 

with processed or fresh produce from 1980 to 2005. 
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E. coli O157:H7outbreaks have been traced to apple juice, apple cider, yogurt and 

mayonnaise (Besser, et al., 1993; CDC, 1996b; Morgan, 1993; Keene, et al., 1993). 

Multiple environmental factors should be considered for controlling E coli O157:H7 in 

acidified foods, including pH, acidulant type, oxygen content, ionic strength and storage 

temperature. A study done by Bjornsdottir et al showed different antimicrobial activity 

against E. coli O157:H7 for several widely used acidulants under aerobic conditions 

(Bjornsdottir, et al., 2006). However, it was later discovered that dissolved oxygen can 

enhance the acid inactivation of E. coli O157:H7 (Kreske, 2008). Consequently, the lack 

of dissolved oxygen in hermetically sealed food products, increase the survival of this 

pathogen in acidified foods. Refrigeration temperature (4-7 °C) typically extends the 

survival of E. coli O157:H7 in low pH food. E. coli O157:H7 in mayonnaise (pH 3.65) 

died off after three days at 25 °C, but it survived up to 35 days when temperature was 

held at 7 °C (Weagant, et al., 1994). Zhao reported that E. coli O157:H7 survived 2-3 

days in apple cider at 25 °C, versus up to one month at 8 °C (Zhao, et al., 1993). Similar 

results were observed for the survival of this pathogen in yogurt and fruit pulp (Bachrouri, 

et al., 2002; Marques, et al., 2001). The persistence of this pathogen increased as 

temperature went down towards refrigeration temperature decreased (Bachrouri, et al., 

2002), although the mechanism for this has not yet been identified.   

1.4 Acid Resistance of E. coli O157:H7 

The gastric barrier (pH 1.5-2.5) is a harsh environment for foodborne pathogens. 

Acid sensitive pathogens typically require large infectious doses to guarantee enough  

survivors during passage through the stomach. On the contrary, Escherichia coli O157: 

H7 is capable of causing infection with 10-100 cells due to its acid resistance (Gorden 

and Small, 1993). The ability to survive in both mildly low pH as well as extremely low 
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pH enable this pathogen to survive in food systems, and pass through extremely low pH 

environment in stomach, and reach the intestinal tract where it colonizes. E. coli O157:H7 

was found to be more acid resistant than generic E. coli strains (Diez-Gonzalez and 

Russell, 1997). Acid tolerance varies among strains (Lin, et al., 1995). Oh et al reported 

significantly higher tolerance to acetic acid of E. coli O157:H7 strains from 

environmental sources (bovine carcasses, bovine feces, water) as compared with human 

outbreak-related strains (Oh, et al., 2009).  

Inducible acid resistance (AR) has been demonstrated in many Gram negative bacteria. 

Exposure to sub-lethal acidic environment triggers biosynthesis of certain proteins that 

protect cells from more severe acid stress. The inducible AR of E. coli is associated with 

at least three acid resistance systems. The first acid resistant system (AR1) is mediated by 

RpoS (σs) and CRP (cAMP receptor protein) (Ishizuka, et al., 1993). AR1 was found to 

be glucose-repressed, due to the fact that glucose lowers both cAMP and CRP (Ishizuka, 

et al., 1993). RpoS functions as an alternative sigma factor, which is activated during 

nutrient depletion stress (Jerkins, et al., 1988; Arnold and Kaspar, 1995; Gauthier, and 

Clement, et al., 1994; Hengge-Aronis, 1993a), and subculture in fresh medium resulted in 

a loss of acid resistance (Gauthier, and Clement, et al., 1994). RpoS competes with the 

house-keeping sigma factors to direct a core RNA polymerase in the transcription of 

specific gene subsets, switching on the stress metabolisms to prepare the bacteria to resist 

multiple environmental stresses (Lange and Hengge-Aronis, 1991). RpoS has been 

associated with resistance against heat, UV radiation, oxidative stress, high osmolarity, 

and pH stress (Jenkins, et al., 1988; Tuveson, et al, 1979; Hengge-Aronis, 1993b; 

Schellhorn and stones, 1992; Cheville, et al., 1996). AR1 was found to be induced when 

E. coli cells are cultured in Luria Bertani broth to stationary phase at pH of 5.5 (Foster, 
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2004), which enables E. coli cells to survive in pH 2 for several hours (Small, et al., 1994).  

RpoS mutation impaired the acid resistance of E. coli (Cheville et al, 1996). Higher 

infectious dose and lower infection frequency of RpoS mutant E. coli O157:H7 strains 

were reported (Price, et al., 2000). RpoS mutation also resulted in a significant reduced 

fecal shedding of E. coli O157:H7 from calves, indicating its important role for this 

pathogen during the passage through gastric barrier (Price, et al., 2000).   

The critical stress sigma factor (σS) in AR1 was found to be regulated in multiple way, 

including transcriptional, post-transcriptional regulation and σS protein stability. The 

transcription of σS was found inversely correlated with the cell growth rate (Teich, et al., 

1999). Low pH and high osmolality were also found to increase the σS level (Hall, et al., 

1995). Though previous researches consistently found activated RpoS expression during 

cell starvation, σS was not significantly induced in cells grown in minimal medium 

(Lange and Hennge-Aronis, 1994). The half-life of σS increased seven fold at stationary 

phase versus exponential phase (Lange and Hennge-Aronis, 1994). Proteolysis of RpoS 

was found to be considerably reduced or even completely inhibited when pH downshifted 

to 5 (Bearson, et al., 1996).  

As a global stress response regulator, the increased level of RpoS due to pre-exposure 

to sub-lethal low pH, not only helps to habituate cells to survive in more acidic stress, but 

also protect cells against other environmental stresses. This phenomenon is called cross 

protection (Elhanafi et al, 2004). Rowe and Kirk reported a greater resistance to salt (20% 

w/v) and heat treatment (56℃) when E. coli O157:H7 strains were pre-stressed at pH 4.0 

for only 15mins. Their finding that RpoS mutant strains still possessed partial capability 

of cross-protection indicated RpoS-independent systems involved in the phenomenon of 

cross-protection (Rowe and Kirk, 1999). In the study of Buchanan et al in 2004, acid 
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adapted and non-adapted E. coli O157:H7 strains underwent radiation treatment in 

different acid solutions (acetic, citric, lactic, malic, and hydrochloric) buffered at pH of 

4.0-5.5. The radiation resistance of acid adapted E. coli O157:H7 strains were found to 

increase by 1.2-3.3 folds comparing with non-adapted cells, depending on the type of 

acids (Buchanan, et al., 2004). The phenomenon of cross protection should be considered 

when developing methods to control E. coli O157:H7 in food products.  

