
ABSTRACT 

MENG, XIA. pH Elevation by Bacillus licheniformis in Acidified Foods. (Under the 
direction of Dr. Fletcher M. Arritt and Dr. Frederick Breidt). 
 

Acid tolerant Bacillus licheniformis can raise the pH above 4.6 in some acid and 

acidified vegetable products, jeopardizing food safety due to outgrowth of Clostridium spores. 

The objective was to determine the conditions that result in pH elevation during B. 

licheniformis growth in acidified vegetables and the mechanism(s) by which pH increases.  

To understand the pH elevation conditions, acidified cucumber juice, a non-inhibitory 

vegetable medium, was inoculated, with B. licheniformis to monitor the changes in pH, 

optical density, and the concentrations of amino acids, organic acids and sugars during 

growth. Chemical compounds were analyzed using HPLC and an amino acid analyzer. The 

results showed that B. licheniformis caused pH elevation from 4.2 to 7.5, as optical density 

increased from 0.1 to 0.25. The pH did not increase if initial pH values were lower than pH 

4.2. The time needed for pH elevation increased to 80 h as glucose concentration increased 

from 0.1% to 0.8%. Significantly, the pH elevation did not occur under anaerobic conditions. 

Two distinct peaks of pH elevation occurred during growth of cucumber juice with 0.1% 

glucose. In the first 4.5 h of growth, pH increased from 4.9 to 6.1. The total amino acid 

concentration decreased by 20 μg/ml and was negatively correlated with pH elevation (R2= 

0.881). At the same time, ammonia increased by 7.5 μg/ml and 11 μg/ml of arginine (Arg) 

was depleted. A second pH rise occurred as sugar was depleted and the bacteria metabolized 

the organic acids present. In short, it was found that pH rise was due to deamination of amino 

acid in the system and pH decrease was by production of fermentation acids due to sugar 

utilization.  



To further investigate mechanisms of pH elevation and growth of B. licheniformis under 

acidic conditions, the pH peaks and the role of amino acids discovered from previous study 

were closely studied by monitoring the pH, cell growth, and catabolism of sugars and amino 

acids during aerobic and anaerobic incubations at 37°C in 10% acidified cucumber juice (10% 

CJ) at pH 4.1 to 6.0. B. licheniformis caused pH elevation in acidified cucumber juice (pH 

4.9) in two phases under aerobic incubation. The resulting byproduct, ammonia, caused the 

early pH elevation in the medium. Further investigations has indicated the maximum pH 

(pHpeak) and the velocity of pH rise (VpH) of early elevation were influenced by Arg 

concentration, dissolved oxygen, pH, cellular count and the buffing capacity of the media. 

Additional Arg additions to the media (initial pH 4.9) significantly increased pHpeak and VpH 

values durin g aerobic and anaerobic incubation. Growth of B. licheniformis was absent at an 

inoculum level of 6.15 log CFU/ml at pH 4.3 and 4.85 log CFU/ml at pH 4.6 or lower under 

aerobic incubation. However, growth and pH elevation occurred when 110 μg/g Arg was 

present in the media indicating Arg is able to accelerate early pH elevation and lower the 

amount of cells required for growth at a reduced pH. The initial pH elevation can be 

prevented by adding 0.005 mol/L of acetate buffer to the media making the metabolism of 

amino acids and sugars by B. licheniformis much slower than in un-buffered 10% CJ. In 

short, Arg catabolism and the early pH elevation caused by Arg played a key role in 

permitting the growth of B. licheniformis in an acidic environment.  
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CHAPTER 1 

LITERATURE REVIEW 

 

Acidified Food & Regulations 

Minimally processed food products with high nutrition retention are becoming 

popular. A group of these products rely on a mild heat treatment in combination with low pH 

control. These products offer an excellent way of preserving easily perishable foods. Many 

acid-preserved hermetically sealed foods are made by a direct acidification method as 

opposed to fermentation; edible acids are added to those products giving them flavor as well 

as a low pH.  

Foods with acidulants or acid food ingredients added to reach an equilibrated pH of 

4.6 or below are defined as acidified foods by the Food & Drug Administration (21 CFR part 

114). The market for acid and acidified vegetable products is currently dominated by 

acidified, rather than fermented cucumber pickles (Fleming, Kyung et al. 1995).The acidified 

food regulation was promulgated to prevent botulism in improperly acidified foods. Research 

has shown that Clostridum botulinum cannot grow and produce toxin at or below pH 4.8, and 

4.6 was  adopted to be the maximum pH allowed for safety purposes (Townsend, Yee et al. 

1954; Ito and Chen 1978).    

Guidelines to ensure the safe production of these foods have been drawn up by the   

FDA and are newly updated in 2010. The draft guidance document for acidified food 

industry advocates a long heat treatment time for food products with pH value between 4.3-

4.4. It is suggested for products that fall under this pH range to have heat treatment at 200°F 
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for 10 – 23 min (Appendix A Table 2). Compared to foods with a pH of 4.2, the heat 

treatment is only 5 min at the same temperature (Appendix A Table 2). While the extensive 

time assures to kill the spores of spoilage microorganisms and the pathogenic 

microorganisms (Appendix A Table 1), the quality of the product may be severely impacted 

as a result, not to mention the added cost for the industry by raising the processing 

temperature.  

In fact, a decrease in pickle quality will be resulted once the internal temperature 

reaches to 170-200°F (Monroe, Etchells et al. 1969). Yet, the crisp texture is one of the most 

important quality factors for many pickled vegetable products. Usually an internal 

temperature of 160-170°F with 0.60% acetic acid results pickles of good quality (Monroe, 

Etchells et al. 1969). Although the actual time and temperature varies with products, the 

acidified foods industry has been using the recommended 165°F for 15 min as a standard 

pasteurization temperature and time because temperature higher than 165°F was reported to 

result in increased damage to the pickles internally (Monroe, Etchells et al. 1969).  

The basis for such an action, stated in the draft guidance document, is the fear of 

thermal resistant spores produced by microorganisms such as Bacillus licheniformis and 

Bacillus subtilis, which are generally associated with food spoilage, are not inactivated 

during the heat treatment. Those spores are speculated to germinate, grow and cause the pH 

to increase above 4.6 under favorable conditions (Draft Guidance Document, 2010) a 

condition that is feared to be fulfilled by mild heat-treated acidified foods. With an elevated 

pH above 4.6, the condition could encourage pathogenic bacteria spores, specifically 

Clostridium botulinum, to germinate (Draft Guidance Document, 2010).  
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Metabiosis  

Many studies that were referenced by the FDA in the new guidance document have 

proposed the idea of metabiosis occurring in generally accepted as safe foods, which caused 

the FDA to put a higher processing temperature in the new guidance document. The term 

metabiosis describes the situation of one species changing the environment making it 

favorable for another species to grow (Odlaug and Pflug 1978). Such instance has been 

demonstrated scientifically by Montville when he inoculated B. licheniformis spores and C. 

botulinum spores into a tube of molten agar at pH 4.4 under oxygen conditions of a 

simulation for a leaked can (Montville 1982). A pH gradient developed in the tube after 8 

days, and by the end of 30 days, botulinum toxin was detected in all of the co-inoculated 

tubes (Montville 1982). The low pH does not seem to be the limiting factor for C. botulinum 

spores. They were able to survive in acid food for at least 180 days despite the pH is below 

4.6 (Odlaug and Pflug 1977). In a study showing a metabiosis relationship between 

Aspergillus gracilis and C. botulinum, C. botulinum spores and toxin were detected after A. 

gracilis had grown and shifted the pH to above 6.2 from 4.6 aerobically (Odlaug and Pflug 

1979). In addition, the result confirmed that under favorable conditions, C. botulinum spores 

were capable of germination and toxin production in presence of other microorganisms. In 

fact, toxin production was detected at pH 4.2 without a pH elevation by another 

microorganism (Odlaug and Pflug 1979). Similarly, botulinum toxin synthesis was detected 

in another study where tomato juice was co-inoculated with mold spores (Cladosporium spp. 

and Penicillium spp.) and C. botulinum spores (Huhtanen, Naghski et al. 1976). The heavy 
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mold mat formed aerobically at room temperature created an anaerobic environment for C. 

botulinum growth (Huhtanen, Naghski et al. 1976).  

Bacillus is a genus with large number of species. They are environmental ubiquitous 

microorganisms that produce spores of heat and acid resistance. Researchers have suggested 

the possible risk of germination and growth of acid tolerant Bacillus spores in acidified foods 

under aerobic conditions making the pH less acidic favoring C. botulinum spore germination 

(Fields, Zamora et al. 1977; Odlaug and Pflug 1979; Montville 1982). Slocum documented a 

case of botulism in home canned tomatoes which had killed two people with isolation of 

spore-forming bacillus and a diplococcus from the tomato serum (Slocum 1940). The 

possible risk of metabiosis supported the precaution in the new guidance document to 

increase thermal treatment to acidified foods.  

 

Bacillus Species 

General Background 

Bacillus species are gram positive, rod- shaped bacteria that exist in soil as 

endospores 60%-100% of the time (Alexander 1977). They can be aerobic or facultative 

anaerobic depending on the species, and whether they are catalase positive, they are 

generally not osmotolerant. While most species are mesophilic, individual strains cover the 

entire temperature spectrum for food spoilage.  

Bacillus licheniformis and Bacillus coagulans were used the most for the 

investigations of their pH elevating ability. Unlike the round and moist B. coagulans colonies, 

B. licheniformis colony changes as it matures where the colonies are initially small, moist 
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and circular but become larger, dry with irregular edge and wrinkles on the surface as the 

size increases. However, the colonies are consistent compared to B. coagulans, which have 

colonies that vary in size on a single agar plate, giving the impression of contamination.  

Historically, B. licheniformis and closely related species (B. subtilis and B. pumilus) 

have been grouped to the subtilis-group, based on phenotypic characteristics (Gordon, 

Haynes et al. 1973). Their similarities have made it difficult to identify them from each other 

using the phenotypic identification system. Fortunately, DNA homology studies, 16s rDNA, 

and molecular methods made it easy to differentiate B. licheniformis from B. subtilis species. 

Based on DNA-DNA hybridization studies, B. licheniformis is genetically homogeneous 

(Claus and Berkeley 1986), it only shares about 10% DNA homology with the subtilis-group 

(Seki and Oshima 1989). Therefore, B. licheniformis was categorized as an independent 

species. Furthermore, B. licheniformis can also differentiated from among the other bacilli by 

using the API diagnostic test kits (Logan and Berkeley 1981) or by using pyrolysis gas-liquid 

chromatography (Odonnell, Norris et al. 1980); nonetheless, it may still be ambiguous among 

closely related species in its biochemical and phenotypic characteristics (Logan and Berkeley 

1981; Rey, Ramaiya et al. 2004). New studies have now indicated similarities between B. 

licheniformis with B. subtilis in phylogenetic relationships and gene content (Lapidus, 

Galleron et al. 2002; Xu and Cote 2003).  

Bacillus spp. is widely used in the industry to produce indigenous proteins. About 60% 

of the enzymes on the current market originate from Bacillus spp., and they have the ability 

to produce up to 20- 25 g/liter of protein (Xu and Cote 2003; Schallmey, Singh et al. 2004). 

Among the Bacillus spp., Bacillus licheniformis and Bacillus subtilis are the mostly used due 
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to several reasons. They are considered as GRAS (generally regarded as safe) and are free of 

endotoxin, explaining the reason for its long history of use since 1972 (Deboer, Priest et al. 

1994). In addition, the availability of complete genome sequences for B. subtilis 168 and B. 

licheniformis ATCC 14580 expedite the insertion of genes during the production of strains 

for commercial uses (Degering, Eggert et al. 2010). Some of the products that are made from 

bacillus proteins are used for making bio-insecticides (Priest 1989) as well as antibiotics and 

other biochemicals (Norris, Berkeley et al. 1981). In the textile and paper industry, enzymatic 

deterioration is relied on to make pulp. Thermo stable α-amylases enzymes from Bacillus spp. 

are also used to make food adhesive or for starch liquefaction.  

 

Thermal Resistant spores  

Bacillus spp. is known for producing heat resistant spores. Many studies were done 

on assessing the thermal stability of acid tolerant Bacillus spores. The D-values for B. 

licheniformis spores at 95°C and 100°C are 15.8 min and 5.7 min respectively in tomato juice 

(Ito and Chen 1978). In UHT milk, the D-value for B. subtilis spores is 98°C for 2.36 min 

(Jagannath and Tsuchido 2003). The relatively high D-values of Bacillus spores raise the 

question of whether the mild thermal treatment for acidic foods is enough to kill those 

thermophilic spores. Their ability to withstand pH below 4.6 and the ability to produce 

thermally resistant endospores raised concerns for inadequately sealed acid products, 

especially in tomato products. Improper sealed acidified foods violate 21 CFR parts 114. The 

spores, in contact with air, might germinate. Several studies pointed out the increase risk of 

botulinum intoxication if the pH of acidified substrate was elevated by survived Bacillus 
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spores (Fields, Zamora et al. 1977; Montville 1982; Azizi and Ranganna 1993; Rodriguez, 

Cousin et al. 1993). While most bacterial spores cannot germinate in acidic foods, Bacillus 

spp. is reported to grow at pH values below 4.6 and the heat- resistant spores are able to 

survive the heat treatment for commercial products causing food spoilage (Splittstoesser, 

Churey et al. 1994; Hanlin 1998). The aerobic bacilli cultures isolated from pasteurized fruit 

juice had an optimal pH of 3.5- 4.0 (Splittstoesser, Churey et al. 1994). In addition, the 

National Canners Association (1968) stated B. coagulans was the most thermo resistant of 

those capable of spoiling tomato derivatives with a pH 4.5 below. While their acid resistance 

and thermal resistance under aerobic conditions have been demonstrated by many studies, it 

is unclear if they pose a threat to pasteurized acidified foods which is an anaerobic 

environment.  

 

Contamination and Spoilage of Foods by Bacillus spp.  

Although Bacillus spp. has a GRAS status, presence of the bacteria in food can lead 

to food spoilage. Generally, fresh produce has been frequently contaminated by 

microorganisms due to its contact with soil, animals and insects. According to Zagory 

(Zagory 1999), the microbial contamination on fresh produce can be from 103 CFU/g to 109 

CFU/g. Bacillus licheniformis spores are found in 106-7 CFU per gram of soil (Alexander 

1977). Among the Bacillus species, Bacillus licheniformis and Bacillus coagulans are the 

most commonly reported microorganisms that cause spoilage and safety problems in 

acidified food products such as home-canned tomatoes and vegetables (Rey, Ramaiya et al. 

2004). About 30% of the tomato cans used in these studies by Field (Fields, Zamora et al. 



