
 

  

ABSTRACT 

ZHAI, YAWEN KAREN. The Influence of Cover Brine Formulation and Starter Cultures on 
Fermented Cucumber Bloater Defect and Identification of its Causative Agents in Fermentations 
Brined with Low Salt (Under the direction of Dr. Ilenys Pérez-Díaz). 
 
Fermented cucumber bloater defect, caused by the accumulation of microbially produced carbon 

dioxide (CO2), creates significant economic losses for the pickling industry. This study evaluated 

the use of starter cultures and certain fermentation cover brine ingredients to prevent or reduce 

the incidence of bloater defect, and identified some of the causative agents. The inoculation of a 

malic acid decarboxylase deficient starter culture, unable to produce CO2 from the conversion of 

malic acid to lactic acid, in cucumber fermentations brined with low salt to 107 CFU/g reduced 

bloater index from 6.1 to 2.5. However, such starter culture did not complete the conversion of 

the sugars to lactic acid. The brining of cucumbers with 25 mM CaCl2, 20.2 mM Ca(OH)2 and 

2% NaCl aided the malic acid decarboxylase deficient starter culture to complete the 

fermentation but did not reduce bloater index. Metagenetic data from such fermentations showed 

the presence of Enterobacteriaceae on day 3 and Leuconostocaceae on day 10, bacterial groups 

known for their ability to produce CO2 from respiration and heterofermentation, respectively. 

The presence of Enterobacteriaceae to a relative abundance of 11.05% and 4.0 ± 0.5 log CFU/g 

as early as day 2 in native cucumber fermentations brined with CaCl2 coincided with a bloater 

index of 24.0 ± 10.3. The relative abundance of Leuconostocaceae at 6.17% by day 3 in native 

fermentations brined with CaCl2 corresponded to a 4.6% CO2 production and resulted in a 

bloater index of 58.8 ± 23.9. It was observed that Enterobacteriaceae grow and produce CO2 in 

cucumber juice to up to 84.6%. Such metabolic activity enables the bacterial family to contribute 

to the formation of CO2 (38.1%) and bloater defect (3.1 ± 2.7) by day 2 of cucumber 

fermentations. Leuconostocaceae produced up to 50.2% CO2 in cucumber juice and contributed 



 

  

to the formation of 66.9 ± 3.5% of the gas in cucumber fermentations in 36 hours. The 

inoculation of Leuconostoc lactis in acidified cucumber fermentations resulted in a CO2 

production of 13.6 ± 3.5% with a bloater index of 21.3 ± 6.4 as compared to the non-inoculated 

controls with a bloater index of 5.2 ± 5.9. It is concluded that the inoculation of starter culture 

and acidification decreased the bloater defect incidence in fermentation brined with CaCl2 and 

supplemented with Ca(OH)2 by suppressing the indigenous microbiota and inducing a faster 

fermentation. However, the presence of Enterobacteriaceae and Leuconostocaceae in cucumber 

fermentations must be further control to prevent bloater defect.  
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CHAPTER 1 

Literature Review 

Viability of commercial cucumber fermentation without nitrogen or air purging 

 

Yawen (Karen) Zhai 1, Ilenys M. Pérez-Díaz2 and Joscelin T. Diaz1 
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Short Title: cucumber fermentation without purging 
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1.1. Abstract 

1.1.1 Background: Bloater defect in cucumber fermentation refers to the formation of gas 

pockets in the seed cavity or mesocarp as the result of carbon dioxide (CO2) production and 

accumulation. It is known to cause significant economic losses for the pickling industry.  

1.1.2 Scope and Approach: This article reviews the causes of bloater defect, sources of the CO2 

inducing bloating and strategies to mitigate the production of such gas in fermentations to reduce 

the defect, including controlled fermentation, inoculation of selected starter cultures, and cover 

brine acidification and reformulation. It also reviews the application of air or nitrogen purging to 

reduce bloater index in commercial operations.  

1.1.3 Key findings and conclusions: Microbial activity during fermentation, tissue respiration 

within the cucumbers as well as the pressure in the fermentation tanks and cover brine 

composition impact the levels of dissolved CO2 conducive to cucumber bloating. It is speculated 

that the ability of selected gram-negative bacteria, naturally present in soil and fresh cucumbers, 

to colonize the internal tissue results in the production of trapped CO2 in the mesocarp and seed 

cavity which accumulates causing bloating defect early in the fermentation. Effective 

manipulation of the indigenous microbiota may enable cucumber fermentations of acceptable 

quality without purging. Additionally, conversion of the oxygen present in the fermentation, 

from equilibration with the atmosphere, to hydrogen peroxide instead of CO2 could aid in the 

reduction of the incidence of bloating. 

 

1.1.4 Keywords: Cucumber fermentation, Bloaters, Microbiota, Carbon dioxide, Purging, 

Pickling industry 
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1.2. Highlights 

► the microbially produced CO2 that is present in cucumber fermentation causes bloating  

► gram-negative bacteria may colonize and produce CO2 in the internal cucumber tissue  

► control of the microbiota may enable purging free cucumber fermentation  

► utilization of air purging to reduce bloating causes oxidation and softening  

► levels of dCO2 in cover brines do not correlate with bloater index 

1.3. Introduction  

Bloater defect, defined as the formation of gas pockets in the mesocarp and seed cavity of 

mostly fermented but also fresh cucumbers (Jones, Etchells, Veerhoff, & Veldhuis, 1941; 

Fleming et al., 1973b; Fleming, 1979), is known to result in serious economic losses for the 

pickling industry (Fleming, Thompson, Etchells, Kelling, & Bell, 1973a). It even prevented the 

implementation of a promising technology to ferment cucumbers without sodium chloride 

(NaCl), incorporating the use of calcium acetate as a buffer, in 1995 (Fleming, McDonald, 

McFeeters, Thompson, & Humphries, 1995). Economic losses are mainly associated with the 

inadequacy of the bloated fermented cucumbers for slicing, which results in chips with 

undesirable holes and appearance and occasionally resembling a half moon.   

Figure 1.1 describes the acuteness of the injuries (slight, medium and severe) and type of 

tissue disruption (balloon, lens or honeycomb; Wehner & Fleming, 1984) that may be observed 

in bloated fermented cucumbers. The magnitude of damage is measured as the bloater index 

calculated from the numerical percentage of bloaters adjusted by the degree of severity and tissue 

disruption type as defined by the weighted damage values proposed by Fleming et al., 1977 & 

Fleming, Thompson & Moore, 1978b). In general, larger size cucumbers, such as 3A (3.8 – 5.1 
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cm diam.) and 3B (5.1-5.7 cm diam.) are more vulnerable to bloater defect as compared to 

smaller sizes (less than 3.8 cm diam.) (Fleming et al., 1973a).  

Although, the formation of the hollow cavities in the fermented fruit is associated with an 

elevated concentration of CO2 accumulated internally, the levels of dissolved carbon dioxide 

(dCO2) are not linearly correlated with bloater index. It is speculated that it may be more 

accurate to predict incidence of bloating by monitoring dO2 and dCO2 concentrations 

concomitantly, given that O2 has a higher internal pressure in cucumbers as compared to CO2 

(Corey, Pharr, & Fleming, 1983).  

1.4. Sources of CO2 in cucumber fermentation considered to influence bloater index 

In general, CO2 is produced by cucumber tissue respiration or the metabolic activity of 

the microbes naturally present in the cucumbers including yeasts, molds and bacteria. Production 

of CO2 in cucumber fermentation is demonstrated to be the culprit in the development of bloater 

defect especially that derived from microbial activity (Etchells et al. 1941). The gas contained in 

the hollow cavities, either CO2 or a mixture of CO2 and hydrogen (Jones et al. 1941; Veldhuis 

and Etchells, 1939), has been found to match the composition of that found in cover brines. The 

production of such gases corresponds to the presence or absence of Enterobacter spp. in 

combination with yeasts and selected LAB (Etchells, 1941; Etchells, Borg, & Bell, 1968a; 

Etchells, Fabian, & Jones, 1945; Fleming et al., 1973b). Given that the metabolic activity of 

yeasts results in the formation of ethanol and CO2 from sugars (Etchells & Jones, 1941), such 

microbial population was originally associated with bloating incidence. However, it was 

demonstrated that the incidence of bloating in fermented cucumbers remained unchanged in 

batches where yeast growth was suppressed by supplementing with up to 0.1% potassium sorbate 

or sorbic acid (Etchells et al. 1968a). Although, gram negative Enterobacteriaceae, such as 
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coliforms, the Aerobacter genus, Enterobacter aerogenes, and Escherichia coli and halophilic 

bacteria can produce H2 and CO2, possibly inducing bloater defect (Veldhuis and Etchells, 1939; 

Etchells et al., 1968a), these groups of microbes are known to be sensitive to the acidic pH that 

develops as the results of fermentation reaching undetectable levels by the third day of the 

process (Etchells et al., 1968a). Microorganisms that have been implicated in the formation of 

bloaters include heterofermentative, facultative heterofermentative and homofermentative lactic 

acid bacteria (LAB), in particular those able to decarboxylate malic acid (Etchells & Bell 1950; 

Etchells et al. 1968a; Fleming et al. 1973a, 1973b; McFeeters, Fleming, & Daeschel, 1984; 

McFeeters, Fleming, Thompson, 1982). The heterofermentative LAB, Lactobacillus brevis, have 

been isolated from defective commercial batches and found able to produce sufficient CO2 

during fermentation to cause cucumber bloating (Etchells et al., 1968a). Additionally, it is 

estimated that the malic acid decarboxylating activity of selected facultative heterofermentative 

LAB, such as L. plantarum, can generate 84 mg of CO2 per 100 g of cucumbers in a 

fermentation, which is sufficient to cause bloating (Daeschel, McFeeters, & Fleming, 1985).  