 AR2 and AR3 are amino acid-dependent AR systems, which require extracellular 

glutamate and arginine, respectively. The two isoforms of glutamate decarboxylase 

(GadA and GadB) in AR2 function to replace the α-carboxyl group of glutamate with 

cytoplasmic proton, generating γ-aminobutyrate (GABA), which is then excreted through 

the anti-porter GadC while taking in glutamate (Lin, et al., 1996; Hersh, et al., 1996; 

Foster, 2004). AR3 works in the similar way, with a decarboxylase AdiA generating 

agmatine, and an anti-porter AdiC exchanging agmatine with extracellular arginine (Lin, 

et al., 1996; Foster, 2004). By exchanging one decarboxylation product (a GABA or 

agmatine) with one substrate (a glutamate or arginine), the anti-porter moves a net 

positive charge outside of cell. Consequently, it requires an electric shunt to discharge the 

membrane hyperpolarization. It was speculated that Cl- outward transport might act as 

electric “leak” to counteract the outward electric flow. This concludion was supported by 

the finding that mutation of ClC chloride channel paralyzed the antiport of GadC and 

AdiC (Lyer, et al., 2002).  

The expression level and activity of the gadA/BC (GAD proteins) are dependent on 

both the low external pH and growth phase (Castanie-Cornet, et al., 1999). Exponential-

phage E. coli cultured at pH 5.5 were found to express high level of GAD proteins, yet 

have no glutamate-dependent acid resistance. This observation indicated missing assistant 



16 
 

factors that are only expressed during stationary phase (Castanie-Cornet, et al., 1999). 

Functioning rpoS was not required for induction of Gad in stationary-phase E. coli grown 

at low pH, whereas it seemed indispensible for stationary phase induction of Gad in cells 

grown at neutral pH (Castanie-Cornet, et al., 1999). GadB in E. coli could sense pHi drop 

below pH 5.0, be activated and even relocated to near the inner membrane where proton 

should be significantly more abundant (Capitani, et al., 2003).  

Based on the current knowledge, induction of AdiA requires both low pH and 

anaerobiosis (Stim-Herndon, et al., 1996). Acid induction of AdiA was found to be 

enhanced by cysB, a structure gene which encodes a positive regulator interacting with 

the cysB operon of adiA (Shi and Bennett, 1994). More detail information of cysB can by 

found in Rowbery’s review (Rowbury, 1997). In addition, adiY, located downstream of 

adiA, was also found as an up-regulator (Stim-Herndon, et al., 1996).  

Both AR2 and AR3 decarboxylation systems contribute to pH homeostasis by 

consuming cytoplasmic proton, and hence maintain internal pH at favorable levels. 

However, they affect pHi to different extents (Richard and Foster, 2004). Cells relying 

exclusively on AR2 or AR3 maintained pHi at 4.2±0.1 or 4.7±0.2 respectively, which was 

close to the optimum pH of the decarboxylases activities in AR2 (pH4.0) and AR3 (pH5.0) 

(Richard and Foster, 2004; Foster, 2004; Capitani, et al., 2003). Overall, AR2 was found 

to be more protective at pHo 2.0 compared to AR3 (Diez-Gonzalez and Karaibrahimoglu, 

2004). A deficiency mutation of AR significantly reduced survival of E. coli O157:H7 in 

the bovine gastrointestinal tract, while AR3 deficiency mutation didn’t cause appreciable 

difference (Price, et al., 2004).  
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1.5 Mechanisms for the antimicrobial effects of weak acids 

In general, the antimicrobial effects of weak acid solutions are combinations of the 

low pH stress and the specific actions of the weak acid. Unfavorable low pH may cause 

structural changes to sensitive macromolecules, e.g., the membrane bound proteins and 

phospholipids, and hence destructs the integrity of cell membranes (Beales, 2004). 

Increased ratios of saturated lipids and amino phospholipids were observed in the 

membranes of low pH stressed microbes. These membrane components serve to decrease 

the fluidity and enhance the resistance to proton intrusion (LePage, et al., 1987; Brown 

and Booth, 1991; Brown, et al., 1997). An acidic environment can cause malfunctions in 

cellular bioenergetics primarily by disrupting proton motive force (PMF) and causing 

ATP drain while pumping out protons (Warth, 1991). The PMF is an electrochemical 

potential across cell membranes, maintained by the trans-membrane proton gradient (ΔpH) 

and the trans-membrane charge potential (Δψ, see equation-1). PMF provides critical 

energies for cell metabolic pathways, including protein phosphorylation, flagellar 

synthesis and rotation, and protein transport (Montville and Matthews, 2007). 

Perturbation of PMF during weak acid treatment may result in profound crisis of 

microbial metabolism; and cause reduced yield or die off of the microbes.  

( 2.3 / )PMF z pH z RT F      (Equation-1) 

(Equation-2) 

[ ]
log

[ ]

A
pH pKa

HA



 
(Equation-3) 

Weak acids exist in solution as dissociated and undissociated forms in a pH dependent 

equilibrium (Equation-2). The ratio of dissociated / undissociated forms could be 
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theoretically determined by Henderson–Hasselbalch equation (Equation-3). Protonated 

weak acids are capable of diffusing through membrane, followed by dissociation in the 

cytosome where pH is typically higher than that of environment (Fig. 3). Generally, 

neutraphilic microbes tend to maintain an internal pH (pHi) close pH 7, and hence suffer  

from a larger transmembrane pH gradient when the external pH decreases. Consequently, 

the amount of weak acid dissociated in cytosome increases, leaving excessive free 

protons and weak acid anions accumulated in the cytosome (Warth, 1991).  

When the cell internal pH (pHi) drops below optimum level, cell death may occur 

(Brown and Booth, 1991; Smigic, et al., 2009). The ability of weak acids to kill microbes 

has been related with the extent of pHi drop during acid challenge (Salmond, 1984). Low 

pHi may inhibit the activities of critical enzymes (Warth, 1991); and can result in a heavy 

energy cost consumed by H+-ATPase for proton efflux (Holyoak, et al., 1996). In addition, 

low pHi can attenuate cellular signals (Madshus, 1988) and alter gene expression and 

protein synthesis pattern (Hickey and Hirshfiedl, 1990; Olson, 1993).  

However, cytosome acidification is unlikely the whole story for antimcirobial actions 

of weak acids. Stratford found acetic acid much less effective than sorbic acid for mold 

conidia growth inhibition despite the fact that they share the same pKa value (Stratford, 

2009). In the same study, cells treated with MIC (minimum concentration for growth 

inhibition) of acetic acid at pH 4.0 underwent a significant pHi drop from pH 7.0 to pH 

4.7, versus the cells treated with the MIC of sorbic acid still have a pHi of 6.3. Similarly, 

Warth found that benzoic acid treatment (pH 3.5) was capable of inhibit the growth of 

Zygosaccharomyces bailii without significantly reduce pHi (pH 7.0 to pH 6.3). On the 

other hand, benzoate was accumulated in the cytosome up to 10 times the concentration 

in the medium (Warth, 1991).  
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Accumulation of weak acid anions in the cytosome may cause cell turgor due to high 

osmotic pressure (Kroll and Booth, 1983). Sofos and Busta reported the inhibitory effects 

of sorbic on a variety of enzymes in vitro (Sofos and Busta, 1981). A reduced glycolysis 

rate was observed when S. cerevisiae was pre-incubated in medium containing sorbate or 

benzoate (Burlini, et al., 1993). Bacteria that manage to tolerate a reduction in internal pH 

have smaller ΔpH, and hence prevent anion accumulation and ATP consumption by H+-