 

 
8 

1977) had viable B. licheniformis. Among 3 typical commercial canneries, unprocessed 

canned whole-washed, lye- peeled tomatoes packed in juice in a 303x 406 sized cans had 

averages of about 186 total spores/ml while 38 spores of those were flat sour spores (York, 

Heil et al. 1975). In unwashed tomatoes, Bacillus coagulans varied between 65 and 1100 

spores/g tomato (Denny and Bohrer 1964). Rodrigo reported that the minimum amount of 

spores need to spoil crushed tomato with a pH of 4.5 is around 86 spores/ml (Rodrigo, 

Martinez et al. 1990).  Due to its wide distribution in the environment, B. licheniformis was 

reported in cereals through air contamination (Deboer, Priest et al. 1994) and was often 

associated with the spoilage of packaged meats (Bell and Delacy 1984). Additionally, 

Bacillus spp. was found to be one of most prevalent microorganisms in milk in several 

countries including the US, UK, France, Canada. Spoilage with B. licheniformis was most 

common in raw milk (Mikolajcik and Simon 1978; Bergere and Cerf 1992; Crielly, Logan et 

al. 1994). 

With a strong association to home-canned foods, several outbreaks indicated a 

connection between Bacillus spp. and botulism. A recent report from the CDC identified 160 

out of 263 botulism cases were foodborne botulism incidents between years of 1990- 2000. 

Out of those 160 cases, 44% were from home- canned vegetables (Sobel, Tucker et al. 2004). 

There were 34 Clostridium botulinum outbreaks in acid foods between the years of 1899 to 

1975 (Odlaug and Pflug 1979).  Tomato products were implicated in 17 out of the 34 

outbreaks (Odlaug and Pflug 1978). Commercially bottled ketchup was implicated in 

botulism in 1915 (Odlaug and Pflug 1978). Although rare, 6 cases of foodborne botulism 

events between 1990- 2000 in United States were from high acid foods with one case related 
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to tomato juice, one related to pickles and 4 cases related to pickled herring (Sobel, Tucker et 

al. 2004). In the botulism annual summary 2009, which was put together by the CDC, there 

were 11 cases of foodborne intoxication in total. All 11 cases were caused by home-canned 

foods. The foods include home- canned mustard greens, green beans, tuna, corn, soup and 

asparagus.  

Experimentally, C. botulinum growth has been reported in pure culture studies 

(Raatjes and Smelt 1979; Smelt, Raatjes et al. 1982), and under strict anaerobic conditions, C. 

botulinum spores were able to outgrow and produce toxin in soy protein media under pH as 

low as 4.1 within in 3 weeks at 30°C incubation (Youngperkins and Merson 1987). The 

result indicates that germination under low-pH is possible; despite the general acceptance of 

C. botulinum will not germinate and grow at pH 4.8 or below. As Yong-Perkins further stated, 

titratable acidity along with pH are better to define the toxin production of C. botulinum. The 

nutritional components in the environment also influences the toxin production of C. 

botulinum especially protein hydrolysis in acidified media (Wong, Youngperkins et al. 1988).  

 

Acid Resistance 

The concerns about metabiosis only exist if several events occur at the same time. 

The acid resistance of Bacillus spp. reported in several studies has been controversial. Banks 

(Banks, Morgan et al. 1988) reported that B. licheniformis spores could grow at pH 4.2 when 

the inoculum level was 104 spores/ml under aerobic conditions at 30°C, however, when the 

inoculation dropped to 102 spores/ml, the minimum pH was 4.5. Montville (Montville and 

Sapers 1981) also reported B. licheniformis growing in tomato juice with pH adjusted to 4.2 
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aerobically at 37°C. Similarly, studies have shown the minimum pH for Bacillus coagulans 

spores to germinate is 3.9 to 4.2 at an inoculum level of 106 CFU/ml, and the pH increased to 

4.5 when inoculated at 102 CFU/ml in tomato juice (Rice and Pederson 1954; Rodrigo, 

Martinez et al. 1990). According to Field’s study (Fields, Zamora et al. 1977) that evaluated 

the safety risks of home canned foods, where 7 cans of tomatoes (15 samples from each can) 

from 19 counties in Missouri, a total of  292 containers of tomatoes were evaluated. The pH 

range for home-canned tomatoes was determined to be between 3.4 and 5.0, which confirms 

the strong association of home-canned tomatoes with Bacillus spoilage. Roderiguez 

(Rodriguez, Cousin et al. 1992) reported that neither Bacillus licheniformis nor Bacillus 

subtilis strains he used in his earlier study (Rodriguez, Cousin et al. 1992)  grew aerobically 

at pH 4.2 or 4.0, and only one strain of each species grew at pH 4.4 aerobically in tomato 

juice. Additionally, none of the B. licheniformis strains grew in anaerobically in tomato juice 

or tomato juice supplemented with thiamine and nitrate.  

 

pH Elevation 

It seems reasonable to speculate there is a possible risk in acidified foods due to 

growth of Bacillus spp. since they produce thermal and acid resistant spoilage spores. The pH 

elevating ability of Bacillus spp. has been reported in many studies (Fields, Zamora et al. 

1977; Montville and Sapers 1981; Montville 1982; Anderson 1984; Hanlin 1998). As 

referenced by the draft guidance document, Montville and Sapers (Montville and Sapers 

1981) proposed the possibility of bacteria raising pH, specifically B. licheniformis in tomato 

juice. They demonstrated the pH elevation by B. licheniformis from 4.4 to 7.55 aerobically 
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and from 4.76 to 6.20 inside an anaerobic jar, indicating an anaerobic environment 

(Montville and Sapers 1981). Moreover, growth of C. botulinum occurred along with 

botulinum toxin production using the same system when C. botulinum spores were 

inoculated in a follow-up experiment (Montville and Sapers 1981). The growth of C. 

botulinum indicates the pH increase by and growth of B. licheniformis does not inhibit the 

growth of C. botulinum nor does it contain any inhibitors preventing C. botulinum spores 

from germinating. In sum, the spores could survive the approved thermal process, germinate, 

and raise the pH of an acidified food providing an environment susceptible for pathogenic 

bacteria although the likelihood is small. Nonetheless, the issue should be taken seriously 

since C. Botulinum is deadly. Bacillus coagulans has been reported to grow robustly at pH 

4.5 and raise the pH of tomato juice to 5.4 within 21 days aerobically (Anderson 1984).  

The elevation of pH is especially significant in the acid food industry because it not 

only affects the types of heat treatment for the product but more importantly, the safety of the 

product.  

 

Etiology   

Inhibition of Bacillus spp. in foods is desired because it not only is a common cause 

of food spoilage but also is a potential risk to acidified foods due to metabiosis. Preservatives 

are often used in foods to prevent growth of bacteria in acidified foods. Recently, it is of 

public interest to use natural preservatives. Several natural antimicrobials such as 

lactoperoxydase (Haddadin, Ibrahim et al. 1996), essential oils and organic acids (Hili, Evans 
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et al. 1997) have been investigated and have demonstrated effectiveness. Yet, inhibition can 

be greatly facilitated by understanding the etiology of pH change by Bacillus spp.  

The exact mechanism by which Bacillus spp. can raise pH of substrate is still poorly 

understood. However, there are studies suggesting the production of alkaline metabolites, 

such as ammonia, during growth may result in pH elevation. Bacillus subtilis is widely used 

to ferment Japanese natto, where the bacteria first break down soybean protein into amino 

acids, which are then consumed by the bacteria forming ammonia as an end product (Sarkar, 

Cook et al. 1993). The utilization of amino acids from accessible carbon source produces 

energy for the bacteria as shown in the equation below (Allagheny, Obanu et al. 1996):  

RCH(NH3
+)COO- + nO2  nCO2 + nH2O + NH4

+ + OH- 

Note that the chemical reaction requires O2, which means, the bacteria will need to either 

make O2 or use the O2 in the environment to break down amino acids. Since deamination of 

amino acids does not require oxygen, therefore, this can be taken place under anaerobic 

conditions. 

Equally importantly, Allagheny (Allagheny, Obanu et al. 1996) also stated that a way 

to prevent ammonia production and pH increase is to restrict oxygen by using a closed 

system. This not only verified the presence of pH increase during natto fermentation but also 

suggested that ammonia production requires oxygen. Similar fermentations are done with 

African locust bean cotyledons (Parkia spp.), Kenima, fermented soybean product (Sarkar, 

Cook et al. 1993) and Thai thua-nao, fermented soybeans (Sundhagul, Smanmathuroj et al. 

1972).  
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Another possible mechanism of pH increase in foods is decarboxylation, which can 

be seen with Escherichia coli during acid challenge (Hersh, Farooq et al. 1996) and with 

Shigella flexneri (Waterman and Small 1996). To maintain a neutral internal pH in a low pH 

environment, bacteria produce enzymes for decarboxylation reactions, where the 

decarboxylated product leaves cytoplasm as a neutral molecule by using the amino acid 

antiport, which results a net extrusion of one proton (Molenaar, Bosscher et al. 1993). 

Glutamate is decarboxylated, maintaining internal cell pH near neutral (Sanders, Leenhouts 

et al. 1998). The decarboxylation of L-glutamate by glutamate decarboxylase produces ɣ-

aminobutyric acid (GABA). GABA increases the pH as it is exchanged with extracellular 

glutamate through proton exchange (Sanders, Leenhouts et al. 1998).  

 

Organic Acids 

Acids are commonly used to reduce severity of the heat treatment needed in order to 

achieve safe products. Organic acids and their sodium salts can be used in most foods 

without specific limitations under the Code of Federal Regulations. Benzoic and sorbic acids 

are two widely used acids for their inhibitory effect on microbial growth (Dziezak 1986). The 

limitation for benzoic acid is 0.1% (21CFR parts 184.1021) and there is no limitation on 

sobric acid due to its GRAS status (Draft Guidance Document). Other acids, such as acetic, 

lactic, propionic and fumaric, also possess the ability to prevent or delay microbial growth, 

and are often added to foods to prevent microbial spoilage (Dziezak 1986; Greer and Dilts 

1995; Podolak, Zayas et al. 1996). 
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The relative effectiveness of different acids to inhibit microbial growth or kill 

microorganisms has often been expressed in terms of minimum inhibitory concentrations 

(MIC). The MIC is the smallest concentration of an acid that will prevent the growth of an 

organism under a set of conditions (Ostling and Lindgren 1993). The inhibitory effect of 

organic acids depends greatly on their un-dissociated form (Lund, George et al. 1987; 

Zamora and Zaritzky 1987; Adams and Hall 1988). While the effectiveness of strong acids 

relies solely on the lowering of pH, the un-dissociated form of weak organic acids can diffuse 

through bacterial membrane resulting imbalance of internal pH and interfere with cell 

activities (Hanlin 1998). Some bacteria such as S. bovis react to the pH change by allowing 

the decrease of its intracellular pH in order to maintain a constant pH gradient across its 

membrane. The decrease of intracellular pH is able to prevent anion accumulation in the 

cytoplasm, which is toxic to the bacteria. Since the pH determines the proportions of the 

dissociated and non- dissociated forms of an acid near its pKa, it has a strong influence on 

the MIC (Eklund 1983). The inhibitory effects of organic acids affects different types of 

organisms differently (Matsuda, Yano et al. 1994). Therefore, it is difficult to predict the 

effectiveness of the organic acid in a food complex.  

In an experiment that ranked the antimicrobial effects of organic acids on E. coli 

O157:H7 under anaerobic conditions, the effectiveness of organic acids to achieve a 5- log 

reduction are as followed:  sulfite > benzoic acid > sorbic acid > fumaric acid > L- and D-

lactic acid > acetic acid > malic acid (Lu, Breidt et al. 2011). Several studies have been done 

on the influence of organic acids on Bacillus spp. Murdock (Murdock 1950) determined 0.21% 

malic acid was bacteriostatic to B. coagulans spores at pH 4.4 on tryptone-dextrose agar. 
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This was also seen at 0.26% of citric acid at pH 4.8 (Murdock 1950). Rice and Pederson 

(Rice and Pederson 1954) revealed a more effective bacteriostatic activity on spore 

germination and growth from oxalic, formic and lactic acids than malic, citric, acetic, 

propionic and pyrrolidonecarboxylic acids on B. coagulans in tomato juice. In case of B. 

subtilis, acetic acid was the most effective among benzoic, butyric, caprylic, citric, lactic, 

malic and tartaric acid, while citric, malic, and tartaric acids had the least inhibitory effect on 

vegetative cell growth (Hsiao and Siebert 1999).  

 

Oxygen  

As mentioned previously, B. licheniformis and B. coagulans are facultative anaerobes 

or obligate aerobes depending on the strains and environmental conditions. Anderson 

(Anderson 1984) reported the B. licheniformis strains from Fields (Fields, Zamora et al. 1977) 

can grow well under anaerobic conditions at high pH. Rodriguez (Rodriguez, Cousin et al. 

1992) and Sietske de Boer (Deboer, Priest et al. 1994) also reported anaerobic growth by B. 

licheniformis at pH 4.4. Rice and Pederson (Rice and Pederson 1954) investigated oxygen 

requirements for B. licheniformis and found the absence of growth under strictly anaerobic 

conditions; however, the oxygen requirement can be as low as 0.1mm (mercury) to produce 

growth. In another study, B. subtilis was unable to grow under strict anaerobic conditions; 

however, some growth occurred as pellicle on the top of the medium when a slight amount of 

oxygen entered the system at pH 4.4 (Rodriguez, Cousin et al. 1992). According to 

(Clements, Miller et al. 2002), facultative anaerobes were able to undergo aerobic respiration, 

anaerobic metabolism and fermentation. During anaerobic metabolism, inorganic and organic 
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compounds such as nitrate and fumarate are used instead of oxygen by the electron transport 

chain (Lengeler et al., 1999). Nakano (Nakano, Dailly et al. 1997) demonstrated anaerobic 

metabolism by B. subtilis, a physiological close relative to B. licheniformis, with the presence 

of nitrate, as well as fermentation when glucose and pyruvate are available. Bulthuis 

(Bulthuis, Rommens et al. 1991) also stated that Bacillus licheniformis is capable of nitrate 

utilization, or a mixed-acid fermentation producing lactate, glycerol, ethanol, and carbon 

dioxide. Therefore, anaerobic growth is enhanced when nitrate was supplemented (Gibson 

and Gordon 1974; Broman, Lauwers et al. 1978).  

 

pH Regulation 

As part of the stress response system, bacteria have the ability to react to extreme 

environmental stress to tolerate temperature, pressure, salinity and acid stress. Homeostasis 

of pH is critical to vegetative cells because proteins only function within a certain pH range. 

In an acidic environment, bacterial cells generally maintain an intracellular pH higher than of 

the environment (Booth 1985). In order to prevent fluctuation of the internal pH under stress, 

bacterial cells regulate pH through decreased membrane permeability, internal buffering, 

changes in internal pH, and proton uptake/extrusion (Dilworth, Glenn et al. 1999).  

Under acid stress, the first line of defense is the cell membrane. Cell membrane can 

change in composition under various pH values to limit H+/OH- entrance, but only to an 

extent (Arneborg, Salskoviversen et al. 1993) due to the fact that pumping of H+/OH-  ions is 

a very energy-consuming system to maintain intracellular pH. Bacteria Enterococcus hirae 

removes excess H+ ions out of the cell by up regulation of  F1F0-ATPase which promotes 
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ATP-dependent proton pumping through  H+/K+ antiporters (Kobayashi, Suzuki et al. 1984; 

Krulwich, Sachs et al. 2011). Pumping of ions in a pH stressed environment may be limited 

by the high-energy cost, as carbon substrates are being consumed for ion exchange 

(Kobayashi, Suzuki et al. 1984). However, Russell stated in his study that cells have ample 

energy to pump protons and the problem is really internal anion accumulation (Russell 1991). 