Given the influence of the microbial activity on the incidence of bloating, factors 

affecting the microbial composition and behavior such as brining conditions, cover brine 

strengths, supplementation with lactic acid or sugar and temperature (Jones et al., 1941; Samish 

et al. 1957) also influence bloating incidence. While supplementation of cucumber fermentations 

with sugar induces a significant increase in bloaters, a reduction in salinity (0-30 ˚ Salometer) 

has the opposite effect (Jones et al., 1941; Veldhuis et al., 1941). Larger amount of gases are 

measured in 40-60% saturated cover brines than in the 20 and 30% counterparts, likely due to 

lower gas solubility in the high salt solutions (Veldhuis & Etchells, 1939). Given that the 

solubility of CO2 is also reduced at higher NaCl concentrations and temperature, a relatively 
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lower incidence of bloaters is observed in 80% saturated brines (Fleming et al. 1973a; Veldhuis 

& Etchells, 1939). 

Additional sources of CO2 include the natural water carbonation, respiration of the fresh 

cucumber tissue and incorporation of atmospheric CO2 in the fermentation system. Thus, 

cucumber size, cultivation conditions, and variety have also been identified as factors influencing 

the extent of bloating, likely due to their role in tissue respiration (Fleming et al., 1973b). The 

cucumbers flesh is rich in channels that represent a transport system for gases including CO2 and 

air (Fleming, 1984). The O2 supplied in the equilibrated atmospheric air serves as a source of O2 

for the cucumber tissue to respire producing CO2, which may be trapped in bloaters, in particular 

after brining, which fills the tissue channels with liquid. When pasteurized cucumber jars were 

examined for CO2 levels, it was found that about 7% still formed in the absence of microbial 

activity (Fleming et al., 1973a), suggesting that tissue respiration indeed contributes to the 

production of such gas. The contribution of tissue respiration to the total amount of CO2 varies 

depending on the physiological state of the fruit prior to brining and post-harvest storage 

conditions (Eak & Morris, 1956). Pre-brining conditions and O2, acid and NaCl levels influence 

respiration rate (Fleming et al., 1973a).  

Other sources of fermented cucumber damage that may exacerbate the quality issues 

associated with bloater defect include injuries resulting from the deposition of the cucumbers 

into the fermentation vessels filled with cover brines with low buoyancy force, hydrostatic 

pressure in tanks with more than 6 ft. depth (Fleming et al., 1977), and pre-harvest conditions. 

Increasing tank depths augments the buoyancy force on cucumbers near the top of the tank, 

restrained below the free liquid surface (Fleming, 1979; Fleming et al., 1977, Humphries & 

Fleming, 1986). 
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The mechanism of bloater formation proposed by Etchells et al. (1968a) and modified by 

Fleming (1984) suggest that the CO2 produced in the cover brine diffuses into the cucumbers as 

part of the equilibration process or homeostasis. Once 12.5 mM of CO2 is produced from sources 

other than malic acid degradation (McFeeters et al., 1984), the internal tissue pressure increases 

producing enough force to displace the mesocarp and/or seed cavity tissue towards the exocarp 

or skin, forming hollow cavities or gas pockets within the fruit. Thus, bloater defect initiates 

when 20 mg to 60 mg per 100 mL CO2 accumulates in the tissue, depending on brining 

conditions, such as salt level and temperature, microbiota, initial sugars and malic acid content in 

the cucumbers and variety of cultivar (Fleming et al. 1973a & b, 1982, Fleming, 1984; Etchells 

et al. 1941; McFeeters et al., 1984). Evaluation of bloater resistance in pickling cucumbers using 

a brine carbonation method suggest that the selection of cultivars with balloon bloater resistance 

for tissue displacement may reduce the necessity for purging in the commercial tanks (Wehner 

and Fleming, 1984).  

1.5. Utilization of air or nitrogen purging to reduce bloater index in commercial scale 
operations 

Studies have shown that controlled cucumber fermentation and purging of cover brines 

effectively reduces bloater damage (Fleming, 1979). Nitrogen or air purging is most commonly 

used in the pickling industry to reduce the incidence of bloating. A review by Fleming et al. 

(1979) is perhaps the most comprehensive revision on the application of nitrogen purging to 

reduce the incidence of bloating. This concept proposes that a source of nitrogen, an inert gas, at 

the bottom of a container, using a diffuser or sparger, can generate relatively small bubbles that 

increase in size as they travel to the surface of the cover brine trapping CO2. This was based on 

the observation that the absorption of CO2 by the nitrogen bubbles is faster than the surfacing of 
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the mixed gas bubbles. Figure 1.2 describes some of the earliest systems proposed for nitrogen 

purging, in which bubbles of the gas are emitted at the bottom of commercial tanks, thru the 

holes made on plastic concentric or spiral pipes. 

It has been proposed that if levels of CO2 are maintained below 30% and 50% saturation 

at temperatures above and below 75 ˚F, respectively (Fleming et al., 1979), in cover brines with 

25˚ salometer (10% NaCl) the bloating incidence can be reduced. CO2 saturation is defined as 

the division of the measured CO2 in the cover brine by the maximum level of CO2 possible at a 

given temperature and pressure by 100 (Etchells et al., 1968a; Fleming et al., 1978). Readers are 

encouraged to review Figure 1.1 from Fleming, Etchells, Thompson, & Bell (1975) for more 

details on the solubility of CO2 at variable temperatures and salt concentrations. 

Continuous purging has been proven to be more cost efficient as compared to intermittent 

purging often needed at a higher flow rate (Fleming et al., 1975). Most publications in this area 

coincide that a minimum nitrogen gas flow rate of 40 SCFH is needed to minimize the incidence 

of bloating in commercial tanks of 40,000 L capacity. 

A subsequent proposal for purging to reduce the incidence of bloating pioneered by 

Costilow, Bedford, Mingus, Black (1977) was based on the observations that nitrogen sparging 

from the bottom of the tanks lacked uniformity as the gas bubbles would find paths of less 

resistance where cucumbers are not in close proximity. It was also considered that the nitrogen 

bubbles may move differently throughout the matrix in terms of time and may coalesce to form 

larger bubbles that would remain in the system for a longer period of time making the system 

less efficient. The system shown in Figure 1.3 was proposed by Costilow et al. (1977) to 

overcome the challenges described above. The objective of both of the systems shown in Figure 

1.3 is to concomitantly purge and circulate the cover brine for a more efficient removal of 
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gaseous CO2 from the fermentation tanks. The application of one of such systems adds the ability 

to mix-in ingredients for the adjustment of salometer, acidity or preservative levels, as well as for 

the incorporation of rain water throughout the fermentation tanks, preventing its accumulation on 

top. It was estimated that these systems are more efficient at removing CO2 with purging at 

lower flow rates, translating into a lower demand for gases and thus reducing the production 

cost. Figure 1.4 shows the system most commonly used at the commercial scale to date, which 

essentially combines the most efficient features of the two systems initially proposed by 

Costilow et al. (1977). The main modification made was a shorter head on the purging system 

located right at the interface between the surface of the cover brine and the atmospheric air, 

enabling the delivery of the cover brine from the bottom of the tank to the center top, which 

induces a more efficient circulation. It also accommodates for placement of the purging system 

on the side of the tank, eliminating the need for a false bottom.   

For the purging to function properly, the CO2 has to be present in the system in its 

gaseous form. This is also true for bloaters to be a problem. The CO2 first dissociation constant 

(pKa1 in a 6% NaCl at 25 ˚C) is 5.94, meaning that 50% of it exists as carbonic acid and the 

other 50% as gaseous CO2 (Harned and Bonner, 1945). Therefore, the application of purging in a 

system with a pH of 5.94 or above would only eliminate 50% or less of the total CO2, the same 

quantity that would be available for the formation of bloaters. However, a reduction in pH, 

meaning acidification, is the main consideration in increasing the levels of gaseous CO2, which is 

inevitably the desirable outcome in a successful fermentation. A system pH of 4.94 or 5.0 is thus 

conducive to the presence of 90% or more of the CO2 as gas, which can cause bloating and may 

be removed by purging. A delay in the application of purging after filling up the tanks, can thus 

result in high incidence of bloating. One must remember that the accumulation of enough CO2 in 
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the fermentation system is the only requirement for formation of bloaters and its development is 

irreversible. Similarly, care should be taken to maintain the initial pH of the fermentation at 5.0 

or below, so that most of the pre-existing CO2 in the fermentation system is present in the 

gaseous form and can be effectively removed by purging. The effect of cover brine equilibration 

with the cucumber water soluble components results in changes in pH, which may cause an 

increase to values above 5.0.    