ATPase. E. coli K-12 maintained internal pH at 6.8 when treated with acetate solution 

(pH 5.9), which resulted in over 500 mM acetate accumulated in cell, compare to less 

than 300mM of acetate accumulated in E. coli O157:H7 treated at the same condition, but  

E. coli O157:H7 manage to drop their pHi to 6.0 (Diez-Gonzalez and Russell, 1997).  

The active agent in sulfite solutions at low pH was found to be SO2, which exists in a 

pH dependent equilibrium with bisulfate and sulfite (Equation-4,5). Low concentration of 

extracellular SO2 can activate the hydrogenase of ATPase located on the surface of 

Saccharomyces cerevisia, and result in a rapid reduction of ATP (Schimz and Holzer,  

2
3 3 3 2SO H O HSO H O     (Equation-4) 

3 3 2 2HSO H O SO H O     (Equation-5) 

1979).eLow pH favors the formation of SO2 that penetrates cell membrane, and is 

subsequently converted to sulfite at the neutral pH in cytosome. Intracellular sulfite may 

cause breakage of disulfide bonds, and can lead to conformation changes in enzymes, and 

metabolic disorder (Ough and Were, 2004).  

1.6 Summary 

The survival of E. coli O157:H7 is a concern in non-pasteurized acidified vegetable 

product. The major hurdles in these products to inactivate E. coli O157:H7 are then the 
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antimicrobial effects of the acidulants. It is therefore important to investigate and 

compare the efficacy of different food grade acidulants as antimicrobials against E. coli 

O157:H7. In addition, the lack of oxygen in acidified food products should be considered 

when reformulating or developing treatments to control E. coli O157:H7. 
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Table 1. Organic acid legal concentration limits for food application and 
recommended daily intake 
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Table 2. E. coli O157:H7 outbreaks associated with fresh cut fruits or juices. 

 

(Data from Raybaudi-Massilia, et al., 2009) 
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Figure 1. Food vehicles associated with E. coli O157:H7 infection. (data from 
Rangel, et al., 2005) 
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Figure 2. The mechanisms of glutamate and arginine decarboxylation systems 
in E. coli. The number in parenthesis is the charge of the compound 
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Figure 3. Diffusion of the protonated weak acid through cell membranes.  
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CHAPTER II 

The Antimicrobial Effects of Weak Acids on the Survival of 

Escherichia coli O157:H7 under Anaerobic Conditions 
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2.1 ABSTRACT 

Outbreaks of vegetative bacterial pathogens associated with acid foods (such as apple 

cider) have raised the concerns about survival of this pathogen in acidified vegetables and 

related products which share similar pH (3.2-4.0).  Escherichia coli O157:H7 and related 

strains of enterohemorrhagic E. coli (EHEC) have been identified as the most acid 

resistant vegetative pathogens in these products.  Previous research has shown that the 

lack of dissolved oxygen in many hermetically sealed acid or acidified food products can 

enhance survival of EHEC compared to aerobic conditions.  We compared the 

antimicrobial effects of several food acids (acetic, malic, lactic, fumaric, benzoic, sorbic 

acids and sulfite) on a cocktail of EHEC strains under conditions representative of non-

heat processed acidified vegetables in hermetically sealed jars, holding pH (pH 3.2) and 

ionic strength (0.342) constant  under anaerobic conditions.  The overall antimicrobial 

effectiveness of weak acids used in this study was ranked, from most effective to least 

effective: sulfite > benzoic acid > sorbic acid > fumaric acid > L-/D-lactic acid > acetic 

acid > malic acid, based on their protonated concentrations required to achieve 5-log 

reduction after 24 h incubation at 30 °C.  This study may aid in formulating safer acid and 

acidified food products, and provides insights about the mode of action of weak acid 

killing of EHEC. 

2.2 INTRODUCTION 

Foodborne Escherichia coli O157:H7 infections have been a significant food safety 

concern in the United States, due to the serious symptoms that can arise (Levine, 1987; 

Nataro and Kaper, 1998; Yoon and Hoved, 2008), the number of disease outbreaks (Mead, 

et al., 1999), and the wide spectrum of food vehicles involved (Rangel, et al., 2005).  E. 

coli O157:H7 infections may result in hemolytic-uremic syndrome (HUS) (Banatvala, et 
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al., 2001), which is considered to be a leading cause of kidney failure in children in the 

United States (Siegler, et al., 1994).  

Outbreaks of E. coli O157:H7 associated with apple cider (pH 3.5-4.0), yogurt (pH 3.9) 

and mayonnaise (pH 3.6) have raised concerns about the survival of this pathogen in 

acidic foods (Besser, et al., 1993; Morgan, et al., 1993; Weagant, et al., 1994).  Prolonged 

survival of this pathogen in acidic conditions below pH 4 has been documented (Marques, 

et al., 2001; Weagant, et al., 1994).  Acidified vegetable products and acid foods such as 

fruit juices or fermented dairy products share a similar pH range (pH 3.2-4.0).  Breidt et 

al. (Breidt, et al., 2007) found that E. coli O157:H7 was more resistant to acid killing than 

Listeria monocytogenes and Salmonella spp., under conditions typical of acidified 

vegetables.  Currently, commercial producers of acidified foods must file processes with 

FDA that include a 5-log reduction step for E. coli O157:H7 (Breidt, et al., 2010).   

Acid stress is a common environmental threat to bacteria, combining the 

antimicrobial effects of organic acids with the stress of a low pH environment.  Organic 

acids are weak acids naturally found in fruits, vegetables and fermented foods, and have 

been used for decades as food additives for preservation (Davidson, 2002).  Acidic pH 

environments can alter intracellular metabolic activities in bacteria, including protein 

phosphorylation (cellular signals), flagellar synthesis and rotation, and nutrient transport 

(Meng, et al., 2007).  The diffusion of a protonated organic acid through cell membranes, 

followed by intracellular dissociation of the acid can result in acidification of the 

cytoplasm and intracellular acid anion accumulation (Booth and Kroll, 1989).  This can 

 result in the disruption of pH homeostasis and cellular metabolism (Beales, 2004; Eklund, 

1989). 

Comparative studies showing the relative effects of acid killing for E. coli O157:H7 
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are confounded by the variety of food types used, as well as inconsistent environmental 

factors, such as pH, oxygen content and ionic strength.  To address this issue, a study 

done by Bjornsdottir et al. compared the antimicrobial performances of organic acids on 

E. coli O157:H7 under conditions of constant pH, ionic strength and temperature 

(Bjornsdottir, et al., 2006).  This research was done under aerobic conditions, combining 

the effects of acid and oxidative stresses which have been found to enhance acid killing 

(Bearson, et al., 2009; Kreske, et al., 2008).  Many acidic foods are packaged in 

hermetically sealed containers, such as acidified vegetables, juices, yogurt and 

mayonnaise based sauces, resulting in an anaerobic acid environment.  Our objective was 

to study and compare the antimicrobial effect of various organic acids and sulfite on E. 

coli O157:H7 under anaerobic conditions representative of acidified vegetable products.  