Another major strategy for pH regulation is cytoplasmic buffering where bacterial 

enzymes are expressed to increase consumption of cytoplasmic protons, including amino acid 

decarboxylase (Krulwich, Sachs et al. 2011). However, because buffering requires 

continuous production of buffering materials, it can only be activated temporarily (Dilworth, 

Glenn et al. 1999). In non-respiratory microorganisms, the chloride ions from acid regulated 

Glutamate decarboxylase-β (GadB) trigger the decarboxylation of glutamate to GABA 

(Krulwich, Sachs et al. 2011). GadB and antiporter GadC work together to exchange GABA 

for more glutamate to fuel the process (Krulwich, Sachs et al. 2011). Alternatively, bacteria 

could modify external pH through metabolic activities. Generally, catabolism of sugars or 

sugar alcohols can induce acidification, whereas catabolism of organic acids or amino acids 

leads to an increase in external pH (Dilworth, Glenn et al. 1999). Low pH is also able to 

induce a response of decarboxylation of amino acids (Gale and Epps 1942), such as lysine 

catabolism (Meng and Bennett 1992; Watson, Dunyak et al. 1992) and arginine catabolism 

(Stim and Bennett 1993), which leads to a pH elevation in the environment. The amelioration 

stops when the substrates required for catabolism are no longer accessible.  
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Summary 

The control of spoilage microorganisms such as Bacillus licheniformis and Bacillus 

coagulans in acidified foods with high heat processing temperatures of 200°F for 10-23 min 

impacts the quality of food products. Although bacilli have been widely reported to be 

associated with spoilage of acid products (particularly in tomato products), the safety of 

acidified vegetables should be further investigated. The conditions necessary for pH 

elevation to occur in acidified vegetables by Bacillus spp. are still unknown, and the pH, 

oxygen level, and amino acid content of the environment can greatly influence the 

occurrence of metabiosis. Giving the possibility of metabiosis occurring among Bacillus spp. 

and Clostridium botulinum, it is very important to verify the pH- elevating ability of these 

spoilage microorganisms in acidified vegetable media and the conditions promoting botulism, 

also whether such conditions will be satisfied in acidified food products. Whether bacillus 

spores in an acidified product is a threat to food safety cannot be solely concluded based on 

the speculations. The likelihood of such a threat is yet to be evaluated.   
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CHAPTER 2 

PH ELEVATION IN ACIDIC MEDIA AND FACTORS INFLUENCING PH 

ELEVATION 

 

Abstract 

Previous research had shown the ability of Bacillus spp. to elevate pH of a high acid 

medium. The pH elevation conditions by B. licheniformis and B. coagulans were compared 

in acidified cucumber juice, acidified TSB and tomato juice in combinations with various 

glucose, pH and oxygen levels to evaluate the factors influence pH elevation. The results 

showed that higher cucumber juice concentration delivered less pH elevation. At 1.6%, lactic 

acid from glucose, a delay B. licheniformis growth occurred for 3 days, and no further delay 

was observed at a higher concentration. There was no increase in OD for B. licheniformis 

anaerobically; however, B. coagulans had a small increase for growth on day 3 in cucumber 

juice at a pH close to neutral. Further increase may occur if enough days were given. 

Moreover, pH elevation only occurred in cucumber juice inoculated with B. coagulans at a 

pH 4.0 and lower and at pH above 4.2 for B. licheniformis with oxygen. This indicated that 

pH elevation is dependent on environmental conditions. Furthermore, the pH initially rose 

then declined forming a peak, then rose again. The peak in pH has raised the interest for a 

further investigation in its role in the pH elevation process. Amino acid and HPLC analysis 

revealed ornithine formation and Arginine depletion corresponding to pH elevation. This 

study evaluated the likelihood for pH elevation to occur in acidified foods and raised 

questions about the pH elevation mechanism by Bacillus spp. 



 

 
31 

Introduction 

Acidified foods are defined by the Food and Drugs Administration (FDA) as food 

with acidulants or acid food ingredients added to reach an equilibrated pH of 4.6 or below 

(21 CFR part 114). Whether the food is acidified or has a natural low pH, all acid foods 

should achieve a 5-log reduction of pathogenic bacterial cells and prevent non- pathogenic 

cells from reproducing in the food (CFR, 2010). The acidified food regulation was 

promulgated to prevent botulism in improperly acidified foods. Research has shown that 

Clostridum botulinum cannot grow and produce toxin at or below pH 4.6 (Townsend, Yee et 

al. 1954; Ito and Chen 1978).  

The heat resistant spores produced by microorganisms such as Bacillus licheniformis 

and Bacillus subtilis, are generally associated with food spoilage, and are not inactivated 

during pasteurization. Those spores are speculated to germinate, grow and cause the pH to 

increase above 4.6 under favorable conditions in acidified foods (Draft Guidance Document, 

2010). The elevated pH could encourage germination of spores of pathogenic 

microorganisms once the pH is raised to above 4.6, specifically Clostridium botulinum (Draft 

Guidance Document, 2010).  

Bacillus licheniformis is a gram- positive, spore- forming bacterium that can be found 

widely in soil (Alexander 1977). It is an acid tolerant bacterium often involved in spoilage of 

cooked meats, dairy products and various acid foods. In Fields’ study, he isolated B. 

licheniformis from 30% of home canned tomatoes and 10% of home canned green beans 

(Fields, Zamora et al. 1977). B. licheniformis possesses the ability to raise pH of an acid 

environment as it replicates. FDA is particularly concerned with this type of microorganism 
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because it is possible metabiotic effects may occur, whereby one microorganism changes the 

environment as it grows making a more favorable environment for another microorganism 

(Hanlin 1998). Metabiosis can create a hazardous condition if growth of a pathogen results. 

Due to the fact that B. licheniformis has been shown to grow below pH of 4.6 and raise pH, it 

should be subject to further investigation in certain acid or acidified foods.  

The draft guidance document for acidified foods promulgated by the FDA advocated 

200°F for 10 – 23 min for acidified food products with a pH value between 4.3-4.4 (Table 8, 

Draft Guidance Document, 2010) for destroying the spores of heat resistant microorganisms 

such as B. licheniformis. As a result, the quality of the product would be severely impacted, 

and there would be an added cost for the industry by raising the processing temperature. 

Monroe et al. recommend the pasteurization time for acidified pickles to be 165°F for 15min; 

higher temperature or time will not be needed for safety (Monroe, Etchells et al. 1969). It is 

important to note that pasteurization will not kill heat- resistant spores. 

The objective for this study was to evaluate and quantify the conditions for B. 

licheniformis and B. coagulans growth in an acidified laboratory medium, cucumber juice 

and tomato juice at 37°C. Cucumber juice was chosen as a generic substrate for low-acid 

vegetables, since it does not contain natural inhibitory compounds found in other vegetables 

such as peppers or cabbage. Tomato juice was chosen due to the association with spoilage 

caused by B. licheniformis and B. coagulans (Fields, Zamora et al. 1977).  
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Materials and Methods 

 

Bacterial Strain Selection and Maintenance 

Bacillus licheniformis (including N1085, ATCC 14580) and Bacillus coagulans (N 

1017, NCA 43-P, 2253 Sporecorp 128) strains provided by the Grocery Manufacturers 

Association along with Bacillus coagulans ATCC 7050 and Bacillus licheniformis NRRL B-

4284 (from the USDA-ARS Food Science Research Unit) were grown on tryptic soy broth 

without dextrose (TSB) agar (Bacto, Becton Dickenson). Cells were plated overnight at 37°C 

in order to determine the most robust strains for challenge studies. For the preparation of 

bacterial cells, a TSB agar plate for each strain was streaked from frozen stock stored at -

80°C and grown aerobically overnight at 37°C. A fresh colony was picked and placed in 7 ml 

of TSB broth then incubated at 37°C with agitation at 150 rpm for 16 hours. The culture was 

then harvested by centrifugation at 13,000 × g for 10 min at room temperature, washed once 

with 7 ml of sterile 0.85% saline, centrifuged again and the supernatant was removed. The 

pellet was re-suspended in 7 ml of sterile 0.85% saline to a final concentration of ~4.0 × 108 

CFU/ml. B. coagulans cocktails were prepared by combining 5 ml of each of the four B. 

coagulans strains grown as described then diluted to an optical density at 600 nm of 

approximately 0.7. The microbiological count was determined on the day of inoculation by 

dilution in 0.85% saline solution and plating onto TSB agar plate using a spiral plater 

(Autoplate 4000, Spiral Biotech, Norwood, MA) with enumeration by a colony counter (Q-

count, Spiral Biotech Inc., Norwood, MA) 
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Growth Media Studies 

To study the growth of Bacillus spp. in acidified tomato juice, tomato juice (1.36L 

sized canned tomato juice, obtained from commercial sources) was pH adjusted with 1N 

NaOH or 1N HCl to pH 4.5 and 6.0, verified with a calibrated pH meter and autoclaved for 

20 min at 121°C and 15 psi to sterilize. For growth in tomato juice, 250 μl of B. coagulans 

cocktail and 100 μl of B. licheniformis NRRL B-4284 overnight culture was inoculated into 

10 ml of tomato juice with the pH adjusted to 4.5 and 5.5 in triplicate. The initial cell count 

was determined to be approximately 107 CFU/ml and 108 CFU/ml respectively. Cultures 

were grown at 37°C under static conditions for 8 or 9 days while pH elevation was monitored 

daily with a calibrated pH meter (AR25 Accumet, Fisher Scientific). Samples were 

transferred into 1.5 ml eppendorf tubes and centrifuged at 13,000 x g for 10 min at room 

temperature, and the supernatant pH was measured. Cells were also enumerated daily using 

the spiral plate method described previously. 

To study the growth of Bacillus spp. in acidified cucumber juice, cucumbers (Size 2B, 

ranging from 30 to 40 mm in diameter) from commercial sources were transported at ambient 

temperatures to the USDA ARS laboratory and immediately stored at approximately 4°C 

until use. To prepare cucumber juice (CJ), cucumbers were first washed with tap water to 

clean off debris before being blended into cucumber slurry without the addition of water (no 

visible chunks) with a commercial blender (Commercial Blender, Waring). The slurry was 

then centrifuged at 7,000 rpm for 20 min (Sorvall RC-5B Refrigerated Super speed 

Centrifuge, Du Pont Instruments). The supernatant was filter- sterilized under vacuum 

through a 0.45 µm micron filter (NYL filter unit, Nalge Nunc International, Rochester, NY) 
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and stored at 4°C until use. For growth media studies and the investigation of factors 

influencing pH elevation, cucumber juice was prepared by mixing undiluted cucumber juice 

with sterile deionized water at a 1:10, 1:5, 1:2 ratios to make 10%, 20% and 50% cucumber 

juice, respectively. The pH of the cucumber juice was adjusted to 2.0, 3.0, 4.0, 4.5, 5.0, 5.5, 

7.0, 8.0 and 10.0 with 1N NaOH or 1N HCl and verified using a pH meter (AR25 Accumet, 

Fisher Scientific) calibrated with pH 4 and 7 buffers before filter-sterilization. Cucumber 

juice with pH adjusted to 3.8, 4.0, 4.2, 4.3, 4.5, 4.6, 4.8, 5.0, or 5.2 was made using the same 

methodology.  

To quantify the potential of pH elevation in CJ with or without additional glucose 

under both aerobic and anaerobic conditions, 100 μl of B. coagulans cocktail or B. 

licheniformis NRRL B-4284 overnight culture were inoculated into 10 ml of 10% CJ and 20% 

CJ or 10% and 20% CJ supplemented with 10% glucose. Samples were grown aerobically 

under static conditions or with agitation at 120 rpm conditions and anaerobically, after the 

remaining dissolved oxygen have driven off following the procedures by Lu (Lu, Breidt et al. 

2011) at 37°C or 30°C for 5 days on every other day. Anaerobic incubation was achieved 

using an anaerobic chamber (COY, Grass Lake, MI) with a gas mixture of 85% nitrogen, 5% 

carbon dioxide and 10% hydrogen. Growth was monitored on day 1, 3, and 5 at OD600 using 

a spectrophotometer (Novaspec II, Pharmacia). To determine pH elevation samples were 

transferred into 1.5 ml eppendorf tubes and centrifuged at 13,000 x g for 10 min at room 

temperature to prevent clogging of the pH meter, then measured with a calibrated pH meter. 

Tubes of un-inoculated cucumber juice served as controls for each treatment. 
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To study the growth of Bacillus spp. in acidified TSB, 10 μl of B. licheniformis 

NRRL B-4284 overnight culture prepared as described above was added directly to 8 ml of 

TSB medium that was previously pH adjusted to 2.0, 3.0, 4.0, 4.5, 5.0, 5.5, 7.0, 8.0, or 10.0. 

The inoculated media was incubated at 37°C under static conditions for a total of 6 days. pH 

elevation was monitored on day 0, 1, 5 and 6 at OD600 using a spectrophotometer (Novaspec 

II, Pharmacia). Samples were also transferred into 1.5 ml eppendorf tubes and centrifuged at 

13,000 x g for 10 min at room temperature for pH readings. The experiment was performed 

in triplicate with tubes of un-inoculated TSB serving as controls for each treatment. 

 

Determination of Factors that Influence pH Elevation by Bacillus licheniformis  

To study the effect of glucose concentrations on pH elevation effect of B. 

licheniformis, 100 μl (106 CFU/ml) of B. licheniformis strain NRRL B-4284 prepared as 

described above and was inoculated to 10 ml of 10% CJ supplemented with 0.10%, 0.20%, 

0.40%, 0.80%, 1.60%, or 2.00% glucose in triplicate. Bromcresol purple (8 μl of bromocresol 

purple, 0.3%, m/V in ethanol) was added to the 10% CJ at a level of 0.5% (v/v) for 

monitoring pH change. An un-inoculated tube served as a negative control and an inoculated 

tube without indicator served as a positive control. Cultures were grown aerobically at 37°C 

under static conditions for 6 days. Samples of 200 μl were pipetted into 96 well microtitre 

plates and read by a microplate reader at OD600 (Safire, Tecan) at least three times a day 

approximately every 4 hours.  

To study the effect of pH (of the environment) on pH elevation, 80 μl of B. coagulans 

cocktail and 80 μl of B. licheniformis NRRL B-4284 of culture (optical density at 600 nm 
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(OD600], ~0.115) prepared as described previously were inoculated into 8 ml of 10% CJ that 

had been adjusted to pH 3.8, 4.0, 4.2, 4.4, 4.5, 4.6, 4.8, 5.0 or 5.2 in triplicate. Solutions were 

incubated aerobically at 37°C under static conditions for 6 days. pH elevation was monitored 

at day 0, day 2 and day 6 by using a pH meter (AR25 Accumet, Fisher Scientific).. Optical 

density readings were also taken during the same sampling times by pipetting 200 μl samples 

into 96 microtitre plates and recording optical density at 600 nm using a microplate reader 

(Safire, Tecan).  