Costilow, Gates, & Bedford (1981) also proposed the most economical air purging 

instead of nitrogen purging as an effective way to reduce the incidence of bloating without 

significantly sacrificing the quality of the fermented stocks. Although, this group did not observe 

significant differences among air and nitrogen purged commercial fermentations, air purging at 

high rates (100 mL air/minute) in 1-gal jar fermentations were characterized by rapid and 

extensive cucumber softening (Gates and Costilow, 1981). Cucumbers softening has been 

observed as the results of aerobic mold growth on the surface of the brined cucumbers in 

commercial fermentations purged at high air flow rates (Costilow, Gates, & Lacy, 1980). Up to 

5-6 ppm of dissolved oxygen may be present in cucumber fermentations depending on salt 

concentration and temperature. In continuously aerated cover brines, the dissolved oxygen levels 

increased at the outset of the fermentations followed by a decreased and development of an O2 

uptake demand and film yeasts growth (Potts and Fleming, 1979). However, nitrogen purged 

fermentations presented a negligible dissolved oxygen level and low O2 uptake, conducive to the 

dominance of the desired LAB (Potts and Fleming, 1979). Although, air purging has become the 

preferred method used within the pickling industry to reduce the incidence of bloating, given the 

low cost of application, it is not only a relevant source of O2 for softening-associated molds, but 

also for the growth of other undesirable aerobic organisms, off-flavors, oxidation and enhanced 
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CO2 production from aerobic biological processes including tissue respiration and glycolysis 

(Fleming, 1979; Zhou, McFeeters, & Fleming, 2000). Consequently, the utilization of air purging 

to reduce the incidence of bloating necessitates the identification of strategies to minimize its 

impact on the quality of the fermented stocks. The use of nitrogen purging for at least the first 2 

d of laboratory scale fermentations is known to prevent tissue softening and improve the quality 

of the salt-stock (Gates and Costilow, 1981).  

1.6. Utilization of controlled fermentations to reduce bloater index in commercial scale 
cucumber fermentations 

Controlled lactic acid fermentation of cucumbers was developed by Etchells et al. (1976) 

with the aim to reduce the variability on the salt-stock quality resulting from the heterogeneous 

and complex microbiota present in the fresh cucumbers. To some extent, controlled cucumber 

fermentation is, one of the practices commonly used in the pickling industry to minimize bloater 

defect (Etchells, Bell, Fleming, Kelling, & Thompson, 1973; Wehner and Fleming, 1984) and is 

characterized by the steps described on Figure 1.5 (Etchells et al. 1976a and b). The blanching of 

cucumbers followed by inoculation with a starter culture prior to fermentation, has also been 

effective in reducing bloater index (Gates and Costilow, 1981). In essence, the main objective of 

the steps recommended for controlled fermentation aim at reducing the microbial load naturally 

present in cucumbers. 

1.7. Utilization of malic acid decarboxylase deficient (MDC-) LAB as starter cultures for 
commercial cucumber fermentations  

Preferred starter cultures for cucumber fermentations include the facultative 

heterofermentative LAB, L. plantarum and L. pentosus and the homofermentative LAB, 

Pediococcus spp. (Etchells et al., 1976a and b). Such LAB are known to dominate in cucumber 
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fermentations (Pérez-Díaz et al. 2016) and produced relatively lower levels of CO2 as compared 

to the heterofermentative LAB, L. brevis. Although, the facultative heterofermentative L. 

plantarum and L. pentosus prevail in cucumber fermentations producing mostly lactic acid, they 

are both able to produce CO2 from a number of decarboxylation pathways such as the conversion 

of malic acid to lactic acid. Thus, the utilization of MDC- starter LAB have been suggested as an 

additional strategy to reduce the incidence of bloating in cucumber fermentations (Daeschel, 

McFeeters, Fleming, Klawnhammer, & Sanozky, 1987). However, cultures naturally deficient in 

malic acid decarboxylation, such as L. plantarum FS965, isolated from cheddar cheese, and L. 

plantarum WSO-M35 and MOP3-M6, derived from the chemical mutagenesis of cucumber 

fermentation isolates, are unable to complete the desired conversion of sugars to lactic acid, and 

present longer lag phases and generation times (McDonald, Shieh, Fleming, McFeeters, & 

Thompson, 1993; McFeeters et al., 1984). Improved performance of cultures deficient in malic 

acid decarboxylation may be achieved by blanching the fresh cucumbers prior to fermentation, 

and sanitizing the fermentation vessels so that the naturally occurring LAB are suppressed 

(McDonald et al., 1993). Inoculation of the deficient starter cultures to 2 log of CFU/mL higher 

than the background microbiota enables its competitive growth (Breidt and Fleming ,1992).  

1.8. Application of acidification of cover brines to reduce bloater index in commercial scale 
cucumber fermentations 

Acidification of the fermentation system to a pH around or less than 4.6 can help with the 

surfacing of CO2 in the fermentation system. The cover brine pH is a factor affecting CO2 

solubility, as it determines the proportion of dissolved CO2 with respect to the total gas content 

(Fleming et al. 1973b). More of the HCO3- species exists at pH 3.6 or lower (Greenwood and 

Earnshaw, 1997). Two species, H2CO3 and HCO3-, exist to 50% each at an equilibrated pH of 
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6.35 (25˚C) (Greenwood and Earnshaw, 1997). Thus, adjustment of the initial fermentation pH 

well below 6.35 should induced the CO2 derived species equilibration balance towards the 

gaseous form, more readily removed from cover brines by air or nitrogen purging.  

Additionally, cover brine acidification reduces the production of the gas by the 

Enterobacteriaceae and molds naturally present in the fresh cucumbers, as high hydrogen ion 

concentrations in solution are inhibitory for growth of such microbes. Production of lactic acid as 

a function of time by LAB, a delay in introduction of additional oxygen by air purging until the 

fermentation pH reaches 4.0 or fermentation cover brine supplementation with 0.16% acetic acid 

aids in the exclusion of Enterobacteriacea (McDonald, Fleming, & Daeschel, 1991) and molds 

associated with tissue softening, characterized by soft spots and skin blisters on cucumbers 

(Gates and Costilow 1981; Potts and Fleming 1982). The population of Enterobacteriacea is 

known to reach numbers as high as 8 log of CFU/g of cucumber tissue and 5 log of CFU/mL of 

cover brine 3-day post-brining in non-acidified fermentations (McDonald et al., 1991). Such 

population densities decline by at least 2 log of CFU/mL by day 5 after brining. Additionally, 

selected members of the Enterobacteriacea family such as Erwinia spp., are known to colonize 

the internal cucumber tissue and produce CO2 from fermentative metabolism in the presence of 

O2 (Samish, Etinger-Tulczynska, & Bick, 1963). Upon acidification of cover brines with 0.16% 

acetic acid, the numbers of Enterobacteriacea steadily decline to below detectable levels 5 d 

post-brining (McDonald et al., 1991).     

1.9. Bloater defect in low salt cucumber fermentations 

The traditional cucumber fermentation process uses a minimum of 6% NaCl, after 

equilibration between the cucumber and cover brines proceeds, resulting in the generation of 

waste waters from commercial operations with a significant content of chlorides and organic 
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matter (McFeeters and Pérez-Díaz, 2010; Pérez-Díaz et al., 2015). Treatment of such waters and 

disposal of sludge from water treatment ponds increases the cost of production and can result in 

environmental pollution, if not managed adequately (Fleming et al., 2002). Low salt and NaCl 

free cucumber fermentations has been evaluated by several researchers as of today with the aim 

of ameliorating the environmental impact from commercial production (Etchells et al., 1976 a 

and b; Pérez-Díaz et al. 2015; Fleming et al. 1995; Gulliou, Floros, & Cousin, 1992). The NaCl 

free preservation of cucumbers with acidification has been deemed of unacceptable quality due 

to excessive bloater defect and the development of rising pH spoilage (Etchells et al. 1976a and 

b; Gulliou et al., 1992). Laboratory scale NaCl free cucumber fermentations resulted in pickles 

of acceptable quality when the fresh cucumbers were blanched, brined with a calcium acetate 

buffer and L. plantarum was used as a starter culture (Fleming et al., 1995). Although cucumber 

bloating was prevented by the blanching step in such laboratory scale fermentations, pilot scale 

commercial fermentations without NaCl resulted in severe bloating and a significantly 

compromised texture (Fleming et al., 1995). A fluctuating bloating incidence from undetectable 

to severe at the top 3 ft. of tanks was observed in anaerobic cucumber fermentations brined with 

reduced NaCl (2.7%), presumably due to a localized higher buoyancy pressure and lower 

hydrostatic pressure (Fleming, McFeeters, Daeschel, Humphries, & Thompson, 1988). Bloater 

damage was minimal in cucumber fermentations brined with 4% NaCl using the Bag-in-Box 

fermentation technology proposed by Fleming et al. (2002). NaCl free cucumber fermentations 

brined with calcium chloride (CaCl2) and potassium sorbate in open top tanks subjected to air 

purging are reported to support higher levels of CO2 production within the first 3 days and more 

bloating as compared to fermentations brined with 6% NaCl (Figure 1.6; McMurtrie, 2016; 

personal communication with processors). Potential causative factors for an increase incidence of 
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bloating in cucumber fermentations brined with CaCl2 include the application of air purging on a 

time limited scheduled at a lower flow rate (McMurtrie, 2016) and the reduction of the starter 

culture lag phase and generation time (Pérez-Díaz et al., 2015).  