We investigated a variety GRAS acids on killing E. coli O157:H7, including acetic, 

lactic, malic, and fumaric acids, as well as benzoic and sorbic acids and sulfite which may 

be present in acid and acidified foods.  Acids were compared in buffered solutions at pH 

3.2, typical of non-heat processed acidified foods.  Currently, a 5-log reduction process is 

achieved in non-heat processed acidified foods by a holding process of 48 h at 10 °C or 6 

days at 25 °C (Breidt, et al., 2007).  This holding time is only defined for products with 

acetic acid as the primary acidulent.  Results from this study show that most GRAS acids 

are more effective at killing E. coli O157:H7 strains than acetic acid. These results  

may aid in reducing the holding times needed for a 5-log reduction of acid resistant 

pathogens in acidified foods. 

2.3 MATERIALS AND METHODS 

2.3.1 Preparation of acid solutions.  Chemicals used in the preparation of weak acid 

solutions, including L-lactic acid, sodium D-lactate, acetic acid, L-malic acid, potassium 



52 
 

sorbate, D-gluconic acid sodium salt, and disodium sulfite were obtained from Sigma-

Aldrich Chemical, Co. (St. Louis, MO).  Sodium fumarate was obtained from Alfa Aesar 

(Fair Lawn, NJ) and sodium benzoate was obtained from Fisher Scientific Company 

(Fairy Lawn, NJ).  Gluconic acid (20 mM) was used as a non-inhibitory buffer in all acid 

solutions, as described by Breidt et al. (Breidt, et al., 2004).  pH was adjusted to 3.2 with 

3N HCl, using an AR25 Accumet pH meter (Fisher Scientific Co., Pittsburgh, PA).  The 

concentrations of the weak acids in this study are shown as protonated acid 

concentrations at pH 3.2, calculated using Matlab pHTools Software (Dr. Daniel 

Dougherty, Michigan State University).  The ionic strength of acid solutions was adjusted 

to 0.342 by adding NaCl as determined using pHTools. 

2.3.2 Bacterial cultures and growth medium.  Five E. coli O157:H7 strains were 

used in this study (Table 3).  Stock cultures were stored at -80 °C in Luria Bertani broth, 

Miller (Becton, Dickinson and Co., Le Pont de Claix, France), supplemented with 1% 

glucose (Sigma Chemical Co., St. Louis, MO) and 16% glycerol (Sigma-Aldrich, Inc., St. 

Louis, MO).  Each strain was grown statically at 37 °C in 10 ml LB broth supplemented 

with 1% glucose overnight (17 h) to induce acid resistance (Buchanan and Edelson, 1996; 

Diez-Gonzalez and Russell, 1999). Independent cultures were prepared for each of the 

five strains.  Cells were harvested by centrifugation, and washed with sterile saline 

solution (0.85% NaCl).  The five strains were then combined and re-suspended in 20 mM 

gluconic acid solution (pH 3.2). The five-strain suspension (0.2 ml) was then immediately 

inoculated into 1.8 ml of each acid solution prepared as described above, resulting in a 

final pH of 3.2 and an ionic strength of 0.342 using NaCl.  The initial cell count of the 

inocula was approximately 1 x 108 CFU/ml, as determined by serial dilution and plating 

of the inoculum on LB agar plates using a spiral plater (Model 4000, Spiral Biotech, Inc., 



53 
 

Norwood, MA).  Plates were incubated at 37 °C for 24 h before colonies were counted 

using an automated plate reader (Q-count, Spiral Biotech Inc., Norwood, MA).  

2.3.3 Acid challenge, Dissolved Oxygen and Redox Potential Measurments.  Prior 

to inoculation, all the acid solutions were incubated in the anaerobic chamber (COY 

anaerobic chambers, Grass Lake MI) for 16 h to ensure a dissolve oxygen free 

environment. For dissolved oxygen measurements, a portable dissolved oxygen meter 

(model WTW Oxi330i Weilheim, Germany) and a conductivity meter (Conductivity TDS, 

Lutron Electronic Enterprise Co., LTD., Taipei, Taiwan) were used to measure the 

oxygen level and redox potential change in 3 ml acid solutions held in 10 mm × 75 mm 

disposable tubes (Becton, Dickinson and Co., Le Pont de Claix, France). For acid killing 

experiment, the E. coli O157:H7 5-strain mixture (0.2 ml) was then inoculated into each 

1.8 ml of acid solution and maintained at 30 °C for 24 h in the anaerobic chamber.  After 

the acid challenge, inoculated acid solutions were immediately neutralized by 1:10 

dilution into 3-N-morpholino-propanesulfonic acid buffer (MOPS, Sigma-Aldrich 

Chemical Co., St. Louis, MO) with 0.85% NaCl at pH 7.0.  Samples were then diluted 

and plated as described above, and LB agar plates were incubated in an anaerobic jar 

(Gaspak TM 100 system, BD) at 37 °C overnight. 

2.3.4 Statistical Methods.  Data from weak acid experiments were analyzed using 

SigmaPlot software (Version 10, Systat Software, Inc).  The concentration needed for a 5-

log reduction in cell numbers was estimated as a nonlinear function of the regression 

coefficients for each model as indicated.  The Approximate 95% confidence intervals for 

these concentrations were obtained using asymptotic theory for nonlinear regression 

models (Seber and Wild, 1989) and the NLIN procedure of the SAS statistical software 

package (SAS Institute, Inc.). 
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2.4 RESULTS AND DISCUSSION 

Dissolved oxygen levels and redox potentials were determined for the solutions 

incubated in the anaerobic chamber (Figure 4).  There was no significant difference for 

the dissolved oxygen level among the control, fumaric and sulfite solutions, although the 

redox potential for the sulfite solution was significantly higher than the gluconic acid 

control and fumaric acid solutions.  After 16 h inside the chamber, the dissolved oxygen 

level reached approximately 0.15 mg/L (near the limit of detection for the meter), and the 

redox potential reached the minimum values of -70.5 mV and -150 mV, respectively, for 

sulfite and the other acid (gluconic acid control and fumaric acid) solutions.  Both 

dissolved oxygen content and redox potential remained the same for up to 3 days (data 

not shown).  

The log reduction in cell number of E. coli O157:H7 was positively correlated with 

the protonated acid concentration for the weak acid treatments, with the exception of 

citric acid. Citric acid was not included in Table 4 because with up to 1 M concentrations 

there was no apparent trend of decreasing cell survival as citric acid concentrations 

increased (data not shown). Linear and quadratic models were chosen to fit the data using 

Sigma Plot, based on the R squared value (Fig. 5).  All the parameters for each 

mathematical model were significant (P ≤ 0.05).  The minimum protonated concentration 

of each acid required to achieve a 5-log reduction of E. coli O157:H7 was estimated by 

the mathematical models, and shown in Table 4, along with the corresponding total acid 

concentrations and 95% confidence intervals. The overall ranking of weak acids in the 

aspect of their bactericidal effects against E. coli O157:H7 plotted in Figure 6. Although a 

5-log reduction was not achieved with L-malic acid, higher malic acid concentrations 

were not used because the ionic strength would exceed 0.342.  An ionic strength of 0.342 
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was used for our experiments because it is equivalent to 2% NaCl, which is typical of 

acidified vegetable products. With the exception of malic and citric acids, acetic acid was 

less effective in causing a 5-log reduction of E. coli O157:H7 than the other GRAS acids 

used in the study.  These results indicate that supplementing or replacing acetic acid in 

acidified foods with other acids (such as fumaric acid) may accelerate acid killing of 

vegetative pathogens in acidified foods.  Accelerating acid killing would be helpful to 

reducing the holding times required for FDA process filings (Breidt et al., 2007). Further 

studies will be needed to determine combined acid effects.  