For a study of the  effect of oxygen on pH elevation, Bacillus licheniformis NRRL B-

4284 cells prepared as previously described were inoculated into a BioFlo110 Modular 

Benchtop Fermentor (New Brunswick Scientific Co., Inc., Edison, N.J., U.S.A.) containing 

50 ml of 10% CJ with the addition of 0.25 ml Bromcresol purple resulting a cell 

concentration of 106 CFU/ml. The temperature was maintained at 37°C in the fermentation 

vessel using a re-circulating chiller (NESLAB Merlin M-75, Thermo Electron Co., 

Newington, N.H., U.S.A.) and the dissolved oxygen level was controlled at ~50% providing 

excess oxygen for bacterial growth by using an Inpro 6830/220 electrode (Mettler- Toledo, 

Bedford, M.A., U.S.A.). For two days, pH was monitored for elevation with a pH probe (pH 

electrode model 405-DPAS-SC-K8S/225, Metterl-Toledo). When the dO2 or pH shift 

occurred, samples were taken and plated onto TSB using a spiral plater (Autoplate 4000, 

Spiral Biotech, Norwood, M.A., U.S.A.). Microbiological counts were determined after 

incubation on TSB agar at 30°C using a colony counter (Q-count, Spiral Biotech Inc., 

Norwood, MA). 
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To determine the capability of growth and pH elevation under microaerophilic 

conditions, 70 μl of overnight Bacillus licheniformis NRRL B-4284 cultures were inoculated 

into 7 ml 10% CJ, and cells were grown for 72 hours at 37°C inside a gas pack system (BD 

GasPak EZ Incubation Container, Sparks, MD) complemented with Campy gas packs (BD 

GasPak EZ Campy Container System Sachets, Sparks, MD) to induce a low oxygen 

environment of 6-16% oxygen as indicated in the package. The samples were taken (through 

the sampling port) initially and once a day for two consecutive days. Samples (3ml) were 

measured to determine pH using AR25 Accumet pH meter and were plated onto TSB using a 

spiral plater and microbiological count was performed as described previously. The ability of 

Bacillus licheniformis NRRL B-4284 to grow and elevate pH under anaerobic conditions was 

compared to its growth at atmospheric levels. B. licheniformis NRRL B-4284 was added at 

approximately 105 CFU/ml directly into 30 ml of 10% CJ which had been previously pH 

adjusted to 4.6, 5.0, or 6.0 in triplicate. The cultures were then incubated at 37°C with 

agitation for 72 h. For determination of growth under anaerobic conditions, 10% CJ was put 

into an anaerobic chamber for at least 16 hours prior to inoculation in a loose- capped 

container (Pyrex, Corning, Tewksbury, M.A., U.S.A.) to remove any dissolved oxygen in the 

container as described by (Lu, Breidt et al. 2011). In addition, the inoculation was done 

inside an anaerobic chamber. Samples from both conditions were collected every 4 h and 

were measured using the same pH meter and spectrophotometer methods described above. 

Samples were also preserved under -20°C for HPLC analysis. An un-inoculated set of media 

under each condition served as controls.  
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Determination of Buffer Capacity of Cucumber Juice  

Potassium hydrogen phthalate (KHP, KC8H4O4H) was used to standardize 1 M NaOH 

solution, which was then used to standardize 1 M HCL solution for buffer capacity titrations 

on the day of the experiment. The KHP solution was prepared by dissolving 0.8 g of dried 

KHP (MW=204.23 g/mol) with 50 ml of distilled water complemented with 4 drops of 

phenolphthalein. For standardization of NaOH, 1 M NaOH was added in 0.25 ml increments 

until a light pink color is achieved. The amount of NaOH used was recorded for calculating 

the concentration of NaOH.  

Concentration of NaOH was calculated by: 

(𝑥 Moles KHP used (1 mol NaOH/ 1 mol KHP)) / 𝑥 L NaOH used = 𝑥 M NaOH 

The calculated NaOH concentration was then used to calculate the concentration of HCl.  

Concentration of HCl was calculated by: 

(𝑥 M NaOH calculated * 𝑥 L NaOH)/ 𝑥 L HCl = 𝑥 M HCl 

 

Standardized NaOH and HCl solutions were used to titrate 10% or 50% CJ 

supplemented with or without 10 mM of acetic acid from pH 2-12. For the titration, 200 ml 

of solution was pH measured with a pH meter (AR25 Accumet, Fisher Scientific) calibrated 

with pH 2, 4 and 7 buffers using 1N NaOH or 1N HCl before adding standardized HCl in 

0.25 ml increments until pH 2 is reached. The pH of the solution was brought back to the 

starting pH and standardized NaOH was then added in the same increment until pH 12 is 

reached. All pH values and the amount of titrant used for each increment were recorded.   
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HPLC Samples Preparation and Analysis 

During experimental treatments, 2.0 ml samples collected aseptically at the sampling 

time were centrifuged at 13,000 x g for 10 min at room temperature. Supernatant were 

transferred into 2.5 ml HPLC glass vials and stored at -20°C until high- performance liquid 

chromatography (HPLC) analysis. A Thermo Separation HPLC system (ThermoQuest Inc., 

San Jose, C.A., U.S.A.) with a Bio Rad 30-cm HPX-87H column (Bio-Rad, Hercules, C.A., 

U.S.A.) was used for detection of various analytes including organic acids, sugars and 

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

M.A., U.S.A.) was set at 210 nm to detect organic acids. A water model 410 refractive index 

detector (Waters Crop., Millipore Crop., Milford, M.A., U.S.A.) was used to measure the 

sugars. External standardization of the detectors was done using four concentrations of 

standard compounds with glucose ranging from 10.0104 - 0.6404 mM, fructose ranging from 

10.0315 – 0.6418 mM, acetic acid ranging from 12.0521- 0.7705 mM, and lactic acid ranging 

from 12.0378 – 0.7696 mM. 

 

Amino Acid Analysis  

Samples were analyzed for amino acid profiles on a Hitachi L-8900 high-speed amino 

acid analyzer (Hitachi High-Technologies, Japan) employing post-column derivatization with 

Ninhydrin reagents.  The intensity of the colored compounds was detected by a 

spectrophotometer housed inside the unit at two channels (570 nm and 440 nm) within 55 

min. for all the amino acids. The mobile phase system consisting of multiple buffers with pH 
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ranging from 1 to 5 was purchased from Hitachi. A gradient program of 87.6 minutes was 

utilized to separate the amino acids. Results were calculated using an external standard curve 

and the amino acid standard (AAS18) was purchased from Sigma Aldrich. 

 

Statistical Analyses  

Statistical Analysis of experiments was done using t-test SigmaPlot software (Version 

10, Systat Software, Inc., Chicago, I.L., U.S.A.). All data were statistically analyzed using 

analysis of variance and results were considered significant at P< 0.05 level. Experiments 

were done with at least three replications for statistical analysis.  



 

 
42 

Results & Discussion 

 

Growth Media Study 

 (i) Growth of B. licheniformis and B. coagulans in Tomato Juice under pH 4.5 and 5.5 

B. licheniformis NRRL B-4284 and B. coagulans ATCC 7050 were used for pH elevation 

studies and growth condition studies in TSB media, cucumber juice and in tomato juice. The 

growth of B. coagulans and B. licheniformis in tomato juice at pH 4.5 and 5.5 were 

investigated. At pH 4.5, B. coagulans was not detectable by plating after 24 h while B. 

licheniformis had detectable cell counts after 8 days with a drop of 1 log. At pH 5.5, B. 

coagulans had a decrease of approximately 2 logs in 4 days, and B. licheniformis had a 1 log 

increase in 8 days. 

 

 (ii) Growth of B. licheniformis and B. coagulans in 10% and 20% Cucumber Juice under 

Aerobic and Anaerobic Incubation 

Cucumber juice was selected as the growth media; because it does not contain any natural 

inhibitory compounds effecting microbial growth (Lu, Breidt et al. 2011). For this reason, 

cucumber juice can be used to represent a worst-case scenario, allowing a growth without 

chemical inhibition. As expected, the maximum OD was 0.873 and 0.916 on day 3 for B. 

coagulans and B. licheniformis respectively when grown aerobically and was 0.175 and 

0.131 under anaerobic conditions (Figure 1 & Figure 2). Under anaerobic conditions, the OD 

did not change significantly for the 4 days of incubation.  
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 The relationship between growth of B. coagulans and B. licheniformis in cucumber juice and 

the sugar concentrations, Figure 1 & Figure 2, was determined in cucumber juice media in 

which the glucose level was adjusted to 10%, 20% and 10% by supplementing 10% juice 

with 1% glucose under both aerobic and anaerobic conditions. The data revealed that B. 

coagulans had the fastest growth at lower glucose concentration due to the conversion to 

lactic acid, where 10% CJ had the fastest increase in OD, followed by 10% CJ with 1% 

glucose (Figure 1). B. licheniformis, on the other hand, preferred a higher glucose 

concentration environment; with the most increase of OD in 20% CJ followed by 10% CJ 

with 1% glucose (Figure 2) 

 

(iii) Growth of B. licheniformis in TSB Medium 

Inoculation of the series of TSB broth treatments at various pH values with a cell suspension 

of B. licheniformis, strain NRRL B-4284, resulted growth as shown in Figure 3. The culture 

grew best between pH 4.5 to 5.5 in TSB. A general pattern was observed, where growth had 

taken place within the first day followed by a slow decrease in the next 4 days, was evident 

among all the pH treatments. Beyond the 5th day, only TSB with pH between 5.0- 8.0 had an 

increase in OD, while the lower and higher pH treatments did not result growth.   

 

Neither of the cultures had any observable growth at pH 4.5 in tomato juice. Montville and 

Sapers (Montville and Sapers 1981) reported growth with B. licheniformis cultures in 

sterilized tomato puree at pH 4.2 suggesting acid tolerance varied not only among species but 

also among strains. Interestingly, the same media can be bactericidal to one species while 



 

 
44 

being harmless to another. Stern determined the inhibitory activity of tomato juice for growth 

of Bacillus thermoacidurans on agar media, where an addition of 1 ml of tomato juice 

resulted a 22.5 percent reduction in plate count (Stern and Hegarty 1942).  

 

(iv) Influence of Glucose on Growth  

In regard to glucose concentration, B. licheniformis preferred higher percentage glucose 

while B. coagulans grew faster at lower percentage glucose. The significance of this 

observation lies in the fact that it would be difficult to generalize the results from one genus 

with the other.  A comparison of the growth of B. licheniformis in 10% CJ at several glucose 

concentrations, shown in Figure 4, indicated growth declines as glucose level goes up. A 

progressive delay in OD during growth as the glucose level increased suggests glucose is 

inhibitory to B. licheniformis NRRL B-4284 growth. Specifically, 10% CJ without glucose 

supplement (but containing sugar from the cucumbers) had its exponential growth phase 

occur within the first day while the 2% glucose treatment had its exponential growth phase 

took place during the third day. A similar result was reported by Spira and Silverman, where 

growth was much slower with the presence of added glucose in case of Bacillus cereus (Spira 

and Silverman 1979). A complete inhibition of growth was resulted once the pH dropped 

below 5.0 at a glucose concentration greater than 0.10 M mainly because of the acid 

produced from glucose prevented growing.  The pattern of the inhibitory effect of B. 

licheniformis growth in acidified medium revealed that as the glucose concentration is 

increased, the delay of growth time extends. However, it is important to note that as the 

glucose level reaches 1.6%, additional glucose had no effect on growth inhibition (Figure 4). 
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There was no significant difference between the growth curve at 1.6% glucose or at 2% 

glucose. B. licheniformis was chosen to be studied further due to its faster growth in 10% CJ. 

 

Determination of Factors that Influence pH Elevation by Bacillus spp.  

(i) Influence of Glucose on pH 

The pH elevating ability of Bacillus spp. in cucumber juice with a natural pH close to neutral 

was first investigated under static, agitation and anaerobic conditions is shown in Figure 5 

and Figure 6. Both B. licheniformis and B. coagulans had a tendency to increase pH on day 3 

with pH elevation by B. licheniformis being more evident. Although all except for one 

treatment of B. coagulans had a decrease of pH, the tendency of increase by day 3 raises the 

question whether pH will eventually increase if enough time was allowed. The pH rise of B. 

licheniformis in cucumber juice at 10% and 20%, as shown in Figure 5, indicated a higher pH 

elevation in 10% CJ over the 20% CJ, while CJ supplement with 1% glucose had the least pH 

elevation among all CJ concentrations. This phenomenon was repeated under static and 

anaerobic growth as well as for B. coagulans in Figure 6, where it was especially evident in 

under agitation. The results suggest the acid, produced from the glucose, might have an 

influence on pH elevation for Bacillus spp. The fact that only 10% CJ had an increase in pH 

by B. coagulans, while 20% CJ and 10% CJ + 1% glucose had no pH elevation supports the 

speculation of glucose exerts a negative influence on pH elevation.  

 

The pH elevation, presumably by deamination, is in conflict with a decrease in pH due to 

acid production from the glucose. The pH shifts down when glucose level is high, and when 
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glucose is being consumed, the pH increases. In addition, the production of both ammonia 

compounds and lactic acid are simultaneous.  

 

The effect of glucose on pH shift was further demonstrated by the pH change of CJ that was 

inoculated with B. licheniformis as cucumber juice concentration increased (Figure 7). After 

96 h, pH of 10% CJ increased 1.08 units. Comparing to CJ without dilution, the pH 

decreased 0.34 units. However, the results from growth and pH data suggests a more 

complex system where the additional glucose is able to increase growth but is inhibitory 

metabolism due to acid production. This raises the speculation of the bacteria first use up the 

glucose in the system to increase in number, and then elevate the pH once glucose level is 

low.  

 

 (ii) Influence of Initial pH 

The pH elevation by Bacillus spp. was investigated in tomato juice, cucumber juice and TSB 

media at various initial pH levels. Two initial pH levels were tested to determine growth of B. 

licheniformis and B. coagulans in tomato juice. At pH 4.5, the juice with B. licheniformis 

inoculation had no pH shift throughout 5 days of incubation (Figure 8). However, a net of 0.6 

pH unit of increase was detected at pH 5.5. B. coagulans, on the other hand, had a decreased 

the pH of the tomato juice by 0.5 units (Figure 9). The decrease was more significant at pH 

5.5 where a change of 1.5 pH units was detected.   
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The behavior of B. coagulans to decrease pH in tomato juice suggests that it is not of a safety 

concern for that species of Bacillus to be present in the food system, as no pH rise occurs. 

The decrease in pH by B. coagulans in tomato juice was also reported in Frazier’s study 

(1985), as Montville (Montville 1982) reiterates, where  B. coagulans spoilage lowers the pH 

of the product therefore should not cause botulism. While B. licheniformis was able to induce 

a pH elevation at pH 5.5, neither strain of Bacillus was able to elevate the pH when the initial 

pH was under pH 4.5. The occurrence of pH elevation by B. licheniformis was evident only 

at higher pH, between pH 5.0 – 7.0, in TSB (Figure 10). The pH remained constant for media 

with an initial pH below 5.0 while a net decrease of pH resulted for juice with pH above 7.0.  