1.10. Future Trends and Conclusions  

Are commercial cucumber fermentations without air or nitrogen purging viable?  

Common to all strategies proposed to reduce bloater index in commercial cucumber 

fermentations is the goal of reducing the density of the natural microbiota, which is expected to 

result in a limited production of CO2. Washing of the fresh fruits, chlorination of the 

fermentation mass, cover brine acidification, blanching and nitrogen purging are all hurdles for 

microbial viability. Although reducing the background microbiota, represents an attractive and 

viable option in the task of reducing CO2 production and, consequently, the incidence of 

bloating, it hinders opportunities to use the microbial diversity in positive ways to impart unique 

characteristics to the preserved. Application of the aforementioned strategies may also represent 

extreme and costly approaches to control bloater index in cucumber fermentations.  

The fact that Enterobacteriaceae and molds have been identified as colonizers of the 

cucumber tissue with the ability to influence the quality of the fermented food, specifically by 

inducing tissue softening or producing CO2 that can potentially cause formation of bloaters, 

suggests that a more targeted approach may be developed to minimize the incidence of the 

defect. Expanding the knowledge of how specific microbes may be involved in cucumber tissue 

colonization, internal CO2 production and formation of hollow cavities can set the stage for the 

development of control strategies targeting the inhibition of selected causative agents at a lower 

cost as compared to a generalized approach such as purging. A proactive approach to the 

reduction of bloater index in commercial fermentations is, thus, envisioned as the ability to 
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identify selected causative agents naturally present in fresh cucumbers at the production site, 

using practical and rapid methods for microbial identification. Results from the tests can provide 

the basis for a fresh cucumber fermentation fitness standard of benefit for growers and 

processors. Fresh cucumber lots containing high loads of bloating causing microbes can be 

designated as prospects for fresh-pack products or relish fermentations as opposed to processing 

by fermentation of the whole fruits. An improved understanding of the microbes directly 

involved in cucumber bloating may also be conducive to enhanced guidelines for the cultivation 

conditions of such cucumbers in ways that contamination with the undesired microbes is 

prevented.   

Although, it has been also observed that the majority of the dCO2 in cover brines comes 

from microbial activity and not tissue respiration (Fleming et al. 1973a; Zhai et al., 2017, 

submitted); the exclusion of O2 as the precursor for CO2 and bloater formation seems to be an 

additional effective approach to reduce the incidence of bloating. The various strategies 

discussed above suggest that elimination of O2 from the fermentation system by nitrogen 

purging, results in low bloater index. Cucumber fermentations in closed jars, with limited oxygen 

content, brined with an acid, a buffer and 4% NaCl results in a minimal bloater index (Zhai et al, 

submitted). Additionally, it has been reported that O2-exchanged cucumbers are less prone to 

bloating, given that the gas is converted to CO2, which has a lower internal pressure (Fleming & 

Pharr, 1980; Fleming, Pharr, & Thompson, 1980; Corey et al., 1983; Fleming, Humphries, 

Brock, & Pharr, 1983; Fleming 1984,). Together these observations suggest decarboxylation 

reactions by microbes in the absence of O2 may be insufficient to cause severe bloating (Zhai et 

al., submitted) and that O2 availability for biological activity is a critical factor in the incidence 

of bloater defect. For instance, conversion of molecular O2 to CO2 early in the process would be 
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instrumental in preventing the proliferation of gram-negative microbes, tissue respiration and in 

reducing internal cucumber tissue pressure. Thus, utilization of chemical oxidation to remove the 

gas from fermentation systems represents a theoretical viable alternative to purging. Converting 

O2 to reactive oxygen species (ROS) such as peroxides or superoxide, either endogenusly or 

exogenusly, through chemical oxidation reactions may have potential to reduce the initial 

concentration of the gas in cucumber fermentation systems (Hayyan, Hashim, & Al Nashef, 

2016), in particular those brined with low salt.  

In enhancing the reduction of bloater index in cucumber fermentations, it must be also 

considered that most bacteria, in particular LAB, utilize a number of decarboxylating reactions 

as a mean to produce metabolic energy (Poolman et al., 1991). Thus, the elimination of O2 from 

a fermentation system may result in an opportunity for LAB to conduct decarboxylation 

reactions at a higher frequency, which would still cause some cucumber bloating. Although, the 

use of MDC- starter cultures has been tested, its impact may be overshadowed by the ability of 

LAB to decarboxylate phenolic compounds and amino acids (Matthews et al., 2004, Wolken, 

Lucas, Lonvaud-Funel, & Lolkema, 2006; Pessione, 2012;). An exhaustive selection of starter 

cultures for cucumber fermentations to identify candidates with a low decarboxylating potential 

and possibly enhanced peroxidase activity may result in the availability of an additional and 

more cost-effective approach to reduce the incidence of bloating. However, a complete reduction 

of molecular O2 to water must occur to eliminate the effect of ROS such as superoxide, hydrogen 

peroxide and hydroxyl radicals, on the cucumber tissue, such as apoptosis (Brooker, 2011). 

Robust starter cultures with a reduce decarboxylating potential and enhanced peroxidase activity 

would need to effectively outcompete the natural microbiota.   
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Figure 1.1: Description of types of bloater defect injuries for quantification and evaluation 

purposes. All combinations of acuteness and injury type have been documented as a screenshot 

in the figure. 
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Figure 1.2: Schematic of fermentation tank bottoms equipped with nitrogen purging 

systems. On the left is a representation of a spiral gas dispensing pipe of 3/4" diameter flexible 

plastic drilled with 14, 1/64" diameter holes made on a 30 ˚ angle with respect to the contact 

point on the surface of the tank and interspaced every 2 ft. The concentric configuration shown 

on the right was constructed with the same specifications. 
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Figure 1.3: Purging system designs proposed by Costilow et al. (1977). Panel A shows the 

incorporation of a false floor of Plexiglas at the bottom of a fermentation tanks to hold a centric 

4" diameter pipe that serves as a case for a ceramic nitrogen gas diffuser with 10 µm pores. The 

delivery of nitrogen bubbles to the bottom of the tank forces the liquid to move up the pipe. 

Deposition of the cover brine on the surface results in its inevitable movement to the bottom of 

the tank propelling circulation. Panel B shows the schematic representation of a similar system 

with the purging system located to the side of the tank to facilitate its secure placement and 

removal in the tanks as needed, if the operator stands on a wooden platform around the tank. 

Delivery of the cover brine from the bottom of the tank to the opposite side on the surface results 

in circulation next to the tank wall as opposed to thru the center of the tank. 
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Figure 1.4: Schematic representation of the purging system currently most commonly used 

in the pickling industry in the US. A diffuser is located on the side of the tank, closer to a 

wooden platform surrounding it, for easiness of removal/insertion. The diffuser is encased in a 4" 

PVC pipe, which is perforated at the bottom to deliver nitrogen or air gas. The incorporation of 

the gas in the liquid forces the liquid to move up the pipe. Given that the head of the pipe is 

elongated to reach the center of the tank, the cover brine moving up the pipe is delivered to the 

center of the tank and moves down once on the surface, initiating the circulation of the liquid 

thru the center of the system.   
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Figure 1.5: Description of controlled cucumber fermentation processed proposed by Etchells et al., (1976a and b). 
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Figure 1.6: Production of carbon dioxide during cucumber fermentations brined with 100 

mM calcium chloride and 6 mM potassium sorbate instead of 1.03 M sodium chloride. Data 

represents the means for three and two commercial cucumber fermentations brined with CaCl2 

and potassium sorbate (�) and sodium chloride (£), respectively, and processed as described by 

Pérez-Díaz et al. (2015).  All vessels were filled with one lot of cucumbers and exposed to the 

same environmental temperatures (18.4 and 25.4 °C).  Dissolved CO2 was measured as described 

by Fleming et al. (1973b) using a benchtop Map-Pak Combi Gas Analyzer (AGC Instruments, 

Co., Clare, Ireland). 

 

  

0

50

100

150

200

250

300

0 5 10 15 20

dC
O

2
(m

g/
10

0 
m

l b
ri

ne
)

Fermentation Age (d) 



 

 
 

34 

CHAPTER 2 

Evaluation of the use of malic acid decarboxylase deficient starter culture in NaCl free 

cucumber fermentations to reduce bloating incidence 

 

Y. Zhai1; I. M. Pérez-Díaz2; J. T. Diaz1, R. L. Lombardi1, L. Connelly1,2 

 

1Department of Food, Bioprocessing and Nutrition Sciences, North Carolina State 

University, 400 Dan Allen Drive, Box 7624, Raleigh, North Carolina 27695-7624; 2U.S. 