Previous studies have shown the effects of generally regarded as safe (GRAS) organic 

acids in killing E. coli O157:H7.  Hardin et al. and Bjornsdottir et al. showed that lactic 

acid was more effective than acetic acid in killing E. coli O157:H7 (Hardin, et al., 1995; 

Bjornsdottir, et al., 2006). The antimicrobial effect of fumaric acid on E. coli O157:H7 

has been demonstrated by several studies (Chikthimmah, et al., 2003, Comes and 

Beelman, 2002, Kondo, et al., 2006).  A correlation between protonated fumaric acid and 

the log reduction of E. coli O157:H7 was observed in apple cider when treated for 4 h at 

25 °C (Comes and Beelman, 2002). Synergistic effects of cinnamon and sorbate or 

benzoate in apple cider against E. coli O157:H7 have also been reported at 8 and 25 °C 

(Ceylan, et al., 2004).  Furthermore, a 5-log reduction treatment of E. coli O157:H7 in 

unpasteurized apple cider was achieved by combining benzoic and fumaric acids (Comes 

and Beelman, 2002) or dimethyl dicarbonate and sulfite (Basaran, et al., 2009).  

The antimicrobial effects of the two lactic acid isomers (D-lactic acid and L-lactic 

acid) on E. coli have been found to differ in previous studies.  Bjornsdottir et al. 

(Bjornsdottir, et al., 2006) and Leitch and Stewart (Leitch and Stewart, 2002) both 

showed that L-lactic acid was significantly better at killing E. coli O157:H7 than D-lactic 
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acid. These studies were done using acid solutions that were prepared in an aerobic 

environment. In our study using anaerobic conditions there was no significant difference 

(Fig. 6) of bactericidal effect found between L and D isomers of lactic acid (P = 0.2). 

These results support the conclusions of Kreske et al. (Kreske, et al., 2008) that there is a 

synergistic effect of oxygen and lactic acid, leading to a differential response of E. coli to 

L- and D- lactic acid.   

The classic acid theory attributes the antimicrobial effects of weak acids to the 

undissociated form, which is assumed to freely diffuse across cell membrane, causing 

cytoplasm acidification (Booth and Kroll, 1989).  Therefore the pKa of a weak acid and 

the environmental pH determine its effectiveness as an antimicrobial.  Our study was 

carried out anaerobically, eliminating the antimicrobial effects of dissolved oxygen.  We 

found that the amount of protonated acetic acid required to achieve a 5-log reduction was 

370 mM higher than that of sorbic acid (Table 4), despite the two acids having a similar 

pKa (approximately 4.75).  Sorbic acid was previously found to be a more potent 

inhibitor of microbial growth than acetic acid (Salmond, et al., 1984; Stratford, et al., 

2007).  These observations suggest the model of cytoplasmic acidification is not 

sufficient to explain the mode of action of weak acids.  While acid specific effects are 

evident from previous studies, it is interesting that LogP values, which are related to 

hydrophobicity and membrane permeability for the organic acids (Hansch, 1971; Leo, et 

al., 1971; Stratford, et al., 2007; Wolkowski, et al., 1977), are negatively correlated with 

acid killing for the acids shown in Table 4 (r = -0.73).  Additional research will be needed 

to determine the significance of the relationship between molecular characteristics such as 

LogP and the killing kinetics for different organic acids.  

To fully understand the antimicrobial performance of different weak acids, factors in 
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addition to membrane permeability and cytoplasm acidification should be taken into 

consideration.  A weak acid may have multiple targets in the cell, including the integrity 

of the cell membrane (outer and inner for Gram negative bacteria); biosynthesis of 

proteins and nucleic acids; and activity of critical enzymes and osmosis homoestasis 

(Beales, 2004; Booth and Kroll, 1989; Eklund, 1989; Warnecke and Gill, 2005).  Gram 

negative bacteria are typically less susceptible to weak acids by the virtue of the outer 

membrane, which serves as a barrier that has to be overcome (Russell, 1992).  The ability 

of lactic acid to permeabilize the outer membrane of E. coli O157:H7 (Alakomi, et al., 

2000), may explain the greater effectiveness of lactic acid versus acetic acid.  Intracellular 

accumulation of acid anions has been implicated to cause stress in bacteria (Russell, 1992; 

Warnecke and Gill, 2005).  Sulfite mediated breakage of disulfide bonds can result in 

conformation changes in enzymes and metabolic disorder (Ough and Were, 2004).  

Sulphydryl enzymes have been demonstrated to be very sensitive to sorbate (Sofos, et al., 

1986).  Benzoate was suggested to attenuate anaerobic glycolysis, resulting in ATP 

depletion (Chipley, 2005; Krebes, et al., 1983; Warth, 1991).  Intracellular effects of 

fumarate remain unknown.  However, considering its role as a critical metabolite in the 

tricarboxylic acid cycle and as an electron acceptor during anaerobic respiration in E. coli 

(Engel, et al., 1992; Iverson, et al., 1999), intracellular fumarate accumulation may alter 

cell metabolism. In addition, the capacity of cells to metabolize, detoxify, or export a 

specific chemical may affect resistance of cells to the compound.  Future work will 

include investigation of specific acid effects leading to the differences (two orders of 

magnitude) observed in the concentration of protonated acid needed for a 5-log reduction 

in cell numbers of E. coli O157:H7 under the conditions of this study.   
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Table 3. E. coli O157:H7 Strains Used in This Study 
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Table 4. Concentrations of Weak Acids for Five-log Reduction of E. coli O157:H7, 
with Corresponding LogP values 

Acid P. Conc.a  95% CIa  (mM) T. Conc.a  95% CI  (mM) LogPd 

Malic 547.00 e 128.00 1158.22 271.03 
-

1.26 

Acetic 377.00 21.00 393.63 21.93 
-

0.17 

D-lactic 140.00 7.00 192.18 9.61 
-

0.62 
L-lactic 124.00 3.00 170.21 4.12 0.62 

Fumaric 24.11 3.28 94.51 12.86 0.274b 

Sorbic 6.59 0.54 6.89 0.56 1.41c 

Benzoic 6.47 0.38 7.57 0.44 1.87 

Sulfite 1.27 0.12 54.34 5.14 ----- 
a. P. Conc. means protonated acid concentration; T. Conc. means total acid 

concentration. 95% CI means 95% confidence interval. 
b. Estimated using the method described by Hansch (1971) 
c. Estimated by ChemOffice Ultra 2002 (Stratford et al., 2007) 
d. The LogP values other than that of sorbic and fumaric acids are measured (Leo et al., 