In cucumber juice, where a pH range of 3.8- 5.2 was selected for further study because it 

represents the range for acidified food products. In cucumber juice (CJ) B. coagulans had 

similar behavior as tomato juice, in which the pH decreased to below 4.0 in 5.75 days for 

treatments with pH 4.0- 5.2 (Figure 11). Only a slight increase in pH of 0.14 units occurred at 

pH 3.8, however, the increase was too small to suggest a pH elevation event.  

 

For B. licheniformis, pH elevation occurred for all pH treatments aerobically, however, 

significant difference between treatment at pH 4.2 and 4.0 where the pH elevation was 

dramatically reduced at pH 4.0 (Figure 12). Only 0.37 and 0.31 units of increase were 

detected with juices of pH 4.0 and 3.8 respectively compared to a 3.36 units of increase at pH 

4.2. It would appear from this that B. licheniformis growth is more acid resistant than B. 

coagulans as well as in its pH elevation ability. It is able to grow and induce pH elevation 

under low pH 10% CJ and TSB. Whether pH elevation will occur at low pH depends on the 
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composition of the media, the pH elevation occurred at lower pH in 10% CJ than in TSB 

(Figure 10 and Figure 12).   

 

 To have a clearer picture of pH elevation and growth, pH and OD was followed in real time 

through HPLC and amino acid composition analysis. It was found that the pH elevation was 

not a single stage operation, where instead of a gradual curve, there were two peaks of pH 

elevation occurring on day 1 and day 6 (Figure 13) with a lag phase in between the two 

elevations. For the 5 pH levels tested, treatments with higher pH had a higher pH elevation; 

nonetheless, all 5 treatments easily exceeded the pH cutoff line for C. botulinum under 

aerobic condition. In regard to growth, Figure 14 reveals that OD continued to increase 

during the first peak of the pH curve. OD began to drop as the second peak of pH starts.  

While most research in this area focused on the final pH (Montville 1982), which is above 

neutral in this case, it was of our interest to investigate the first peak because the first pH 

increase could be an indication of exponential growth that promotes the subsequent cellular 

growth and pH elevation. Therefore, amino acid content was analyzed for samples during the 

first 20 h (Figure 15). A complete depletion of arginine occurred within 5 hours, indicating a 

strong preference of utilization of this amino acid by B. licheniformis in cucumber juice. At 

the same time, there was formation of ornithine as the arginine was being depleted. It would 

appear that the arginine was transformed to ornithine. 
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Summary  

No consistent difference was found in the pH elevating behavior of Bacillus cultures for the 3 

media tested (TSB, CJ and tomato juice). It would appear that variation in both species and 

type of substrate results in different amounts of pH elevation. It is conceivable that the 

behavior of Bacillus cultures on elevation the pH depends heavily on the environment, 

specifically, the amount of preferred amino acid in the substrate. In fact, Wentz reported that 

the bacitracin produced by B. licheniformis is inhibitory to C. botulinum type F growth and 

toxin production in brain heart infusion broth (Wentz, Scott et al. 1967). As reported by 

Parkouda, pH elevation by Bacillus spp. relates closely to the degradation of amino acids 

during growth (Parkouda, Nielsen et al. 2009). The pH shifts depends largely on two 

simultaneous metabolic processes. While the acid produced from glucose lowers the pH, the 

deamination of amino acids elevates it. It would appear from this that amino acid 

composition of the substrate will be worth investigating. A more depth investigation on 

amino acid will be discussed in Chapter 3. 

  

(iii) Influence of Oxygen on pH Elevation 

The effect of oxygen on pH elevation remains to be clarified. Bacteria given a dissolved 

oxygen level of 50% using a bio-reactor represented a worst case scenario where the bacteria 

were given excess amount of oxygen. After 30 hours with B. licheniformis in the bioreactor, 

it was difficult to maintain dissolved oxygen level because the consumption of oxygen was 

too quick as the bacteria multiplied (Figure 16). The oxygen was consumed within 1 hour 

after replenishment. The growth rate increased after 1.1 days. An increase of 1log CFU/ml 
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went from 26.7 hours to 13.5 hours (data not shown), and the cell count went from 4.46 

CFU/ml at 0.60 hour to 8.70 CFU/ml in 48.50 hours (data not shown). The elevation of pH 

occurred slowly overtime for the first 2 days with only 0.27 units of pH increase total. 

However, the elevation escalated after 2 days where the pH increased from 4.64 to 7.51 in 

just 3.50 hours.  

 

Before pH elevation the oxygen level severely fluctuated indicating that pH elevation 

requires high amount of oxygen. Rice and Pederson investigated oxygen requirements for 

growth and sporulation of B. coagulans in tomato juice and have found it occurring at an 

oxygen concentration as low as 0.1 mmHg (Rice and Pederson 1954), however, sporulation 

did not occur under anaerobic conditions. Further studies with anaerobic growth and pH 

elevation bu Bacillus spp. under acidic environment was investigated and will be discussed in 

Chapter 3. 

 

If spore outgrowth does not occur under anaerobic conditions, then growth and pH elevation 

ability of Bacillus spp. under anaerobic conditions should only be a threat if a hermetic seal 

fails. According to Mundt, about 1.1% of the home- canned tomato products tested have a 

poor seal or low vacuum (Mundt, Mccarty et al. 1977). Although the percentage of failure 

should be less in the commercial acidified vegetable processing industry, bad seals could 

occur due to the large quantity of jars manufactured, therefore, more studies are needed to 

assess the risk of a poor seal for pH elevation to occur in acidified products. Anaerobic 

studies are discussed in Chapter 3.  
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Of the factors that might contribute to the pH elevation of acidified media and germination of 

Bacillus spp., the pH was observed to be the factor that is most easy and plausible to control. 

Both glucose level and amino acid composition cannot be controlled without limiting the 

product variety and the oxygen level is unpredictable depending on the leakage of the seal. 

By adjusting pH values of products to a value that does not support the growth or pH 

elevation, metabiosis can be prevented.  

 

(iv) Buffer Capacity and pH Elevation  

To determine the buffer capacity of 10% CJ, titration was done on 10% and 50% CJ from pH 

2- 12 with and without the addition of 10 mM acetic acid. With the addition of 10 mM acetic 

acid to 10% CJ, the pH change decreased initially as indicated by the change of shape of the 

curve (Figure 17 A-B). Similar effect occurred in 50% CJ (Figure 17 C-D). Also, more titrant 

was required to reach the same pH value when acetic acid was added. The effect of acetic 

acid was most effective initially, but as the amount of titrant increased, less buffer effect was 

observed. In addition, the buffer effect was more effective at 10% CJ than 50% CJ.   

To study the influence of buffer solution on pH elevation, 5 and 10 mM acetate buffer with 

pH adjusted to 4.6 was added to 10% CJ and inoculated with 6.97 log CFU/ml of B. 

licheniformis NRRL B-4284. The growth, pH values, amino acids and sugar degradation are 

revealed in Figure 19 A-B and Table 1. The data indicated that in a solution that supports 

growth and pH elevation by B. licheniformis showed no growth or pH elevation with acetate 

buffer added during the 144 h of incubation. The attempts to control early pH elevation 

caused by Arg catabolism was achieved by increasing buffer capacity of the media. The 
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results showed that the early pH peak can be eliminated with 0.005 mol/L of acetate buffer 

and the metabolism of amino acid and sugar was much slower with the acetate buffer. 
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Figures 

 
Figure 1. Growth of B. coagluans at various cucumber juice concentrations. The pH of cucumber juice is unadjusted to 
5.5 and each treatment was incubated aerobically with and without agitation as well as anaerobic conditions. Static aerobic 
incubation is represented by solid line. Agitated condition is represented by dashed lines. Anaerobic incubation is indicated 
by dotted lines. 

 

  
Figure 2. Growth of B. licheniformis at various cucumber juice concentrations. The pH of cucumber juice is unadjusted 
to 5.5 and each treatment was incubated aerobically with and without agitation as well as anaerobic conditions. Static 
aerobic incubation is represented by solid line. Agitated condition is represented by dashed lines. Anaerobic incubation is 
indicated by dotted lines. 
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Figure 3. Growth of B. licheniformis in pH adjusted TSB. The growth of B. licheniformis in TSB media at pH 2.0, 3.0, 
4.0, 4.5, 5.0, 5.5, 7.0, 8.0, 10.0.  

 
Figure 4. Growth of B. licheniformis in 10% CJ supplemented with glucose. OD of B. licheniformis growing in 
cucumber juice supplemented with 0%, 0.1%, 0.2%, 0.4%, 0.8%, 1.6%, and 2.0% for 7 days.  
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Figure 5. pH elevation by B. licheniformis at various cucumber juice concentrations. The pH of cucumber juice is 
unadjusted and each treatment was incubated aerobically with and without agitation as well as anaerobic conditions. Static 
aerobic incubation is represented by solid line. Agitated condition is represented by dashed lines. Anaerobic incubation is 
indicated by dotted lines. 

 

 
Figure 6. pH elevation by B. coagulans at various cucumber juice concentrations. The pH of cucumber juice is 
unadjusted and each treatment was incubated aerobically with and without agitation as well as anaerobic conditions. Static 
aerobic incubation is represented by solid line. Agitated condition is represented by dashed lines. Anaerobic incubation is 
indicated by dotted lines. 
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Figure 7. pH change in cucumber juice after 96 hours. The two bars at each CJ concentration are treatment and control 
values. Experiments were done aerobically. Each data value represents means of three replicates.  

 
Figure 8. pH elevation by B. licheniformis in tomato juice. The pH curve of B. licheniformis in tomato juice at starting 
pH of 4.55 and 5.66 for 216 hours.  
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Figure 9. pH elevation by B. coagulans in tomato juice. The pH curve of B. coagulans in tomato juice at starting pH of 
4.5 and 5.5 for 192 hours.  

 

 
Figure 10. pH elevation by B. licheniformis in pH adjusted TSB. The pH curve of B. licheniformis in TSB media when 
the initial pH is adjusted 2.0, 3.0, 4.0, 4.5, 5.0, 5.5, 7.0, 8.0, 10.0.  
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Figure 11. pH change by B. coagulans at different pHs of Cucumber Juice. The pH change of B. coagulans on day 0, 
1.75, and 5.75 when the pH of the cucumber juice was adjusted to 5.2, 5.0, 4.8, 4.6, 4.5, 4.3, 4.2, 4.0, and 3.8. 

 

 
Figure 12. pH change by B. licheniformis at different pHs of Cucumber Juice. The pH change of B. licheniformis on 
day 0, 1.75, and 5.75 when the pH of the cucumber juice was adjusted to 5.2, 5.0, 4.8, 4.6, 4.5, 4.3, 4.2, 4.0, and 3.8. 
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Figure 13. pH elevation of B. licheniformis in pH adjusted 10% Cucumber Juice supplemented with 1% glucose. The 
pH change of 10% CJ supplemented with 1% glucose with starting pH of 5.4, 5.2, 5.0,  4.8 and 4.6 are shown by each line. 
The different initial pH was shown in different symbols.  
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Figure 14. Growth of B. licheniformis in pH adjusted 10% Cucumber juice supplemented with 1% glucose. The pH 
change of 10% CJ supplemented with 1% glucose with starting pH of 5.4, 5.2, 5.0,  4.8 and 4.6 are shown by each line. The 
different initial pH was shown in different symbols.  

 

 
Figure 15. Amino acid change during B. licheniformis derived pH elevation. The graph shows the utilization of Arg, Cit, 
Orn, Glu, and Ala by B. licheniformis in 10% cucumber juice. 
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Figure 16. Growth and pH elevation of B. licheniformis NRRL B-4284 under 50% dO2 in Cucumber Juice. The dO2 
and pH fluctuation during the growth of B. licheniformis throughout 2 days.  
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(A) (B) 
 

 
 (C) (D) 

Figure 17. Titration curve of 200 ml cucumber juice. The titrant used was 1.04 M HCL and 1.11 M NaOH. A. 10% 
cucumber juice. The titrant used was 1.04 M HCL and 1.11 M NaOH.  B. 10% cucumber juice with 10mM acetic acid. The 
titrant used was 1.04 M HCL and 1.11 M NaOH.  C. 50% cucumber juice. The titrant used was 1.04 M HCL and 1.11 M 
NaOH. D. 50% cucumber juice with 10mM acetic acid. The titrant used was 1.07 M HCL and 1.08 M NaOH. 
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(A)  

 
(B)  

Figure 18. Influence of buffer capacity on pH elevation caused by B. licheniformis in Cucumber Juice at pH 4.55. B. 
licheniformis NRRL B-4284 was inoculated into 10% CJ (acidified to pH 4.6 with HCl) at an initial level of 6.49 Log10 
CFU/ml and incubated aerobically at 37°C. A. Titration curves of 10% CJ (pH 4.6) with and without HAc/NaAc buffer. B. 
The pH change caused by B. licheniformis in CJ with and without buffer. All pH values in figure A were the mean of three 
replicates; Data points in titration curves were determined for three times. 
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Tables 

Table 1. Effects of Hac/NaAc buffer on amino acids degradation of B. licheniformis in 10% cucumber 
juice incubated at 37°C with pH adjusted to 4.55.  