Department of Agriculture, Agricultural Research Service, SAA Food Science Research Unit, 

322 Schaub Hall, Box 7624, North Carolina State University, Raleigh, North Carolina 27695-

7624.  

 

Corresponding Author: Ilenys M. Pérez-Díaz; Ilenys M. Pérez-Díaz@ars.usda.gov 

Running Title: reducing cucumber bloating by starters 

 

Mention of a trademark or proprietary product does not constitute a guarantee or warranty of the 

product by the U. S. Department of Agriculture or North Carolina Agricultural Research Service, 

nor does it imply approval to the exclusion of other products that may be suitable. USDA is an 

equal opportunity provider and employer. 

  



 

 
 

35 

2.1. Abstract  

2.1.1 Aims: Accumulation of carbon dioxide (CO2) in cucumber fermentations is known to 

cause hollow cavities inside whole fruits or bloaters, conducive to economic losses for the 

pickling industry. This study focused on evaluating the use of a malic acid decarboxylase (MDC) 

deficient starter culture to minimize CO2 production and the resulting bloater index in NaCl free 

cucumber fermentations brined with CaCl2.   

2.1.2 Methods and Results: Attempts to isolate autochthonous MDC deficient starter cultures 

from commercial fermentations, using the MD medium for screening, were unsuccessful. The 

utilization of allochthonous MDC deficient starter cultures resulted in incomplete utilization of 

sugars and delayed fermentations. Acidified fermentations were considered, to suppress the 

indigenous microbiota and favor proliferation of the allochthonous MDC deficient L. plantarum 

starter cultures. Inoculation of acidified fermentations with L. plantarum alone or in combination 

with L. brevis minimally improved the conversion of sugars. However, inoculation of the pure 

allochthonous MDC deficient starter culture to 107 CFU/mL in acidified fermentations resulted 

in a reduced bloater index as compared to wild fermentations and those inoculated with the 

mixed starter culture.   

2.1.3 Conclusions: Although, use of an allochthonous MDC deficient starter culture reduces 

bloater index in acidified cucumber fermentations brined with CaCl2, an incomplete conversion 

of sugars is observed.  

2.1.4 Significance and Impact of Study: Economical losses due to the incidence of bloaters in 

commercial cucumber fermentations brined with CaCl2 may be reduced utilizing a starter culture 

to high cell density.  
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2.1.5 Key words: fermented foods, lactic acid bacteria, Lactobacillus, microbial physiology, 

non-thermal processes  
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2.2. Introduction  

Bloater defect in fermented cucumbers leads to significant yield and quality losses for the 

pickling industry in the USA (Fleming et al. 1973a). The mechanism for the development of 

bloated fermented cucumbers is known to result from the production of carbon dioxide (CO2) 

during fermentation, which is trapped in the cucumber tissue, increasing the internal pressure and 

forming hollow cavities or gas pockets within the vegetables (Etchells et al. 1968, Fleming et al. 

1973a). It is estimated that about 20 mg of CO2 / 100 mL of cover brine is required for the initial 

formation of hollow cavities in fermenting cucumbers at ambient temperature (25 °C), in cover 

brines with 6% (1.03 M) sodium chloride (NaCl) (Fleming et al. 1973a, 1984). Bloater defect 

varies in degree of acuteness and tissue disruption can occur in honeycomb, lens or balloon 

shape (Wehner and Fleming 1984). The incidence of bloating is determined by calculating the 

bloating index, which considers the degree of acuteness (slight, medium and severe) and type of 

tissue disruption (Fleming et al. 1977) (Table 1.1). 

The natural cucumber microbiota, specifically yeasts, was initially considered the 

primary source of CO2 production in cucumber fermentations (Jones et al. 1941). However, the 

incidence of cucumber bloating in commercial fermentations in which yeast growth was 

suppressed was unaltered (Etchells et al. 1968). It is now understood that a variety of bacteria 

have the potential to contribute to the accumulation of CO2 throughout the fermentation process. 

In the early stage of cucumber fermentation, the Gram-negative Enterobacteriaceae can produce 

H2 and CO2, which can result in spoilage conducive to bloating (Veldhuis and Etchells 1939). 

Other contributing microbes include the facultative heterofermenting lactic acid bacteria (LAB)  

Lactobacillus plantarum, which has been found to produce sufficient CO2 from malic acid 
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decarboxylation (MDC) to induce bloating (McFeeters et al. 1982), and the heterofermentor 

Lactobacillus brevis.   

It is also known that the combination of cucumber tissue respiration and the microbial 

metabolic activity may trigger cucumber bloating. About 30 mg of CO2 / 100 g of tissue forms in 

unfermented pasteurized and brined cucumbers (Fleming et al. 1973a). Since the rate of tissue 

respiration is affected by conditions such as temperature, duration of storage, and the 

physiological state of the vegetable, the amount of CO2 produced during fermentation can vary 

(Eaks and Morris 1956). 

The use of L. plantarum starter cultures deficient in MDC has been proposed as a strategy 

to reduce bloater incidence in cucumber fermentations brined with 6% NaCl. Although, 

utilization of an allochthonous starter culture of L. plantarum (FS965), with a natural deficiency 

in MDC, for cucumber fermentations brined with 6% NaCl, causes a reduce malic acid 

utilization, CO2 production and incidence of bloaters, the resulting conversion of sugars is 

incomplete (McFeeters et al.1984). The application of an autochthonous L. plantarum starter 

culture, chemically mutated to contain a deficiency in MDC (MU045), to cucumber 

fermentations brined with 6% NaCl, also results in a reduce incidence of bloaters and in a 

complete conversion of sugars. However, fermentations inoculated with L. plantarum MU045 

are characterized by a prolonged bacterial lag phase and generation time as compared to those 

inoculated with the parental culture (McDonald et al., 1993). It has been proposed to use the 

autochthonous MDC deficient culture in an aseptic system, deprived of competition from the 

wild microbiota to enable the dominance of the starter culture.    

Even though a combination of the use of a L. plantarum MDC deficient starter culture, 

cover brine acidification and air purging of fermentation tanks are effective strategies to reduce 
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bloater defect in cucumber fermentations brined with at least 1.0 M NaCl, it is unknown if such 

factors are functional in the newly developed low salt cucumber fermentations brined with 100 

mM calcium chloride (CaCl2) and 6 mM potassium sorbate without NaCl (McFeeters and Pérez-

Díaz 2010, Pérez-Díaz et al. 2015). Although commercial cucumber fermentations brined with 

CaCl2 represent a system with a reduced environmental impact as compared to the traditional 

system brined with NaCl, a higher incidence of bloaters has been associated with it, in particular 

when size 3A and 3B cucumbers are brined (McMurtrie 2016; personal communication with 

processors). Although, some correlation has been established between a higher incidence of 

bloaters in fermented cucumbers brined without NaCl and the minimized air purging routine 

applied in the initial trials to establish the low-salt technology (McMurtrie 2016), effective 

strategies to reduce the incidence of bloaters in the novel system remain to be identified.  

This study intended to isolate autochthonous MDC deficient L. plantarum strains from 

commercial cucumber fermentations and evaluate and optimize conditions for growth in the 

newly developed low salt preservation system. Autochthonous starter cultures are known to lead 

a faster reduction in pH in fermented foods, present shorter lag phases, establish more efficiently 

in their habitat and positively influence quality and nutritional attributes of the finished products 

as compared to allochthonous cultures (Di Cagno et al. 2008, 2009). An autochthonous L. 

plantarum MDC deficient starter culture was expected to perform optimally in the low-salt 

system as compared to the weak competitor and chemical mutant L. plantarum MU045, derived 

from an MDC+ culture also isolated from pickles at a pH of 3.0 (McDonald et al. 1991 and 

1993), given that it would have been genetically adapted to such habitat.  

Attempts to isolate an autochthonous MDC deficient L. plantarum strains from 

commercial cucumber fermentations were unsuccessful in this study, so the performance of 
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alternate MDC deficient autochthonous starter cultures was evaluated in low salt cucumber 

fermentations and their influence in bloaters incidence determined. The utilization of a mixed 

culture consisting of L. plantarum and L. brevis was also evaluated in an attempt to obtain a 

complete fermentation. Cover brine acidification was also applied to reduce the competitiveness 

of the indigenous microbiota and enhance the prevalence of the MDC deficient L. plantarum 

starter cultures.     

2.3. Materials and Methods 

2.3.1 Determining cucumber bloater index: Cucumbers were cut longitudinally to observe the 

extent and type of hollow cavity formation. Acuteness of bloating was classified as slight (5 to 

20 weight damage values (WDV)), medium (35 to 50 WDV) or severe (75 to 90 WDV) 

according to the type of tissue disruption, as described on Table 1.1. All types of bloater damage 

(balloon, lens and honeycomb) were considered. Bloater index was calculated as described by 

Fleming et al. (1977) using the WDV shown in Table 1.1. 