1971; Wolkowski et al., 1977) 
e. The predicted concentration exceeded the ionic strength limit of this study.
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Figure 4. Curve of redox potential (left) and dissolved oxygen changes (right) of 3 ml 
acid solutions over the first 16 h inside anaerobic chamber. Solutions included control 
(contained no weak acid, solid lines in graph), 40 mM fumaric acid (long dash lines) and 
3 mM sulfite (short dash lines) solutions. pH and ionic strength were consistently 
maintained at 3.2 and 0.342 respectively for all the acid solutions. Fumaric acid 
represented weak acid solutions other than sulfite, since sulfite is significantly different 
from the rest of weak acid solutions based on pilot experiment. Each data point represents 
means of three replicates. 
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Figure 5. Mathematical models for bactericidal effect of weak acids against E. coli 
O157:H7.  Panel A-H shows the log reduction of E. coli O157:H7 after 24 h acid 
treatment with acetic (A), L-malic (B), L-lactic (C), D-lactic (D), sorbic (E), benzoic (F), 
fumaric acids (G) and sulfite (H) respectively. Experiments were done at 30 °C under 
anaerobic conditions. All of the solutions were consistently maintained at pH 3.2, with 
ionic strength 0.342 (equivalent to 2% salt). Each data point represents the means of three 
independent replicates, and error bars denote one standard deviation. The solid lines refer 
to a detection limit of 6.4 logarithmic units; while the dotted lines indicate 5-log reduction. 
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Figure 6. Minimum concentration of weak acids to achieve 5-log reduction of E. coli 
O157:H7. Each error bar indicates the corresponding 95% confidence intervals predicted 
by SAS program, based on the mathematical model of each weak acid. The abbreviation 
letter: M, malic acid; A, acetic acid; D-L, D-lactic acid; L-L, L-lactic acid; F, fumaric 
acid; S, sorbic acid; B, Benzoic acid; Su, sulfite. 
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Chapter III 

Developing Effective Treatments for 5- log Reduction of Escherichia coli O157:H7 in 

Refrigerated Pickle Products 
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3.1 ABSTRACT 

Refrigerated pickle products are typically not heat processed, and are characterized 

by low acid content (less than 80 mM acetic acid), relatively high pH (3.7-4.0), and low 

temperature processing and storage (4-10 °C) as the main strategy to achieve preservation. 

Escherichia coli O157:H7, which may be present in fresh cucumbers, can survive in 

commercial refrigerated pickle products up to one month. The goal of this research was to 

develop low temperature treatments to assure the safety of refrigerated pickle products. 

Fumaric acid was incorporated in refrigerated pickle brine formulation as a bactericidal 

agent against E. coli O157:H7, and as a bacteriostatic agent to retard fermentation at 10, 

20 and 30 °C. The optimized brine formulation contained 25 mM (0.29%) fumaric acid, 5 

mM (0.06%) benzoic acid, 70 mM (0.42%) acetic acid and 342 mM (2%) salt, with a pH 

of 3.8. This formulation was capable of achieving a 5-log reduction of E. coli O157:H7 

after a holding process of 30 °C for 1.52 0.15 d; or 20 °C for 3.12 0.34 d; or 10 °C for 

8.83 0.56 d. The results provide processing choices for the refrigerated pickle industry 

to reduce the risk of E. coli O157:H7 outbreaks.  

3.2 INTRODUCTION 

The survival of the acid resistant pathogen, Escherichia coli O157:H7 in acidic food 

products has been a significant food safety issue. Previous outbreaks of this pathogen 

have been traced back to several acidic foods, including juices (3.5-4.0), fermented dairy 

(pH 3.9) and mayonnaise (pH 3.65) (Besser, et al., 1993; CDC, 1996; Morgan, 1993; 

Keene, et al., 1993). Refrigerated pickle products share a similar pH arrange (pH 3.7-4.0) 

with these outbreak related low pH foods, hence are potentially susceptible for E. coli 

O157:H7 contamination. Commercial refrigerated pickle products are typically non-

fermented, mildly acidified (pH 3.8-4.0) mainly with low concentration of acetic acid 
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(about 70 mM), which is not sufficient to eradicate E. coli O157:H7 (Chapter II). The 

processing and storage temperatures for refrigerated pickle product are typically low, 

ranging between 4-10 °C, to prevent cucumber softening and curing, as well as lactic acid 

fermentation. However, low temperature storage was also known to prolong the survival 

of E. coli O157:H7 in several low pH foods (Miller and Kaspar, 1996; Conner and 

Kotarola, 1995; Weagant, et al., 1994; Zhao, et al., 1993; Bachrouri, et al., 2002; Marques, 

et al., 2001). Additionally, the anaerobic condition inside pickle jars would further 

increase the survival rate of this pathogen (Stim-Herndon, et al., 1996; Bearson et al., 

2009; Kreske et al., 2008). Consequently, despite the lack of infection cases associated 

with refrigerated pickle products, the risks currently taken by the producers and 

consumers should not be ignored.  

This study aimed to develop effective treatments with no pasteurization to ensure 5-

log reduction of E. coli O157:H7 in refrigerated pickle products. The survival rate of E. 

coli O157:H7 in refrigerated pickle products is highly dependent on temperature, pH, 

ionic strength and acidulant type. Based on our previous research, acetic acid is 

significantly less bactericidal than many other food grade acids against E. coli O157:H7 

(Chapter II). Acetic acid preserved food products can be supplemented with more 

effective acidulants to enhance E. coli O157:H7 decontamination. In the present study, 

fumaric acid was chosen due to its potent bactericidal effect against E. coli O157:H7 

(Podolak, et al., 1996; Chapter II). Additionally, the inhibitive effect of fumaric acid 

against lactic acid fermentation (Cofran and Meyer, 1970; Ough and Kunkee, 1974) was 

used to retard the natural fermentation of pickle, allowing holding process at temperature 

higher than 10 C.  
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3.3 MATERIALS AND METHODS   

3.3.1 Strains and inoculums preparation. The strains of Escherichia coli O157:H7 

and Lactobacillus plantarum used in this study are listed in Table 3 and 5. Frozen stocks 

of these cultures were stored at -80 C in Luria Bertani (LB) broth for E. coli O157:H7 

and deMan Rogosa and Sharpe (MRS) broth for L. plantarum supplemented with 16% 

glycerol (SIGMA-ALDRICH, Inc., St. Louis, MO). LB broth and MRS broth were 

purchased from Becton, Dickinson and Company (Fairlawn, NJ; Le Pont de Claix, 

France).  

E. coli O157:H7 strains were statically cultured at 37 °C in LB broth supplemented 

with 1% glucose overnight (17 hours) to induce acid resistance (Buchanan, et al., 1996). 

The five strains were combined, and then harvested by centrifugation at 6000 rpm for 10 

minutes at 25 °C, followed by re-suspension with an equal volume of sterile saline 

solution (0.85% NaCl) and centrifugation. The cell pellet was then re-suspended with 

1/10 volume of sterile saline (0.85% NaCl) to make a 5-strain E. coli O157:H7 cocktail 

with a cell count of 109-1010. Independent culture of E. coli O157:H7 cocktails were used 

for three replicate treatments. 