Analytes Initial 
concentration 
(μg/g) * 

Concentration at 72 h (μg/g) 
T1 (no buffer 
added) 

T2 (0.005 mol/L 
buffer ) 

T3 ( 0.01 mol/L 
buffer) 

Glucose 842.94 0.00  822.6 817.38 
Fructose 925.74 0.00  910.8 898.74 
Lactic acid 0 165.60 0 0 
NH3 3.24 72.39  6.14 6.87 
Urea 0.83 1.25 1.79 1.61 
Orn 0.25 25.11  0.93 0.53 
Total A.A. 234.31 163.31 212.24 224.61 
Ala 3.94 9.44 4.32 4.56 
Arg 35.99 0.00 30.82  33.03 
Asp 6.67 6.39 6.41 6.84 
Cit 15.07 20.15 16.99 18.04 
Cys 2.06 2.22 2.09 2.15 
Glu 10.95 49.03 11.66 12.54 
Leu 6.56 2.56 6.39 7.17 
Lys 2.83 0.00 2.53 2.75 
Met 1.96 0.49 1.87 2 
Phe 4.23 0.69 1.58 1.74 
Gly 7.37 0.32 7.01 7.43 
His 2.07 1.81 1.97 2.1 
Ile 3.61 0.22 3.46 3.45 
Pro 1.53 0.59 1.46 1.55 
Ser 15.66 0.00 14.2 15.11 
Thr 108.32 65.22 92.03 95.35 
Trp 0 0 0 0 
Tyr 1.13 1.67 1.2 1.19 
Val 5.38 2.51 5.28 5.63 

*The initial concentrations of analytes in 10% of CJ supplemented with 25 μg/ml Arg. 
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Appendix A 

Table 1 Comparative Heat Resistance of Bacteria Important to Thermally Processed Foods (adapted 
from the New FDA Draft Guidance of 2010, document Table 7) 
 

Class 
of Food 

Type of 
Microorganis
m 

Microorganism(s
) 

Reference 
Temperatur
e (°F) 

D-Value 
(minutes) 

Z-
Value 
(°F) 

Low-
acid 
food 
(pH > 
4.6) 

Thermophilesa 
(spores) 

Flat-sour group 
(B. 
stearothermophilu
s) 

250 4.0 – 5.0 14-22 

Mesophilesb 
(spores) 

Putrefactive 
anaerobes (C. 
botulinum types A 
and B) 

250 0.10 – 0.20 14-18 

C. sporogenes 
group (including 
P.A. 3679) 

250 0.10 - 1.5 14-18 

Acid 
food 
and 
acidifie
d food 
(pH 4.0 
– 4.6) 

Thermophiles 
(spores) 

B. coagulans 
(facultatively 
mesophilicc) 

250 0.01 – 0.07 14-18 

Mesophiles 
(spores) 

B. polymyxa and 
B. macerans 

212 0.10 – 0.50 12-16 

Butyric anaerobes 
(C. pasteurianum) 

212 0.10 – 0.50 12-16 

B. licheniformisd 200 4.5 27 
Acid 
food 
and 
acidifie
d food 
(pH < 
4.0) 

Yeasts, molds, 
and 
mesophilic 
non-spore-
bearing 
bacteria 

Lactobacillus 
species, 
Leuconostoc 
species 

150 0.50 – 1.00 8-10 

aA thermophilic microorganism is one that thrives at a relatively high temperature, such as 50 °C or 
above. 
bA mesophilic microorganism is one that thrives at a moderate temperature, such as 37 °C. 
cA facultative microorganism is one that can live under more than one set of environmental 
conditions. 
dRef. 18. 
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Table 2 Thermal Process Lethalities for Acidified Foods (adapted from the New FDA Draft Guidance of 
2010, document Table 8) 
 
Finished Equilibrium pH Thermal Process Lethalitya 
3.1 – 3.2 F10/195 = 0.1 minutesb 
3.3 – 3.5 F10/195 = 1.0 minutesc 
3.5 – 4.0 F10/195 = 16-23 minutesd 
4.0 – 4.2 F15/200 = 5.0 minutese 
4.3 – 4.4 F15/200 = 23 minutesf 
4.3 – 4.4 F15/200 = 10 minutese 
4.3 – 4.4 F15/212 = 10 minutesf 
4.5 – 4.6 F15/212 =10 minutesg 
4.5 – 4.6 F18/230 = 1.6 minutesg 

aExpressed as Fz/Ref, where F is the destruction time, z is the increase in temperature that results in a 
90 percent reduction in the D-value, and Ref is the reference temperature (see the discussion in 
Section III.I.1 of this guidance for further information about the designations F, z-value, and D-value). 
bSee, e.g., Ref. 4. 
cSee, e.g., Nelson P, and Tressler D. 1980. Fruit and Vegetable Juice Processing Technology. 
Westport, CT: AVI Pub. Co. 
dSee, e.g., Barrett DM, Somogyi L, and Ramaswamy HS. 2004. Processing Fruits: Science and 
Technology. Boca Raton, FL: CRC Press. 
eSee, e.g., National Canners Association Research Laboratories. 1968. Laboratory Manual for Food 
Canners and Processors. Westport, CT: AVI Pub. Co. 
fSee, e.g., Ref. 17. 
gSee, e.g., Ref. 18. 
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Appendix B 

This is to be published as a separate research paper by Dr. Zhengquan Yang as the first 

author 
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CHAPTER 3 

MECHANISMS FOR PH ELEVATION  

 

Abstract 

Elevation of pH and related metabolic effects caused by B. licheniformis has been reported to 

be a potential risk for the safety of acidified vegetables. To better understand the mechanisms 

of pH elevation and growth of B. licheniformis under acidic conditions, the pH, cell growth, 

and catabolism of sugars and amino acids were monitored during aerobic and anaerobic 

incubations at 37°C in 10% acidified cucumber juice (10% CJ) at pH 4.1 to 6.0. B. 

licheniformis caused pH elevation in acidified cucumber juice (pH 4.9) in two stages under 

aerobic incubation. The pH values rose rapidly (from pH 4.9 to 6.1) in the primary stage of 

growth (0-7.5 h) followed by a decrease in pH from 5.3 to 5.5 during the 21-72 h timeframe. 

A secondary stage of pH elevation began at the stationary phase (72- 120 h) with pH 

increasing from 5.3 to 7.1 and sugar depletion to 0 mmol /L by the 96th hour. The initial pH 

elevation promoted growth as well as sugar and amino acid metabolism under both aerobic 

and anaerobic conditions. Arginine (Arg) degradation took place during the first rise in pH, 

with Arg being degraded from its initial level of 9.62 μg/g to 0 μg/g within the first 2.5 hours. 

The resulting byproduct, ammonia, caused the early pH elevation in the media. Further 

investigation has indicated that the maximum pH (pHpeak) and the rate of pH change (velocity, 

VpH) during early pH elevation were influenced by Arg concentration, dissolved oxygen, pH, 

cell count and the buffing capacity of the media. Arg additions to the media (initial pH 4.9) 

significantly increased pHpeak and VpH values during aerobic and anaerobic incubation. 
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Growth of B. licheniformis was absent at an inoculum level of 6.15 log CFU/ml at pH 4.3 

and 4.85 log CFU/ml at pH 4.6 or lower under aerobic incubation. However, growth and pH 

elevation occurred when 110 μg/g Arg was present in the media indicating Arg is able to 

accelerate early pH elevation and reduce the amount of cells required for growth at a reduced 

pH. The initial pH elevation can be controlled by adding 0.005 mol/L of acetate buffer to the 

media making the metabolism of amino acids and sugars by B. licheniformis much slower 

than in un-buffered 10% CJ. In short, Arg catabolism and the early pH elevation caused by 

Arg plays a key role in resistance and growth of B. licheniformis in an acidic environment. 
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Introduction 

Bacillus licheniformis is a gram-positive, spore-forming bacterium that is widely 

distributed in soil, on vegetables, fruits and spices. Bacillus licheniformis showed 

considerable resistance to acidic environments and under certain circumstances grew at pH 

values below 4.6 making it a member of the acid tolerant bacillus (ATB) group (Hanlin 

1998). ATB generally only cause spoilage of acidic foods but several studies have 

documented their ability to cause a safety problem known as metabiosis (Hanlin 1998). More 

specifically, they are able to raise the pH of an acidic food (pH 4.6 or below) to 4.6 or above 

allowing microorganisms of public health significance, such as Clostridium botulinum, to 

grow as a result (Montville 1982; Rodriguez, Cousin et al. 1993). It has been reported that B. 

licheniformis could, under certain circumstances, elevate the pH of a model system from 4.4 

to values close to and above neutrality, creating an environment suitable for growth and toxin 

production by co-inoculated C. botulinum within that system (Montville 1982). Rodriguez 

(Rodriguez, Cousin et al. 1993) reported metabiotic effects of B. licheniformis and B. subtilis 

in tomato juice where the pH of tomato juice was elevated to at least 8.0. These previous 

studies showed that the presence of pH elevating bacteria and spores may be a potential risk 

factor for acidified vegetable processing and preservation. 

The mechanism by which Bacillus species cause pH elevation in substrates is closely 

related to the degradation of proteins and amino acids during bacterial growth (Parkouda, 

Nielsen et al. 2009). It is generally accepted that proteolysis and utilization of the released 

amino acids by Bacillus spp. lead to the formation of ammonia which is responsible for the 

increase of pH in the substrate (Aderibigbe and Odunfa 1990; Ouoba, Cantor et al. 2003). 
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However, pH change due to bacillus growth is complex because there can be formation of 

both acidic compounds (organic acid metabolites from sugar degradation) and alkaline 

compounds (basic amino acids, ammonia and urea) during growth and metabolism. The 

accumulation of acidic or basic metabolites is species and strain dependent and is related to 

the indigenous enzymatic systems of bacteria. Moreover, changes in pH are also regulated by 

environmental factors such as oxygen supply, initial pH, buffer capacity, and temperature.  

Previous amino acid analysis in chapter 2 revealed that arginine was utilized in the 

metabolism of the cultures in acidic environment before all the other amino acids, that the pH 

shift was influenced by the amount of ammonia production from amino acid deamination and 

by the lactic acid produced from glucose. The Arg deiminase pathway (ADI) was found to be 

the most common pathway for gram positive bacteria to generate alkali and has been 

identified in a variety of bacteria including mycoplasmas, halobacteria, Pseudomonas sp. and 

Bacillus spp. (Curran, Lieou et al. 1995). The ADI has also played an important role in the 

acid resistance of numerous lactic acid bacteria (Curran, Lieou et al. 1995) where ammonia 

combines with protons in the cytoplasm to produce NH4
+, raising the internal pH (Cotter and 

Hill 2003). It was also reported that the internal pH of Bacillus cereus was maintained at 

higher values when the cells are acid shocked in presence of glutamate (Glu), arginine (Arg) 

or lysine (Lys), enhancing the survival rate (Senouci-Rezkallah, Schmitt et al. 2011). In the 

same study, Arg deiminase (arcA) gene transcription in B. cereus was upregulated 6-fold 

during acid adaptation, and indicated that the Arg deiminase may be of great importance for 

B. cereus survival in low pH environments.  
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Arg degradation by arginase and the ADI pathway has been found in Bacillus 

licheniformis (Ramaley and Bernlohr 1965; Laishley and Bernlohr 1968; Broman, Stalon et 

al. 1975). The two pathways are both induced by arginine and influenced by oxygen. 

Aeration of cultures favors the arginase route, whereas high levels of the deiminase pathway 

enzymes are produced in poorly oxygenated cultures (Broman, Stalon et al. 1975). However, 

the growth of B. licheniformis in these studies was performed under optimal pH conditions 

(without pH adjustments) and the effects of pH on these pathways in B. licheniformis were 

still uncertain. A better understanding of the response of the Arg degradation pathway in B. 

licheniformis in low pH conditions will be helpful for understanding the survival and pH-

elevation mechanisms of B. licheniformis in acidified vegetable products. 

Fermented and acidified cucumbers are popular worldwide. Cucumbers contain ≥ 500 

mg amino acids per fresh weight with Arg being one of the major amino acids (≥44 mg per 

fresh weight). Sugars and amino acids can be dispersed into brine when cucumber slices are 

soaked in brine (Fleming, Kyung et al. 1995). B. licheniformis is widely distributed in soil 

and has been used as a biological control agent for vegetables or fruits disease such as wilts 

caused by Fusarium oxysporum (Lee, Lee et al. 2006; Silimela and Korsten 2007; Sharma, 

Singh et al. 2009; Li, Ma et al. 2012). This increases the chance of contamination by B. 

licheniformis cells or spores during processing. Therefore, it is important to study the 

behavior of B. licheniformis in acidified cucumber and assess the potential of pH elevation 

and the consequential food safety risk that may develop.  



 

 
76 

In the present study, the pH elevating effects, amino acids and sugar degradation of B. 

licheniformis in acidified cucumber juice under aerobic and anaerobic conditions were 

characterized.   
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Materials and Methods 

 

Bacterial Strain Selection and Maintenance 

Bacillus licheniformis NRRL B-4284 provided by the USDA-ARS was used 

throughout this investigation. For preparation of bacterial cells, a tryptic soy broth without 

dextrose (TSB) (Bacto, Becton Dickenson) agar plate was streaked from frozen stock stored 

at -80°C and grown aerobically overnight at 37°C. A fresh colony was picked and placed in 7 

ml of tryptic soy broth (TSB) then incubated at 37°C with agitation at 150 rpm for 18 hours. 

The culture was then pelleted by centrifugation at 13,000 × g for 10 min at room temperature, 

washed once with 7 ml of sterile 0.85% saline, centrifuged again and the supernatant was 

removed and resuspended in 7 ml of sterile 0.85% saline to give a final concentration of ~4.0 

× 108 CFU/ml. The microbiological count was determined by dilution in 0.85% saline and 

plating onto TSB agar using a spiral plater (Autoplate 4000, Spiral Biotech, Norwood, MA) 

with enumeration by a colony counter (Q-count, Spiral Biotech Inc., Norwood, MA) 

 

Media Preparation 

Cucumbers (Size 2B, ranging from 30 to 40 mm in diameter) from commercial 

sources were transported at ambient temperatures to the USDA ARS laboratory and 

immediately stored at approximately 4°C until use. Cucumber juice was selected because it 

contains no known antimicrobial compounds, and has been used as a representative vegetable 

broth for vegetable products in other studies (Lu, Breidt et al. 2011). To prepare cucumber 

juice (CJ), cucumbers were first washed with tap water to clean off debris before being 
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blended into cucumber slurry without adding water or saline (no visible chunks) with a 

commercial blender (Commercial Blender, Waring). The slurry was then centrifuged at 7,000 

rpm for 20 min (Sorvall RC-5B Refrigerated Super speed Centrifuge, Du Pont Instruments). 

The supernatant was filter- sterilized under vacuum through a 0.45 µm micron filter (NYL 

filter unit, Nalge Nunc International, Rochester, NY) and stored at 4°C until use. For all the 

experiments, cucumber juice was prepared by mixing undiluted cucumber juice with sterile 

deionized water at a 1:10 and 1:2 ratios to make 10% and 50% cucumber juice, respectively. 

The pH of the cucumber juice was adjusted with 1N NaOH or 1N HCl and verified using a 

pH meter (AR25 Accumet, Fisher Scientific) calibrated with pH 4 and 7 buffers before filter-

sterilization. 

 

Influence of Initial Inoculum Concentration on Growth and pH Elevation 

For the effects of initial cell level on pH elevation by B. licheniformis in CJ, 10% 

(V/V) of CJ was adjusted to pH 4.1, 4.3, 4.6 and 4.9 with HCl. The pH adjusted juices were 

filter-sterilized using a 0.45 µm micron filter and dispensed in 8 ml volumes into loose-

capped test tubes (Fisher Scientific). The pH series 4.3 and 4.9 were inoculated at each of 

five dilutions (10-2, 10-3, 10-4, 10-5 and 10-6 dilution) with the overnight culture (prepared as 

described above) and incubated aerobically and anaerobically at 37°C for about 2 weeks. The 

aerobic cultures were grown with agitation at 150 rpm. Anaerobic conditions were defined by 

incubation of cultures in an anaerobic chamber (Coy Laboratory Products Inc., U.S.A.) or a 

gas-tight container (Gas PackTM EZ Anaerobe Container System, Becton, Dickinson Co., 
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MD, U.S.A.) following pre-incubation of the broth in the anaerobic environment for 20 min 

at room temperature or for 24 h at 30°C depending on the anaerobic environment. 

 

Influence of Oxygen on Growth and pH Elevation  

To investigate the growth and pH elevation by B. licheniformis NRRL- B4284 in CJ 

under different oxygen conditions, 150 µl overnight culture was inoculated into 15 ml of pH 

adjusted 10% CJ and incubated for 30 h under anaerobic, aerobic and microphilic conditions. 