 

2.3.2 Screening for malic acid decarboxylase deficient L. plantarum/pentosus cultures in 

commercial cucumber fermentations and pure cultures identification: Cover brine samples 

were obtained from 478 commercial cucumber fermentation tanks subjected to purging 

immediately prior to sample collection. Two tank yards were included in this screening, one 

located in Mount Olive, NC, which contributed 95% of the cover brine samples and the second 

located in Chaska, MN, which contributed 5% of the samples. Commercial fermentations were 

performed as described by Pérez-Díaz et al. (2015) using recycled and fresh NaCl cover brines 

for those vessels in North Carolina and Minnesota, respectively, with variable size cucumbers. 

Samples were collected in 50 mL conical centrifuge tubes (cat. # 430829, Corning Incorporated, 
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Corning, NY) using Falcon sterile serological pipettes (Corning Incorporated, Durham, NC) and 

aseptic techniques, from the surface of cover brines of actively fermenting tanks (days 3 to 14 of 

the fermentations). Cover brine samples were delivered to our laboratory in 24 h or less by 

ground or air transportation at room temperature and processed immediately upon arrival. Cover 

brine samples were serially diluted with saline solution prior to plating on Lactobacilli MRS agar 

plates (cat. # 288130, Difco™, Becton Dickinson and Co., Franklin Lakes, NJ) supplemented 

with 0.001 cycloheximide (v/v) (0.1% stock solution, Oxoid, Basingstoke, England), to prevent 

yeasts growth. Colonies were transferred from Lactobacilli MRS agar plates to the 

differentiating MD medium to screen for MDC deficiency, based on a color change of the agar 

(Daeschel et al. 1985), using replica plating with a sterilized velvet. The MD medium was 

incubated at 30 °C for 3-4 d under anaerobic conditions to detect yellow-green colonies 

characteristic of the desired MDC deficient cultures. Pure cultures of potential MDC deficient 

Lactobacilli were obtained by streaking in Lactobacilli MRS medium. Isolates were transferred 

to MD broth to confirm the MDC deficient phenotype, and the derived cultures identified by 16S 

rRNA gene sequencing. DNA extraction from each pure culture in MRS broth was conducted 

using an InstaGene Matrix DNA extraction kit (cat # 732-6030, Bio-Rad Laboratories, Hercules, 

CA) following the manufacturer's instructions. Extracted DNA was used for the partial 

amplification of the 16S rRNA gene sequence for identification. The PCR mixture contained 2X 

master mix (Bio-Rad), 10 µL of the resulting total genomic DNA extracted from each isolate, 

and 0.6 µM of primers 8f (5'-AGAGTTTGATCCTGGCTCAG-3’) and 1492r (5'-

GGTTACCTTGTTACGACTT-3') (Wilson et al. 1990). The PCR steps consisted of 4 min at 94 

°C followed by 30 cycles of 1 min at 94 °C, 2 min at 57 °C, and 2 min at 72 °C, with a final 

extension step of 7 min at 72 °C. Amplicons were stored at 4 °C until mailed for sequencing by 
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Eton Bioscience Inc. (Durham, NC) using the Sanger DNA sequencing technology. Sequence 

data were formatted and analyzed using BioEdit software (www.mbio.ncsu.edu/bioedit). Only 

bases that had quality scores greater than or equal to 20 were used for the alignment. The 

sequences obtained were subjected to the basic local alignment search tool (BLAST) (Altschul et 

al. 1990; Benson et al. 1997) using the 16S ribosomal RNA sequence database to determine the 

identity of the isolates. 

 

2.3.3 Evaluation of MDC deficient cultures as candidates for starter cultures and cover 

brine acidification in cucumber fermentations brined with CaCl2 instead of NaCl: Table 2.2 

describes the MDC deficient isolates selected as candidates for starter cultures for low salt 

cucumber fermentations evaluated in this experiment. Cultures were transferred from frozen 

stocks maintained in the U.S. Department of Agriculture-Agricultural Research Service, Food 

Science Research Unit culture collection (Raleigh, NC) into Lactobacilli MRS broth and 

incubated at 30 °C for 24 h prior to inoculation of cucumber fermentation jars. Cells were 

harvested from MRS broth by spinning the cultures at 6000 rpm for 5 min (Centrifuge 5810, 

Eppendorf, Hamburg, Germany). The pellets were washed twice with 0.85% saline solution prior 

to re-suspension in the same solution. All cultures were diluted to 106 CFU/mL to achieve an 

inoculation level of 104 CFU/mL in a cucumber fermentation model system (CJM) consisting of 

50% cover brine and 50% cucumber juice (w/w). The cover brine contained 100 mM anhydrous 

CaCl2 (Brenntag, Durham, NC) and 6 mM potassium sorbate (Mitsubishi International Food 

Ingredients, Atlanta, GA). The cucumber juice was prepared by blending size 2A cucumbers 

(3.1-3.8 cm. diam.) acquired from a local company (Mt. Olive Pickle Co., Mount Olive, NC). 

The blended cucumber juice was centrifuged for 30 min at 11,000 rpm (Centrifuge 5810, 
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Eppendorf, Hamburg, Germany) to remove particulate prior to mixing with the cover brine and 

then filter sterilized using a 0.2 µ PES filter membrane (Nalgene, Nalge Nunv International, 

Rochester, NY). The initial pH of the CJM was adjusted with 5 mM malic acid to 4.6 to aid with 

the selection of the MDC deficient cultures. Consequently, the total malic acid content in the 

CJM was 12 ± 1 mM as measured by HPLC analysis conducted as described below. Malic acid 

also served as a buffer, given that a cytoplasmic proton is consumed per decarboxylated 

molecule (Radler 1966; Caspritz and Radler 1983). The cucumber juice was aliquoted in 8 oz. 

jars that were sealed with metal lug caps equipped with rubber septa, so that samples could be 

collected using a gas-tight syringe and needle assembly. Jars were filled with 100 mL of CJM 

and inoculated with six cultures individually (Table 3.3). Uninoculated jars were used as control. 

Duplicate jars per treatment were incubated at 30 °C for fermentation. Fermentations were 

biochemically and microbiologically monitored as described below on days 7 and 14. 

For the evaluation of the effect of cover brine acidification on the performance of selected MDC 

deficient cultures, cucumber fermentations were conducted in jars packed as described above. 

Cover brines were acidified with a 20% (3.33M) acetic acid solution added as vinegar, an 85% 

(9.44M) lactic acid solution or a 29.4% (3M) phosphoric acid solution to pH 4.6. A negative 

control treatment was also set with no acids added. Jars were inoculated with the MDC deficient 

cultures, L. plantarum FS965 or MU045 and the malic acid decarboxylating L. plantarum 

LA0445 as control (Table 3.4). Same size jars were used and each treatment was performed in 

duplicate. The jars were incubated at 30 °C to ferment. Counts of lactobacilli and the 

fermentation biochemistry were analyzed as described below from samples collected every 3-4 

d. 
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2.3.4 Evaluation of cucumber fermentations inoculated with mixed starter cultures to 

obtain the complete conversion of sugars to lactic acid while reducing bloating incidence:  

46-oz size jars were packed with size 2A fresh cucumbers (3.1-3.8 cm. diam.) to 50% of the total 

jar volume by weight. The remaining 50% of the volume in each jar was filled with cover brine 

containing 200 mM anhydrous CaCl2 (Brenntag) and 12 mM potassium sorbate (Mitsubishi 

International Food Ingredients) by volume, so that upon equilibration there would be 100 mM of 

the salt and 6 mM of the preservative in solution. The initial pH of fermentation was set at 4.6 

after acidifying with phosphoric acid (diluted to 3M from CAS. 7664-38-2, 85520, Sigma-

Aldrich Co., St. Louis, MO). The volume of the acid to be added to the cover brine was 

determined by titrating three samples of 100 mL of a 50:50 cucumber slurry suspension, made by 

blending the same size 2A fresh cucumbers used for experimentation, and cover brine. The 

cucumber slurry and cover brine were mixed by volume.  

For the evaluation of cucumber fermentations inoculated with mixed starter cultures of MDC 

deficient cultures and L. brevis ATCC14869, jars were inoculated to 5 or 7 log of CFU/mL of L. 

plantarum FS965 alone or in combination with 2 log of CFU/mL of L. brevis, as indicated on 

Table 2.5. The inocula were prepared as described above. The MDC deficient strain FS965 was 

inoculated to at least 2 log CFU/ mL higher than the colony counts for the lactobacilli naturally 

present in the fresh cucumbers as determined by plating on MRS, as recommended by Breidt and 

Fleming (1992). Each treatment was tested with two lots of cucumbers. Uninoculated jars were 

used as control. Jars were incubated at 30 °C for the duration of the experiment. Counts of 

lactobacilli on MRS plates and the fermentation biochemistry were monitored on days 0, 3, 7, 14 

and 21, as described below. The bloater index of fermented cucumbers was determined at the 

ending point (day 21).  
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2.3.5 Evaluation of CJM and Cucumber Fermentation Biochemistry (pH and HPLC): 

Cover brine samples (1 mL) were collected with gas-tight needle and syringe assembly 

(Hamilton Co.) through the rubber septa placed on the metal lug caps at the time points indicated 

in the text above. Samples were spun at 12,000 rpm for 10 min (Brushless Microcentrifuge, 

Denville 260D, Denville Scientific, Inc., Holliston, MA) at room temperature twice to remove 

particulates prior to pH measurement and high-performance liquid chromatography (HPLC) 

analysis. The supernatants pH was measured with an Accumet pH meter (cat. 13-636-AR25B, 

Accumet™ AR25 pH/mV/°C/ISE, probe cat. 13-620-290, Fisher Scientific™, Hampton, NH), 

prior to storage at -20 °C until HPLC analysis was conducted to measure organic acids and 

sugars. Cover brine supernatants were transferred to HPLC vials for analysis. Quantification of 

organic acid and sugar concentrations were done using the HPLC method published by 

McFeeters and Barish (2003) using an Aminex 300 x 7.8 mm HPX-87H resin column (Bio- Rad 

Laboratories, Hercules, CA) for the separation of components with some modifications. The 

operating conditions of the system included a column temperature of 65 °C and a 0.01 N H2SO4 

eluent set to flow at 0.9 mL/ min. A SPD- 20A UV-visible light detector (Shimadzu Corporation, 

Canby, OR) was set at 210 nm at a rate of 1 Hz to quantify malic, lactic, succinic, propionic and 

butyric acids. An RID-10A refractive index detector (Shimadzu Corporation) connected in series 

with the diode array detector was used to measure acetic acid, glucose, fructose and ethanol. 