L. plantarum strains were statically cultured at 30 °C in MRS medium for 24 hours. 

Three L. plantarum cocktails were prepared following the similar cell harvesting 

procedures described above. The cocktail were diluted 100 folds to guarantee an initial 

cell concentration of 107 cfu/ml.  

3.3.2 Fermentation inhibition with fumaric acid. The inhibitory effects of fumaric 

acid on fermentation were tested in simulated brines (pH 4.0) contain 50% cucumber 

juice, 2% sodium chloride, 5 mM benzoate, and 15-35 mM fumaric acid. Eight oz pickle 

jars were filled with 220 ml brine, and vacuum sealed with commercial lug caps fitted 
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with a rubber septum to allow inoculation and sampling using sterile syringes. The lids 

were heated in boiling water for 10 s and immediately applied to the filled jars. An 

aliquot of 1 ml L. plantarum cell suspension was then injected into each jar through 

septum using syringes. Inoculated jars were incubated at different temperatures (10-

30 °C).  

3.3.3 Survival of E. coli O157:H7 in refrigerated pickle brines w or w/o fumaric 

acid. The survival of E. coli O157:H7 in brine solutions obtained from commercially 

available refrigerated products (I and II) were tested at 4 °C. The commercial brines were 

filter-sterilized and stored at -20 °C, and used within two months. To find out the 

effective treatments for 5-log reduction of E. coli O157:H7, cells were treated in 

commercial brines supplemented with fumaric acid (0, 15, 25, 35 mM) and held at 10, 20 

and 30 °C. Vacu-tainer tubes (Becton Dickinson and Co., Franklin Lakes, New Jersey) 

were used to simulate the atmosphere conditions in refrigerated pickle products. Each 

tube contained 3 ml brine, in which an aliquot of 0.3 ml of the E. coli O157:H7 cocktail 

was injected. Effective treatments were further confirmed by monitoring the die-off of E. 

coli O157:H7 in simulated refrigerated pickle brines (50% cucumber juice), which 

contained 2% salt, 70 mM acetic acid, 5 mM benzoic acid and 25 mM fumaric acid.  

3.3.4 Microbiological analysis. Brine samples were aseptically removed from the 

Vacu-tainer tubes using sterile syringes, and immediately neutralized to pH 7.0 during 

dilution using 3-(N-morpholino) propanesulfonic acid (MOPS) solution (Sigma Aldrich, 

Chemical Co. St. Louis, MO) (pH 7.0) supplemented with 0.85% NaCl. Sampling and 

dilution procedures were all done inside an anaerobic chamber (COY anaerobic chambers, 

Grass Lake, MI) to prevent oxidative damage to acid injured cells. Neutralized and 

diluted samples were then taken out of the chamber, and plated on LB agar plates using a 
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spiral plater (Model 4000, Spiral Biotech, Inc., Norwood, MA). Plates were incubated in 

anaerobic jars (Gaspak TM 100 system, BD) at 37 ºC for 24 hours before colony 

enumeration with an automated plate reader (Q-count, Spiral Biotech Inc., Norwood, 

MA). 

3.3.5 Chemical analysis. Samples of the brine solutions were taken from pickle jars 

using sterile syringes, and centrifuged at 10,000 rpm for 10 min. The supernatant was 

then frozen until used. Changes in fermentable sugars and lactic acid of pickle brines 

during the holding process were determined by HPLC analysis using a 30-cm HPX-87H 

column (Bio-Rad Laboratories, Hercules, Calif.,U.S.A.). The column was heated to 65 °C 

and eluted with 0.03 N sulfuric acid at a flow rate of 0.9 mL/min. A Thermo Separations 

UV6000 diode array detector (Spectra System Thermo Scientific, Waltham, Mass., 

U.S.A.) was used at 210 nm to measure the concentration of lactic acid. A Waters model 

410 refractive index detector (Waters Corp.,Millipore Corp., Billerica,Mass., U.S.A.) 

connected in series with the diode array detector was used to measure glucose and 

fructose and ethanol. External standardization of the detectors was done using 4 

concentrations of either sugar or organic acid standards. 

The salt content of commercial brine samples was determined by titration using 

standardized AgNO3 solution (0.1711 N). The adjustment and measurement of pH were 

done with 6 N HCl using a fisher scientific accumet AR25 pH meter (Pittsburgh, PA).  

3.3.6 Statistical Methods.  Data were analyzed using SigmaPlot software (Version 

10, Systat Software, Inc).  The 5-log reduction time was estimated as a nonlinear function 

of the regression coefficients for each die-off model of E. coli O157:H7.  The 

approximate 95% confidence intervals for the 5-log reduction time of each holding 

treatment were obtained using asymptotic theory (Osborn, personal communication) for 
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nonlinear regression models (Seber and Wild, 1989; Chapter II) and the NLIN procedure 

of the SAS statistical software package (SAS Institute, Inc.). 

3.4 RESULTS AND DISCUSSION 

3.4.1  The survival of E. coli O157:H7 in commercial brines. Our study showed 

the ability of E. coli O157:H7 to survive up to one month in commercial refrigerated 

pickle products (Fig. 7). Prolonged survival of E. coli O157:H7 in low pH food at 

refrigeration temperature has been demonstrated by several studies (Weagant, et al., 1994; 

Zhao, et al., 1993; Bachrouri, et al., 2002; Marques, et al., 2001). A significantly longer 

survival was observed in commercial brine I than in brine II (P < 0.01), presumably due 

to the higher pH, lower acid and salt content in brine I (Table 6). The results indicated a 

potential safety risk of current refrigerated pickle products if E. coli O157:H7 

contamination occurs. The hurdles in refrigerated pickle products include only the low pH 

(pH3.7-4.0) and the presence of acetic, benzoic acid and salt (Table 6), and are 

insufficient to inactive E. coli O157:H7 within reasonable time applicable for industrial 

use. Consequently, effective formulations and/or processing treatments should be applied 

to assure the safety of these types of products.  

The inactivation rate of E. coli O157:H7 by weak acid treatment has been found to be 

highly temperature dependent, and can be substantially accelerated as temperature 

increases (Conner, et al., 1995; Weagant, et al., 1994). The die off of E. coli O157:H7 in 

commercial brines at 20 and 30 °C. A 5-log reduction of this pathogen can be achieved 

after 2 days at 30 °C, and about 5 days at 20 °C (Figure 8). 

3.4.2 The inhibitory effect of fumaric acid on lactic acid fermentation. Higher 

holding temperatures promote lactic acid fermentation, which may significantly alter the 

sensory profile of refrigerated pickle products. The bacteriostatic effect of fumaric acid 
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on lactic acid bacteria has been documented (Cofran and Meyer, 1970; Ough and Kunkee, 

1974) which can be used to retard lactic acid fermentation at the higher holding 

temperatures. 