The anaerobic and microphilic incubation was done at 30°C, where the 10% CJ media was 

pre-exposed to the anaerobic environment for 16 h and 20 min, respectively. The aerobic 

incubation was done at 37°C. Samples of pH and OD were taken at hour 0, 4, 8, 12, 23, 30 

and day 23 while standard plate count and HPLC was done at hour 0 and 30.  

 

Effect of Arginine on pH Elevation  

To study the effects of Arginine on the growth and metabolism of B. licheniformis in 

acidified CJ, 10% CJ supplemented with 0, 25, or 100 μg/ml arginine was adjusted to pH 4.1, 

4.3, 4.6, 4.9, 5.2 and 6.0. Each medium (8 ml) was then inoculated with 800 μl, 160 μl, 80 μl, 

40 μl, 1.6 μl, 8 μl, 1.6 μl, and 0. 8 μl of the overnight cell culture (prepared as described 

above) and incubate aerobically at 37°C for 2 weeks in 15 ml sized loose-capped test tubes.  

 

Effect of Organic Acid on Growth  

To study the effects of acetic acid on growth of B. licheniformis in CJ, 1 mol/L 

sodium acetate buffer was added to 15 ml of 10% CJ to reach a final concentration of 0.01 
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and 0.005 mol/L. The media was then inoculated with 1.0%, 0. 5% and 0.1% (v/v %) of 

overnight culture (prepared as described above) and incubated aerobically at 37°C for 2 

weeks. Bromcresol purple (pH indicator) was added to indicate pH change. The cultures 

were sampled at 0, 2.5, 5.0, and 7.5 h after the beginning of growth followed by every one to 

three days depending on the color change of indicator tubes.  

 

Optical Density and pH Determination 

Growth was monitored by measuring optical density at wavelength of 600 nm 

(OD600 nm) using microplate monochromator reader (SAFIRE, TECAN, Austria). A 200 μl 

of sample was added into 96-well microtitre plate, un-inoculated TSB media was used to 

blank the instrument before each reading. 

The pH change was monitored by using a pH meter (Accumet research AR25, Fisher 

scientific, U.S.A.). Before measuring, 0.8 ml sample was first centrifuged at 13000 rpm for 

10 min to prevent clogging of the pH meter by the cells. Bromcresol purple was used as a pH 

indicator (8 μl of bromocresol purple, 0.3%, m/V in ethanol) for monitoring pH change 

during incubation of media. 

 

Biochemical Analysis 

Biochemical samples were prepared by transferring the supernatant of 1 ml sample 

aseptically at the sampling time were centrifuged at 13,000 x g for 10 min at room 

temperature into 2.5 ml HPLC glass vials and stored at -20°C for high- performance liquid 

chromatography (HPLC) analysis. A Thermo Separation HPLC system (ThermoQuest Inc., 
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San Jose, C.A., U.S.A.) on a Bio Rad 30-cm HPX-87H column (Bio-Rad, Hercules, C.A., 

U.S.A.) was used for detection of various analytes including organic acids, sugars and 

ammonia concentrations where 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 UV6000 diode array detector (Spectra System 

Thermo Scientific, Waltham, M.A., U.S.A.) was set at 210 nm to detect organic acids. 

Waters model 410 refractive index detector (Waters Crop., Millipore Crop., Milford, M.A., 

U.S.A.) was used to measure the sugars. External standardization for determining acid and 

sugar concentrations was done using four concentrations of each standard compound.  

To determine amino acid concentrations in 10% CJ, samples were analyzed for amino 

acid profile on a Hitachi L-8900 high-speed amino acid analyzer (Hitachi High-Technologies, 

Japan) employing post-column derivatization with Ninhydrin reagents.  The intensity of the 

colored compounds was detected by a spectrophotometer housed inside the unit at two 

channels (570 nm and 440 nm) within 55 min. for all the amino acids. The mobile phase 

consisted of multiple buffers with pH values ranging from 1 to 5 which were purchased from 

Hitachi. A gradient program of 87.6 minutes was utilized to separate the amino acids. Results 

were calculated using an external standard curve and amino acid standards (AAS18) 

purchased from Sigma Aldrich.  

 

Statistical Analysis 

Statistical analysis was carried out using a t-test program (SigmaPlot software, 

version 10, Systat Software Inc., Chicago, Ill., U.S.A.). All data were analyzed using analysis 
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of variance. Results were considered significant at P < 0.05. Experiments were done with at 

least three replications. 
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Results and Discussion 

 

Metabolism of B. licheniformis in Acidified Cucumber Juice 

To investigate the peak in the pH curve as mentioned in Chapter 2, 10% cucumber 

juice inoculated with B. licheniformis was incubated aerobically and anaerobically at 37°C 

where amino acids, sugars and lactic acid in during first 7.5 h (first pH peak) were analyzed 

(Figure 19B-D). Aerobically, there was an increase in optical density (of 0.12 units) 

indicating growth occurring while the pH increased dramatically from 4.9 to 6.1 and declined 

after the initial peak to 5.5 (Figure 19-A). The pH remained at 5.5 until day 3 h then 

increased again to 7.1 on day 5, while the OD continued to increase to 0.25. Under anaerobic 

incubation (initially microaerophilic due to the presence of dO2 in the media), the growth of 

B. licheniformis was weaker as well as the pH elevation, where the first pH peak was at 5.7 

and the OD was at 0.074. The OD increased to 0.095 by the end of day 1 and remained. The 

pH dropped to 4.8 at hour 21 and remained at 4.8 until the end. The pH curve indicated two 

pH-peaks, where the first took place within 24 hours and the second rise was more gradual 

and final, occurred between day 3 and 5 (Figure 19-A).   

The result of the amino acid analysis indicated ammonia formation as the result of 

amino acid degradation (Figure 19-B). Aerobically, as the total amino acids concentration 

decreased from 236.8 to 68.0 μg/g, ammonia concentration increased from 3.40 to 58.4 μg/g. 

There was little change to amino acid level in anaerobic incubation where the change was 

only 23.5 μg/g. Unlike the aerobic conditions, where the ammonia level continued to increase, 

the concentration of ammonia remained at 17.0 μg/g under anaerobic conditions.  
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It was found in chapter 2 that degradation of arginine occurred prior to other amino 

acids in the cucumber juice. In a typical ADI pathway, arginine is catabolized to citrulline, 

ornithine and ammonia, the level of citrulline, ornithine and ammonia were monitored and 

the result is shown in Figure 19-C. After 2.5 hours, the Arg concentration had decreased from 

9.62 to approximately 0 μg/g under both aerobic and anaerobic incubations. Citrulline and 

ornithine levels began dropping after 24 hours and reached 0 μg/g in 5 days and 7 days 

respectively in the presence of oxygen. Anaerobically, the level of citrulline and ornithine 

had no significant decrease.  

Sugar (glucose and fructose) was also monitored where the degradation lasted for 96 

hours and the total sugar level dropped from 9.41 to 0  mmol/L aerobically and from 9.41 to 

3.79 mmol/L anaerobically (Figure 19-D). That the fructose had a faster catabolic rate out of 

the two sugars indicated a preference of fructose consumption by B. licheniformis under 

anaerobic conditions. There was lactic acid production during incubation aerobic and 

anaerobic conditions where 3.06 mmol/L lactic acid accumulated under anaerobic conditions, 

whereas aerobically, the initial formation of 2.13 mmol/L was completely catabolized by the 

end of 168 h. 

It has been reported that the presence of sugar metabolism decreases Arg degradation 

in O. oeni and that glucose was exhausted before arginine degradation and ammonia 

formation occurred (Tonon and Lonvaud-Funel 2000). However, our studies have shown the 

Arg degradation was occurring simultaneously with sugar catabolism throughout the first pH 

elevation with the production of citrulline, ornithine and ammonia, which are the typical 

metabolites in the ADI pathway (Broman, Stalon et al. 1975; Broman, Lauwers et al. 1978). 
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Similar result has also been reported by DeAngels et al. (De Angelis, Mariotti et al. 2002) in 

L. sanfranciscensis and by Liu (Liu, Pritchard et al. 1996) in O. oeni and other wine Lactic 

acid bacteria. In addition, ammonia production was positively correlated to the increase of 

pH, favoring the adaptation and growth of B. licheniformis in cucumber juice. Subsequent 

sugar catabolism caused accumulation of organic acids in the system, which leads to a 

decrease in pH. These results have indicated that the initial pH changes were caused by the 

formation of ammonia and lactic acid. Amino acid analysis revealed that Arg was utilized 

before other amino acids by B. licheniformis in acidified cucumber juice. It would appear that 

after the initial peak, the accumulation of lactic acid from sugar catabolism lead to a pH 

decline. As the amino acids continued to be degraded, a second pH rise took place although 

lactic acid continued to accumulate.  

 

The Effects of Arg on Early pH Elevation 

Additional Arg in cucumber juice at pH 4.9 allowed B. licheniformis to elevate the 

pH, as shown in Figure 20-A. The pH values were fitted using a parabola model where the 

rate of pH elevation (VpH, unit/h) was calculated by (pHpeak-pHinitial)/Tpeak with pHpeak being 

the highest pH value in the peak and Tpeak as the time when pHpeak occur. The result indicated 

that during the first 7.5 h, when the initial pH elevation occurred, Arg was able to assist the 

elevation of pH by improving amino acid utilization (Figure 20 B-C). Of the concentrations 

tested, the 35 μg/ml treatments had significant higher pH elevation than the 10 μg /ml under 

both oxygen conditions. At 10 μg/ml Arg, the VpH values in CJ were 0.15 unit/h aerobically 
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and 0.07 unit/h anaerobically. Compared to the Arg supplemented juice, the pHpeak and VpH 

values were 6.0 and 0.21 unit/h aerobically and 5.8 and 0.12 unit/h anaerobically. 

Higher Arg level also induced higher ammonia production (Figure 20-B), in other 

words, more Arg was degraded into ammonia. Arginine degradation during aerobic 

incubation was faster than that during anaerobic incubation; the rates were 5.56 μg/g·h and 

3.52 μg/g·h respectively (Figure 20-B). Oxygen also had an effect on ammonia production in 

that ammonia concentration increased to 41.8 μg/g in the Arg supplemented system with the 

presence of oxygen, which was almost two fold more than the anaerobic system. The 

difference in rate was more evident when 35 μg/ml of Arg was added to the system; the 

resulting pH was 0.6 pH units higher than the 10 μg/ml treatments.  

The total amino acid concentration was reduced due to higher Arg level in the system. 

For example, when 10 µg/g of Arg was added to the system, the total amino acid 

concentration decreased 4.9%. Threonine (Thr) decreased the most, with a 6.2% decrease 

(Figure 20-C). As 35 µg/g of Arg was added to the system, the total amino acid level dropped 

16.9% and Thr dropped 11.0%. Threonine accounted for more than 50% of the free amino 

acid in cucumber juice. The change in Thr was heavily influenced by the amount of Arg in 

the system. Arg, being the key amino acid, played an important role in promoting the growth 

and metabolism of B. licheniformis under acidic conditions in CJ.  It has been well 

documented by several studies that the Arg catabolism as part of the ADI pathway is 

primarily related to the maintenance of internal pH in numerous lactic acid bacteria and 

Bacillus spp. (Cunin, Glansdorff et al. 1986; Senouci-Rezkallah, Schmitt et al. 2011). 
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Nonetheless, little is known for the physiology of Bacillus spp. in surviving low pH 

environment. 
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The Effects of Initial pH on early pH Elevation 

To understand the influence of pH on pH elevation, 100 μg/g of Arg was 

supplemented to inoculated 10% CJ and the pH was adjusted to 4.3, 4.6, 4.9, 5.2 and 6.0. The 

pH elevation was monitored aerobically and anaerobically. In general, as the pH of treatment 

was increased, the pH elevation was higher. With the presence of oxygen, all treatments 

other than pH 4.31 had a similar pH peak where the pH was increased to approximately pH 

6.15 within the first 24 h (Figure 21-A). The pH gradually increased to 7.81 the drop of the 

initial peak to 7.81 for treatment with starting pH of 6.02. Under anaerobic incubation, the 

initial pH elevation was also present, however, the pH decreased after the peak and remained 

constant (Figure 21-B). The pH of peak for treatments with starting pH level of 4.3 and 4.6 

were at pH 4.9 and 5.5 respectively. The pH have increased 0.6 unit, which is a vast change 

considering the FDA suggests a different time and temperature treatment for products with 

pH difference of 0.1 unit.  

The maximum rate at which pH elevation was able to occur was dependent on the 

starting pH of the system (Figure 21 A-B). At a pH of 4.9 the culture induced the initial pH 

peak with the highest rate, which was calculated to be 0.171 unit/h aerobically, and 0.148 

unit/h anaerobically. The rate was the lowest at pH 4.3, when the rate was 0.022 and 0.010 

unit/h for aerobic and anaerobic conditions respectively. Interestingly, at pH 6.0, the rate of 

the pH peak formation did not exceed that of 4.9. It was 0.026 and 0.029 unit/h for aerobic 

and anaerobic conditions respectively. One possible explanation for this is that organic acids 

accumulate faster at higher pH.  
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It would appear from this that the peak in early pH elevation reflects to the acid 

response of the culture to the stressed environment. It was observed that the occurrence of the 

early pH elevation peak was influenced by Arg concentration, oxygen availability, and the 

pH of the system. The data showed that Arg could, to a great extent, improve the rate of early 

pH elevation. As reported by Mercenier, an addition of 10mM arginine was able to increase 

enzyme production by P. aeruginosa by two fold (Mercenier, Simon et al. 1980).  

 

Effects of Inoculum Level on pH Elevation of B. licheniformis in Cucumber Juice 

To investigate the influence of inoculum level on pH elevation, 10% CJ with pH 

adjusted to 4.1-4.9 were inoculated with 2.97- 7.49 CFU/ml of overnight B. licheniformis 

cultures for aerobic and anaerobic investigation. The minimum inoculum level to induce a 

pH elevation depended greatly on the pH of the system. At an inoculum level of 7.49 

CFU/ml (Table 2), pH elevation was observed at pH 4.1 where the pH has increased to 8.2 

during which time the aerobic growth (OD600nm) increased 0.2 units. Compared to treatments 

with lower inoculum levels at pH 4.1, no significant growth was detected and the pH 

increased by 0.2 units. This result indicated a higher inoculum concentration was able to 

promote the growth by reducing the acidity of the environment more effectively.  

The minimum pH for lowest inoculum level, 2.97 CFU/ml, to initiate growth was 4.9, 

where the cultures were able to elevate the pH to 8.4 aerobically. In addition, all sugar and 

most of the amino acids were depleted and ammonia formation occurred. Aerobic incubation 

data also indicated that sugar consumption was positively correlated to inoculum level. 

Under anaerobic conditions, there was little growth and pH elevation for treatments at pH 4.9 
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and 4.3 (Table 2). A pH elevation at inoculum level of 6.97 CFU/ml at pH 4.3 was 

speculated to be an error since no growth was observed at pH 4.9. Sugar consumption under 

anaerobic incubation was correlated with inoculum level regardless of growth and pH 

elevation. This might suggest that the culture was utilizing the sugar in a way that does not 

cause dramatic pH elevation under anaerobic conditions. Ammonia production during the 

beginning of growth helped to initiate growth by the cultures as a part of the ADI pathway. 