External standardization of the detectors was done using at least five concentrations of the 

standard compounds. 

 

2.3.6 Microbiological analysis of CJM and cucumber fermentations: Cover brine samples 

were aseptically collected as a function of time, serially diluted in 0.85% saline solution and 
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plated on Lactobacilli deMan Rogosa and Sharpe (MRS) agar (cat. 288130, Difco™, Becton 

Dickinson and Co., Franklin Lakes, NJ) supplemented with 0.1% cycloheximide for the 

enumeration of presumptive lactic acid bacteria (LAB). An Autoplate 400 (Spiral Bioteh, 

Norwood, Mass, U.S.A.) was used to inoculate MRS plates prior to anaerobic incubation at 30 

°C for 48 h. Colonies were enumerated using a Flash & Go Automated Colony counter (cat. 

90006010, IUL Instruments, Barcelona, Spain). 

 

2.3.7 Statistical analysis: Significant differences among the treatments were determined by 

LSMeans Tukey HSD using JMP Pro 12 (SAS Institute Inc., Cary, NC). A difference between 

treatments based on date was considered and the interactions between treatments and dates were 

assessed at the p<0.05 level using analysis of variance (ANOVA). For all data sets, levels not 

connected by the same letter were significantly different.  

 

2.4. Results 

2.4.1 Screening for malic acid decarboxylase deficient L. plantarum/pentosus cultures in 

commercial cucumber fermentations: There were 13 cultures unable to utilize malic acid 

isolated from cover brine samples collected from 478 commercial cucumber fermentations. 

These were identified as Propionibacterium spp. (5), Lactobacillus namurensis (3) or 

Leuconostoc spp. (5). No MDC deficient L. plantarum or L. pentosus cultures were isolated. 

 

2.4.2 Evaluation of allochthonous MDC deficient cultures as candidates for starter cultures 

for cucumber fermentations brined with CaCl2 instead of NaCl: All microbial counts 

presented in Table 3.3 correspond to the maximum levels of the allochthonous MDC deficient 
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cultures measured, which show no significant differences in CJM after 7 d of incubation. 

However, the fermentation conducted by the FS965 strain, a natural allochthonous MDC 

deficient L. plantarum isolated from Cheddar cheese, had an ending pH 0.1 to 0.2 units higher 

(3.23 ± 0.01). A final pH of 3.1 ± 0.15 was observed in all fermentations after 7 d and remained 

stable for at least 14 d. As expected, no changes in pH were observed in the uninoculated control 

(Table 3.3). Contrary to expectations, malic acid partially disappeared in the fermentations 

inoculated with L. plantarum LA990, LA1204 and FS963 by day 14 (Table 3.3), suggesting such 

cultures are not deficient in malic acid decarboxylation under the conditions tested here. Cultures 

able to decarboxylate malic acid showed more proficient growth than one of the allochthonous 

MDC deficient L. plantarum strains (FS965). L. plantarum FS965 presented the lowest colony 

count on MRS plates at 7.11 ± 0.33, glucose and fructose utilization at 47.7 and 73.4% of the 

amount originally present, and lowest lactic acid production (Table 3.3).  

 

2.4.3 Effect of cover brine acidification on the performance of L. plantarum starter culture 

in cucumber fermentations: Except for the uninoculated controls, no significant differences 

were observed at the end of fermentation pH among the cultures and acid treatments tested (3.3 ± 

0.3). Counts of lactobacilli from MRS showed minimal differences by day 3 (8.6 ± 0.7 Log of 

CFU/mL, Figure 2.1). Although no variations were observed in substrates utilization and 

products formation, as a function of the acids utilized for pH adjustment (data not shown), the 

starter cultures behaved differently in terms of malic acid utilization. Table 2.4 shows that after 

14 d of fermentation the malic acid decarboxylating culture had exhausted malic acid (10.3 ± 0.4 

mM), while the MDC deficient cultures utilized 67% or less. All starter cultures produced 64-

104 mM of lactic acid (Table 2.4), with the mutant strains producing less. This observation is in 
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agreement with the fact that malic acid utilization aids in maintaining a higher pH as the result of 

the consumption of protons from the cytoplasm during the decarboxylation (Daeschel et al. 

1984). Lower production of lactic acid corresponded to less carbohydrate utilization (Table 2.4). 

L. plantarum LA0445 was able to utilize 77% of the glucose and 69% of the fructose naturally 

present in the cucumbers (31.8 ± 2.9 mM glucose and 37.2 ± 3.1 mM fructose), but did not 

complete the fermentation by day 14, presumably due to the fact that the pH had reached levels 

inhibitory for its growth and metabolic activity at 3.0 ± 0.1 (McDonald et al. 1993). In line with 

the expectations for facultative heterofermenting starter cultures, acetic acid was not produced as 

the result of fermentation. Of interest is the fact that numbers of lactobacilli reached undetectable 

levels by day 14 in jars inoculated with L. plantarum MU045, surviving long term only in the 

treatment in which acidification was performed with phosphoric acid (data not shown). 

 

2.4.4 Evaluation of cucumber fermentations inoculated with mixed starter cultures of MDC 

deficient strains and the heterofermentor Lactobacillus brevis: No significant differences in 

the end of fermentation pH were noted among the treatments with the various starter culture 

inocula, which dropped to 3.3 ± 0.1 after 21 d of incubation at 30 °C. Malic acid was fully 

consumed in all treatments (data not shown). None of the fermentations were completed as 

evidenced by the 4.9 ± 0.6 mM (9.5%) and 1.4 ± 0.6 mM (2.4%) residual glucose and fructose, 

respectively, and the production of 47.3 ± 6.7 mM lactic acid, which was about 50-60% of the 

expected amount (Table 2.5). The fermentation chemistry in the presence of the mixed starter 

culture resembled that of the fermentation inoculated with L. plantarum FS965 to 105 CFU/mL, 

suggesting it was slower than those inoculated with L. plantarum FS965 to 107 CFU/mL (Table 

2.5). Differences in the biochemistry of the fermentation were minimal between days 14 and 21, 
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indicating that most of the metabolic activity occurred prior to day 14 (data not shown). The jars 

inoculated with L. plantarum FS965 to 107 CFU/mL had the least number of bloaters, followed 

by the one using a mixed starter culture (Table 2.5). Overall, the inoculated fermentation had a 

lower bloater index as compared to the uninoculated control (Table 2.5).    

2.5. Discussion 

Fermentations were performed in vacuum sealed jars to reduce the availability of oxygen, 

so that the production of CO2 from tissue respiration and the metabolic activity of aerobic 

microbes would be minimal. The contribution of tissue respiration to the production of CO2 level 

has been estimated at 7% in pasteurized unfermented cucumber jars (Fleming et al., 1973a). It 

was considered that limiting the sources of CO2 enabled the study of the contribution of 

fermentation to gas formation, in particular if lactobacilli with deficiency in malic acid 

decarboxylation were used as starter cultures.  

Prior to this study it was uncertain if a MDC deficient starter culture would dominate in a 

cucumber fermentation. McDonald et al. (1993) observed that lower NaCl levels and 

temperatures close to ambient reduce the lag and generation time of the MDC deficient culture, 

L. plantarum MU045, which are longer than those observed for the parental MDC+ culture, L. 

plantarum LA0445. It was thus hypothesized that an increased lactic acid production by MDC 

deficient cultures would occur in the absence of NaCl in cucumber fermentations brined with 

CaCl2. It was additionally speculated that the use of autochthonous starter cultures, in particular 

if isolated from commercial cucumber fermentations, would be genetically pre-disposed to thrive 

in such habitat and better able to compete with the indigenous microbiota when inoculated in 

high numbers (Di Cagno et al. 2008, 2009; Pavunc et al. 2012). However, decarboxylation of 

malic acid is an energetically advantageous reaction, consuming one proton per molecule of acid, 
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resulting in the neutralization of pH (Daeschel et al. 1984). Thus, it was understood that the lack 

of MDC in a starter culture could result in limited competitiveness.  