A simulated pickle brine solution containing 50% cucumber juice, fumaric acid (15-

35 mM), 5 mM benzoate and 2% sodium chloride (pH 4.0) was inoculated with 

Lactobacillus plantarum (105 cfu/ml), and held at 10, 20 and 30 °C to test the inhibitory 

effect of fumaric acid on fermentation. Combinations of fumaric acid concentration and 

treatment time were tested at each holding temperature to assure sufficient time for 

pathogen inactivation, but also prevent generation of excessive lactic acid. The time prior 

to the production of 15 mM lactic acid is shown in Table 7. Based on these observations, 

15 mM fumaric acid was sufficient to retard lactic acid fermentation at 10 °C; however, 

25 mM fumaric acid was needed for 20 and 30 °C treatments. The duration of holding 

time at 10, 20 and 30 °C were determined as 10, 3 and 2 d, respectively. Since the 

bacteristatic effect of fumaric acid can be significantly enhanced as pH decreases (Pérez-

Díaz, submitted), the same holding treatments remain valid for refrigerated products 

formulated with pH values lower than 4.0. 

3.4.3  The antimicrobial effect of fumaric acid on E. coli O157:H7 in refrigerated 

pickle brines. The result showed greater reduction of E. coli O157:H7 in refrigerated 

pickle brine as the concentration of fumaric acid increased, and/or temperature increased 

(Fig. 9). 15 mM fumaric acid in refrigerated pickle brine was insufficient to cause 5-log 

reduction of E. coli O157:H7 within 10 d at 10 °C, and was hence excluded for further 

testing. Regardless of holding temperature, a 5-log reduction of E. coli O157:H7 was 

achieved in the brines containing 25 mM or more of fumaric acid. However, 35 mM of 

fumaric acid wasn’t significantly more effective than 25mM of fumaric acid (P=0.1). 



80 
 

Based on the results presented here, a more effective brine formulation for refrigerated 

pickle products was defined as 25 mM fumaric acid, 70 mM acetic acid, 5 mM benzoic 

acid, and 2% salt at pH 3.8. The die off curves of E. coli O157:H7 in this brine are shown 

in Figure 10. Linear models were chosen to fit the data at 10, 20 and 30 °C, with R2 value 

of 0.97, 0.86 and 0.84, respectively. Increases in temperature significantly shortened the 

5-log reduction time from 8.83 ± 0.56 d at 10 °C to 3.12 ± 0.36 d at 20 °C, and to 1.52 ± 

0.15 d at 30 °C. Refrigeration temperature shall be used after holding treatments for 

better preservation of flavor and texture. 

The antimicrobial effect of fumaric acid on E. coli O157:H7 has been demonstrated 

by several studies (Kondo et al., 2006; Comes and Beelman, 2002; Chikthimman et al., 

2003). A strong linear correlation between undissociated fumaric acid and log reduction 

of E. coli O157:H7 was observed in apple cider (Comes and Beelman, 2002). In the same 

study, an effective non-heat treatment of apple cider was developed with 0.15% fumaric 

acid and 0.05% benzoate, and held at 25 °C for 5 h (Comes and Beelman, 2002). 

3.4.4 Sensory characteristics. The sensory characteristic of fumaric acid has been 

described as tartness and grape-like flavor (Gardner, et al., 1977). Fumaric acid has been 

suggested to be equally sour on a molar basis as acetic acid (Da Conceicao Neta, et al., 

2007).  

Brief holding treatments at low temperature (below 35 °C) may minimize the 

softening of the cucumber tissue (Thompson, et al., 1979). The Firmness loss during 

holding treatments were estimated based on a mathematical model (Fig. 11) developed by 

Thompson and co-workers (1979) (Table 8). No significant differences were estimated 

for the tissue softening of among the refrigerated pickles treated with the three proposed 

holding temperature / time combinations. Furthermore, the firmness loss of refrigerated 
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pickle product under typical storage temperature (4 °C) for one month was comparable to 

the firmness loss of same products undergone holding treatment and subsequently stored 

at 4 °C for up to one month.  

3.5 CONCLUSION 

 This study provided an effective brine formulation and multiple choices of 

processing conditions. The sensory profile changes were expected to be minor for all 

three alternative holding treatments, though the optimized processing condition will be 

chosen based on the sensory research which remains to be performed.  
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Table 5. L. plantarum Strains 
ID Number Other ID Number(s) Genus Species 

LA0070 ATCC 14917 Lactobacillus plantarum 
LA0285 NRRL B-531, ATCC 8014 Lactobacillus plantarum 
LA0445 BI0007, MOP3 Lactobacilllus plantarum MOP3 
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Table 6. Basic Composition of Commercial Refrigerated Pickle Brines 
Commercial 

Brine 
Acetic acid 

(mM) 
Benzoic acid 

(mM) 
pH Salt 

I 67.74 4.95 3.86 2.31% 
II 75.05 6.70 3.77 3.18% 
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Figure 7. Survival of E. coli O157:H7 in commercial refrigerated pickle brine I 
(filled circles) and brine II (empty triangle) at 4 °C. Experiments were done 
anaerobically. Dashed lines indicate 5-log reduction of E. coli O157:H7. Each data point 
represents means of three replicates. Error bars indicate standard deviation. Data was 
fitted with Weibull models.  
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Figure 8. The survival of E. coli O157:H7 in refrigerated pickle brine I (triangles) 
and brine II (circles) at 20 (black) and 30 °C (blank). Weibull models and linear 
models were used to fit the data of 20 (black lines) and 30 °C (grey lines). Each data point 
represents the average of triplicate treatments. The dash-dot line indicates a five-log 
reduction, while the dotted line indicates the detection limit of the cell enumeration 
method.  
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Table 7. Inhibitive Effect of Fumaric Acid on Lactic Acid Fermentation 
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Figure 9. Antimicrobial Effect of Fumaric Acid against E. coli O157:H7 in 
Commercial Brines supplemented with 0 (white bars), 15(light grey bars), 25 (dark 
grey bars) and 35 (black bars) mM fumaric acid. Holding temperatures were 10 (A 
and B), 20 (C and D) and 30 °C (E and F). Dashed lines indicate detection limit, and the 
dotted lines indicate 5-log reduction. A, C and E were done with commercial brine I, 
while B, D and F were done with commercial brine II. Each vertical bar represents means 
of three replicates. Error bars indicate standard deviation. 
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Figure 10. The die-off of E. coli O157:H7 in cucumber jars filled with simulated 
brine solutions prepared with the effective formulation (25 mM fumaric acid, 70 
mM acetic acid, 5 mM benzoic acid, 2% salt, and pH 3.8) at a holding temperature 
of 10 °C (filled circle), 20 °C (open circle) and 30 °C (filled triangle). Linear models 
were used to fit the data of 10 °C (solid line), 20 °C (long dash line) and 30 °C (dotted 
line), with R2 of 0.97, 0.86 and 0.84 respectively. Horizontal short dash line indicates a 5 
log reduction; and grey line indicates the detection limit. 
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Figure 11. Firmness loss rate of brined cucumbers determined by brine pH, salt 
content and storage temperature (Thompson, et al., 1979).  
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Table 8. Firmness Loss of Brined Cumber at Different Holding Temperatures 
Temperature

(°C) 
Duration of holding 

(day) 
Firmness loss (FL) after 
holding treatment (lbs) 

30 days after 
production (lbs)

4 --- --- 0.097 

10 10 0.0297  0.094 

20 3 0.0190  0.106 

30 2 0.0289  0.119 

 

 

 

 

 

 