Therefore, ammonia production is related to the inoculum level. 

  Montville and Sapers, 1981 reported an absence of growth by B. licheniformis at pH 

below 4.2, however, our study have suggested both growth and pH elevation occurred at pH 

4.1 when inoculum size is as high as 7.49 CFU/ml. Under natural circumstances, the cell 

levels could not have reach as high as 7.49 CFU/ml in acidified foods to possess a risk.  

 

The Influence of Arg on Growth and pH Elevation of B. licheniformis in Acidified 

Cucumber Juice 

The effect of arginine on growth was further investigated when B. licheniformis was 

inoculated to 10% CJ with and without 100 μg/g Arg supplement. The additional Arg 

increased the growth and pH of 10% CJ even at low inoculation levels of 4.85 CFU/ml for 

both pH levels tested (Figure 22 A-D). At pH 4.6, Arg supplement was able to induce pH 

elevation in all inoculum levels. Additional Arg was able to induce pH elevation at lower 

inoculum level where pH elevation was only able to occur at 7.15 CFU/ml or above at pH 4.3, 

the inoculum level decreased to 6.55 CFU/ml or above with Arg supplemented. The initial 
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peak was higher with additional Arg. It would appear from this that in the presence of Arg 

supplement, pH elevation was able to occur with a lower inoculum.   

To study the difference of amino acids utilization, 10% CJ at pH 4.3 and 4.6 with 

various inoculation levels were analyzed for the changes of 20 essential amino acid (Table 3). 

Among the different inoculation levels (treatment 1-3), alanine (Ala) and glutamic acid (Glu) 

increased the most along with Arg as was mentioned previously. With an inoculum of 7.15 

CFU/ml, Ala and Glu increased the from 4.42 to 19.10 μg/g and 8.78 μg/g to 35.26 μg/g 

respectively, during which time Arg decreased from 9.68 to 0.27 μg/g. Threonine (Thr) had 

dropped from 133.35 to 1.51 μg/g after day 3 (treatment 1). Most of amino acid degradation 

occurred after day 3.  

There was no growth observed at pH 4.3 when the inoculum level was at 6.85 and 

6.55 CFU/ml (treatment 2 and 3), however, there were still changes to the amino acid level. 

Arg decreased regardless of growth by 3.33 μg/g and 2.3 μg/g respectively. Ala increased 

from 4.40 μg/g to 4.95 μg/g when the inoculum was 6.85 CFU/ml and from 4.78 μg/g to 5.35 

μg/g when inoculum level dropped to 6.55 CFU/ml. At the same time, Glu increased 0.92 

μg/g and 2.2 μg/g for the two inoculation levels respectively. These results have indicated 

that Arg, Ala, and Glu are three amino acids that B. licheniformis requires to maintain cell 

activities. The fact that growth was observed only at high levels of inoculation suggested the 

high level of inoculation were necessary for growth of B. licheniformis in acidic environment, 

especially during the early stages of growth, where Arg degradation induces metabolic 

activities that resulted in increases in Ala and Glu concentration. The initial increase in pH, 

as the result of amino acid degradation, correlated with Arg deamination. 
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In brief, no pH elevation was observed at pH 4.6 under aerobic incubation at 37°C in 

10% CJ that was inoculated with 4.85 CFU/ml of cultures. However, the addition of 100 μg/g 

Arg caused pH elevation to occur in treatments that previously had no growth or pH 

elevation. A comparison of the treatments with Arg supplement to the ones without indicated 

that as the concentration of Arg was increased, the degree of pH elevation was raised which 

was due to an increase of Arg utilization. The magnitude of pH elevation was 2.49 units 

higher with Arg added when inoculation level was at 6.55 CFU/ml and 2.12 units at 4.85 

CFU/ml. Furthermore, Thr degradation was also increased at both inoculation levels. In 

general, it would appear that the higher the inoculation level, greater the amino acid 

metabolism. As the concentration of Arg increase in the system, the likelihood of growth and 

pH elevation by B. licheniformis is also increased in which causing Thr degradation and the 

formation of Ala and Glu. 

 

Summary 

A study of the growth and pH elevation of B. licheniformis in acidified 10% CJ has 

indicated that the culture was able to maintain metabolism at a pH value as low as 4.1 and 

cause pH to rise, making it a potential risk for metabiosis with the presence of oxygen. It was 

not possible to indicate the absolute minimum pH, oxygen level, or inoculum level at which 

the culture was able to grow and elevate the pH, due to the fact that only one strain of 

Bacillus licheniformis was tested. The acid tolerance may vary among different strains. 

However, conditions can be manipulated lower the risk of metabiosis. The mechanisms of 

pH elevation were identified as the result of ammonia formation during amino acid 
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metabolism by B. licheniformis. The pH shift depended on the ammonia formation and acid 

production from glucose in the system. Arg degradation was found to be the fastest among all 

20 essential amino acids and caused an initial pH peak to occur in acidified CJ.  Sufficient 

Arg levels could lower the inoculum level need to initialize growth and pH elevation while 

promoting ammonia production at the same time. The initial pH elevation can be limited by 

improving buffer capacity of the media, which greatly slows the metabolism of B. 

licheniformis in a low pH environment. Note that the addition of acetic acid also added an 

inhibitory preservative to the system, which means, that this effect would also be due to 

adding a preservative. Food products with pH of 4.1 or above would need to be examined 

individually for safety risk due to differences in amino acid composition and buffer capacity 

of the food media.  

In this study, we investigated the safety concerns of Bacillus spp. in acidified food 

environment. We have identified the variables that affect the growth of Bacillus spp., the 

conditions for pH elevation to occur, and the mechanisms for which pH elevation was to take 

place inside an acidic environment. The results have demonstrated that it may be insufficient 

to cover the entire range of acid- tolerant bacillus and the entire range of acidified food 

products with one set of regulations. The safety concerns by the FDA depend on the types of 

food as well as species of the bacteria. In conclusion, results presented in this study provided 

insights into how to regulate foods in the future. These finding address the importance of 

understanding the mechanisms and conditions of bacteria behavior for rational regulation and 

development of effective guidelines for the food industry. 
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Figures  
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Figure 19. Characterization of pH elevation and amino acid degradation by Bacillus licheniformis in 
cucumber juice under aerobic and anaerobic conditions. A. Growth and pH change curves of the B. 
licheniformis NRRL B-4284 in 10% acidified CJ (pH 4.9) with initial cell level of 106 CFU/ml. the OD600 nm 
and pH values given are the averages of three replicates and expressed as mean ±SD. B. The total amino acid 
change and ammonia production during B. licheniformis NRRL B-4284 growth in 10% acidified cucumber 
juice. C. Change of Arg, citrulline and ornithine during B. licheniformis NRRL B-4284 growth in 10% acidified 
cucumber juice. D. The glucose, fructose and lactic acid dynamic changes during B. licheniformis NRRL B-
4284 growth in 10% acidified cucumber juice. Data in figure B, C and D were the mean of three replicates. 
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Figure 20. Effects of initial Arg concentration on early pH elevation, ammonia production and amino 
acids degradation by B. licheniformis in Cucumber Juice. A. The effects of Arg on early pH elevation peaks 
caused by B. licheniformis NRRL B-4284. The pH values given in the figure are the averages of three replicates 
and expressed as mean ±SD. B. Dynamic changes of Arg degradation and ammonia production during the 
formation of early pH elevation peaks. C. The effects of Arg on Thr and total amino acid degradation. The data 
points in figure B and C were obtained from three replicates of each time points. The amino acid reduction in 
was calculated by formula: Raa(%)=(Cinitial-Ct)/ Cinitial ×100%, where Cinitial is the initial amino acid 
concentration;  Ct is the amino acid concentration at sampling time. 
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Figure 21. The effects of initial pH on pH elevation in cucumber juice by B. licheniformis. B. licheniformis 
NRRL B-4284 was inoculated into 10% CJ (acidified to pH 4.3, 4.6, 4.9, 5.2 and 6.0 with HCl) at initial 
level of 6.19 Log10 CFU/ml and incubated aerobically and anaerobically at 37°C. A. Real-time pH curve 
under aerobic condition. B. Real-time pH curve under anaerobic condition. All pH values are the mean of three 
replicates 
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Figure 22. Effects of Arg on growth and pH elevation in acidified cucumber juice by B. licheniformis at various 
inoculation levels. A. The pH elevation caused by various B. licheniformis NRRL B-4284 cell levels in 10% acidified CJ at 
pH 4.3. B. The pH elevation caused by various inoculation levels of B. licheniformis NRRL B-4284 in 10% acidified CJ 
supplemented with 100 μg/ml Arg at pH 4.3. C. The pH elevation caused by various inoculation levels of B. licheniformis 
NRRL B-4284 in 10% acidified CJ of pH 4.6. D. The pH elevation caused by various inoculation levels of B. licheniformis 
NRRL B-4284 in 10% cucumber supplemented with 100 μg/ml Arg at pH 4.55. The threshold (pH 4.75) of early pH rising 
required for further growth or pH elevation was indicated by red dash-dot line. All data were the mean of three replicates.  
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Tables 

Table 2. Growth, pH elevation and sugar consmption of B. licheniformis in acidified cucumber juice 

Inoculum  
(CFU/ml) 

Initial 
pH 

Initial 
pH peak 

Final pH 
(350 h) 

Initial 
OD600nm 

Sugar 
consumption 
(%) 

Aerobic  
7.49 4.1 5.1 8.2 0.51 100 
6.93 4.1 4.4 4.4 0.13 18.1 
6.49 4.1 4.3 4.3 0.08 10.4 
6.19 4.1 4.3 4.3 0.04 8.4 
5.79 4.1 4.3 4.3 0.01 8.1 
6.97 4.3 5.7 8.3 0.15 100 
5.97 4.3 4.5 4.5 0.02 9.1 
4.97 4.3 4.5 4.4 0.01 4.8 
3.97 4.3 4.5 4.4 0.01 4.3 
2.97 4.3 4.4 4.4 0.00 3.1 
6.97 4.6 5.1 8.5 0.16 100 
6.49 4.6 5.3 8.2 0.09 100 
5.97 4.6 5.2 8.2 0.03 100 
5.37 4.6 4.6 4.6 0.01 7.6 
4.97 4.6 4.6 4.6 0.00 0.3 
6.97 4.9 5.7 8.4 0.14 100 
5.97 4.9 6 8.4 0.02 100 
4.97 4.9 6.3 8.4 0.01 100 
3.97 4.9 5.3 8.4 0.01 100 
2.97 4.9 5.4 8.4 0.00 100 
Anaerobic 
6.97 4.3 5.1 5.2 0.15 29.4 
5.97 4.3 4.5 4.5 0.03 11 
4.97 4.3 4.5 4.5 0.01 5.5 
3.97 4.3 4.5 4.4 0.01 4.2 
2.97 4.3 4.5 4.4 0.01 2.1 
6.97 4.9 5.7 5 0.15 58.7 
5.97 4.9 6.1 4.9 0.02 64 
4.97 4.9 5.7 4.6 0.01 74.2 
3.97 4.9 5.5 4.8 0.01 75.2 
2.97 4.9 5.9 4.7 0.01 83.7 
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Table 3. Effects of initial cell and Arg levels on amino acids degradation patterns of B. licheniformis in 
acidified cucumber juice. All of the culture was incubated aerobically at 37°C. 

Treatments Time 
(d) 

Amino Acids (μg/g) NH3 OD600n

m 
pH 

Ala Arg Glu Orn Thr Total 

1. 
10% CJ 
pH 4.3 
7.15 
CFU/ml 

0 4.42 9.68 8.78 0.22 133.35 245.31 6.49 0.169 4.3 

0.25 5.45 1.87 14.17  7.14  123.64 255.08 15.84  0.189 4.5  

1 5.73 1.32  14.63  7.14  120.54 245.26 18.23  0.182 5.0  

3 19.10  0.27  35.26  6.87  125.82 253.8 18.61  0.154 5.3  

11 0.46 0.00  21.52  0.13  1.51  67.60 107.17 0.155 7.4  

2. 
10% CJ 
pH 4.3 
6.85 
CFU/ml 

0 4.4 9.56 9.15 0.27 125.93 234.57 5.27 0.101 4.3 

0.25 4.74 6.23  10.8 2.51  121.92 222.59 11.21 0.108 4.4 

1 4.66 5.89  10.75 2.38  116.6 216.81 11.73 0.095 4.4 

3 4.95 4.82  10.07 2.11  90.83  208.81 13.81 0.088 4.6  

11 5.45 6.36  11.62 2.51  94.94  213.41 20.99 0.078 4.5  

3. 
10% CJ 
pH 4.3 
6.55 
CFU/ml 

0 4.78 10.47 9.84 0.15 120.77 240.35 7.85 0.053 4.3 

0.25 4.85 8.56 10.69 1.06 117.57 233.72 9.78 0.051 4.3 

1 5.11 9.45 11.5 1.06 123.62 247.66 10.31 0.047 4.3 

3 5.35 9.83 12.04 1.06 122.99 254.34 12.37 0.035 4.4 

11 5.11 8.17 10.66 0.93 93.18  206.86 19.35  0.039 4.4 

4. 
10% 
CJ+Arg 
pH 4.3 
6.55 
CFU/ml 

0 4.16 116.18 8.46 0.4 117.68 328.08 5.41 0.046 4.3 

0.25 4.01 97.12  7.87 5.02  89.10  271.81  13.69  0.055 4.6  

1 8.80  31.96  16.16  72.69  88.40  272.39  89.52  0.045 5.9  

3 16.83  0.13  37.19  101.10  74.70  279.08  102.88  0.170△  5.5  

11 1.16  0.11  24.36  0.13  3.77  47.83  199.18  0.143△  6.8  

5. 
10% CJ 
pH 4.6 
4.85 
CFU/ml 

0 5.07 11.11 10.44 0 138.58 263.07 8.33 0.006 4.6 

0.25 5.32 11.05 11.36 0 135.05 264.06 9.7 0.001 4.6 

1 4.98 10.26 10.52 0 122.58 241.95 9.32 0.006 4.6 

3 5.2 10.74 11.46 0 124.48 250.57 10.87 0.008 4.6 

11 5.91 12.16 13.13 0 122.86 253.86 18.43  0.024 4.6 

6. 
10% 
CJ+Arg 
pH 4.6 
4.85 
CFU/ml 

0 4.2 112.19 8.85 0 125.93 335.61 7.04 0.004 4.6 

0.25 4.93 80.32  10.35 0 122.9 311.97 8.72 0.008 4.6 

1 4.71 74.77  9.8 0 112.88 290.20  9.46 0.027 4.7  

3 18.05  0.07  31.91  74.01  111.72  294.71  65.42  0.192  5.2  

11 0.74  0.21  39.51  0 2.57 64.34  159.61  0.215  6.7  
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Appendix C 

 

 

 

 

 

 

 

 

Figure 23. Growth and pH elevation of B. licheniformis at different oxygen conditions. A. Growth and pH 
elevation under true anaerobic condition at 30°C. B. Growth and pH elevation under microaerophilic condition at 
37°C. C. Growth and pH elevation under true aerobic condition at 37°C.  
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