Attempts to isolate MDC deficient L. plantarum or L. pentosus strains from commercial 

cucumber fermentations were unsuccessful. Only 13 MDC deficient bacteria were isolated from 

the 478 commercial cucumber fermentation tanks screened. The bacteria isolated included 

Propionibacterium spp., Leuconostoc spp. and L. namurensis. Propionibacterium produces 

propionic acid instead of lactic acid from sugars (Shu et al. 2013). Lactobacillus namurensis is a 

heterofermentative LAB, found in spoiled fermented cucumbers (Scheilinck et al. 2007) and 

Leuconostoc spp. produce carbon dioxide from sugars (Breidt et al. 2013). Thus, none of the 

cultures isolated represented suitable candidates for starter cultures that would robustly conduct a 

lactic acid homofermentation of cucumbers.  

The MDC deficient allochthonous cultures described on Table 2.2, were evaluated as 

potential starter cultures for low-salt cucumber fermentations given the unavailability of the 

autochthonous counterpart. The performance of the allochtonous starter cultures was compared 

to that of the MDC deficient L. plantarum culture MU045, developed in our unit by chemical 

mutagenesis and its parental culture L. plantarum LA0445 (Daeschel et al. 1987). All cultures 

tested were inoculated to 106 CFU/mL, at least two logs of CFU/mL above the counts for the 

native lactobacilli population in the cucumbers used for experimentation, to favor their 

dominance in the system (Breidt and Fleming 1992). No significant improvement was observed 

when using MDC deficient cultures instead of MDC+ L. plantarum in the completion of sugar 

utilization and the consequent lactic acid production. In line with previous reports for cucumber 

fermentations containing NaCl (McFeeters et al. 1982; McDonald et al. 1993), L. plantarum 

MU045 and FS965 grew slower as compared to the wild type in cucumber fermentations brined 



 

 
 

51 

with CaCl2, producing less lactic acid (Table 2.3). The deficient cultures also produced more 

acetic acid (20 mM) as compared to the fermentation inoculated with the LA0445 parental 

culture (4 mM) and did not fully utilize the sugars naturally present in the cucumbers, mostly 

glucose and fructose, in the absence of NaCl (Table 2.3). Together these observations suggest 

that the inability of the deficient cultures to decarboxylate malic acid impairs the ability to 

compete in natural low salt fermentations despite the high inoculation level.  

Attempts to improve the performance of the MDC deficient starter cultures in cucumber 

fermentations included acidification of the cover brines to reduce competition by the indigenous 

microbiota and promote its prevalence (McDonald et al. 1991). It was also considered that 

acidification of the cover brine would facilitate the release of the gas upon production (Fleming 

et al. 1973b). No significant difference was observed on the performance of most of the starter 

cultures tested in the presence of various acids used to reduce the initial pH of the system to 4.6 

(Figure 2.1 and Table 2.3); a value still above of that inhibitory for growth of the deficient 

culture L. plantarum MU045 (Breidt and Fleming 1992).  

The use of a mixed starter culture was considered to aid in increasing carbohydrate 

utilization in cucumber fermentations initiated at a relatively low pH (4.6). Mixed starter cultures 

of the MDC deficient L. plantarum FS965 and L. brevis, a heterofermentative LAB, were 

considered to act in partnership to achieve the desired complete fermentation that was 

unachievable with the use of the deficient culture alone. L. brevis was selected as a 

complementary starter culture given that it co-dominates in commercial fermentations along with 

the facultative heterofermentor (Pérez-Díaz et al. 2016). In making such selection, it was also 

considered that L. brevis tends to grow slower than L. plantarum in cucumber fermentations 

(Pérez-Díaz et al. 2016), which was thought to result in the deficient culture utilizing most of the 
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sugars early in the process, while L. brevis would gain access to residual sugars converting a 

portion of them to acetic acid instead of lactic acid. Conversion of sugars to acetic acid instead of 

lactic acid was hypothesized to aid in achieving a higher end of fermentation pH, given that the 

former acid has a higher pKa (4.76) than the last at 3.86 (Featherstone and Rodgers 1981). It was 

also expected that the activity of the heterofermentative LAB, L. brevis, would result in a slightly 

higher production of the undesired CO2. Even though minimal differences were observed in the 

colony counts of lactobacilli from MRS plates between days 3 and 21, despite the differences in 

inoculation levels (Figure 2.2), more lactic acid was produced with higher inoculation levels 

(Table 2.5). The differences in lactic acid amount produced may be reduced with longer 

incubation times for the vessels with the lower level of inocula. Colony morphologies observed 

on MRS plates, only resembled that characteristic of L. plantarum, indicating that L. brevis was 

likely outcompeted and unable to finish the fermentation. Utilization of a L. brevis 

autochthonous strain, instead of the ATCC14869 type strain used in this study, may result in 

enhanced proliferation during the fermentation. However, the data presented on Table 2.5 

suggest that the type of starter culture is not as critical as the actual inoculation level to induce a 

faster fermentation with lower production of CO2, likely from the indigenous microbiota. 

Dominance of the L. plantarum culture also seems to translate into a reduce bloater index under 

the conditions of the experiment in closed jars (Table 2.5). In other words, the inclusion of L. 

brevis as part of the mixed starter cultures was no better in terms of bloater index and 

fermentation chemistry, compared to higher inoculation level of the L. plantarum starter culture.  

It is concluded that the utilization of an MDC deficient starter culture for cucumber 

fermentations brined with CaCl2 is not a critical factor to achieve a reduction in CO2 production 

and/or bloater formation. The MDC deficient cultures are ineffectively competing with the 
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cucumber indigenous microbiota and have difficulties in completing a fermentation in the 

absence of NaCl, even if inoculated at levels as high as 107 CFU/ mL. Suppression of microbial 

competition in cucumber fermentations brined with CaCl2 by acidification to pH 4.6 does not 

represent an advantage for better performance of the MDC deficient cultures. The use of a mixed 

starter culture of an MDC deficient L. plantarum and L. brevis does not result in complete 

cucumber fermentations or the reduction of bloater index in cucumber fermentations brined with 

CaCl2 in closed jars. The use of an MDC deficient starter culture at high inoculation levels or of 

an MDC+ starter culture to lower inoculation levels in acidified cucumber fermentations brined 

with CaCl2 represents a more effective strategy in the reduction of bloating index.  
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Table 2.1: Definition of bloater damage type and weight damage value (WDV) used in this study. 

Description of slight, medium and severe bloater damage and weight damage values (WDV) corresponding to each bloater type, as 

used for the calculation of bloater index in this study.  

 

 

 
 
 
 
 
 
 
 

 

Bloater 
Category 

Slight 

 

Medium 

 

Severe 

 
Weight Damage 
Value (WDV) 

Balloon Lens Honeycomb Balloon Lens Honeycomb Balloon Lens Honeycomb 
20 10 5 50 40 35 90 80 75 
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Table 2.2: Description of malic acid decarboxylase deficient (MDC-) L. plantarum strains identified as candidates for starter 

cultures for cucumber fermentations brined with CaCl2 instead of NaCl. 

Cultures ID Identified Source and MDC Phenotype Reference 
LA 0445 L. plantarum cucumber fermentation pH 3.3 / MDC+ McDonalds et al., 1993 
MU 0045 L. plantarum chemically mutated LA0445 / MDC- Daeschel et al., 1987 
FS965 & 

FS963 L. plantarum Cheddar cheese / natural MDC- National Institute for Research in Dairying (1939); 
McFeeters et al., 1984; Daeschel et al., 1984 

LA1204 & 
LA990 L. plantarum Sauerkraut fermentation / natural MDC- Lu et al., 2003 
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Table 2.3: Microbiological and biochemical analysis of cucumber fermentations brined with CaCl2 inoculated with malic acid 

decarboxylase deficient L. plantarum strains.  

Values shown represent the means of duplicates and standard errors. Levels not connected by same letter are significantly different. 

Cultures Cover Brine  

pH  

Colony Counts from 

MRS Plates on Day 7 

(Log of CFU/mL) 

Metabolites Concentration (mM) on Day 14 

Tested Glucose Fructose Lactic Acid Acetic Acid Malic Acid 

No Inoculum 4.61 ± 0.03A BDL J 26.81±0.08A 34.50±0.09A 6.78±0.08I 5.79±0.01CD 12.75±0.03A 
LA 0445 3.02 ± 0.0EF 7.85 ± 0.08BC 5.15±0.19E 6.66±0.03F 81.31±2.13BC 4.26±0.08DE 1.91±0.02F 

FS 965 3.23 ± 0.01B 7.11 ± 0.33DE 12.80±0.10B 23.66±0.09B 48.91±0.26H 7.15±0.03C 12.12±0.04BC 
FS 963 3.03 ± 0.02DE 8.09 ± 0.04AB 5.56±0.43D 6.40±0.40E 76.78±0.62E 4.08±0.01E 1.09±0.03F 

LA 990 3.08 ± 0.01CD 8.58 ± 0.05A 0±0.0FG 13.81±0.35C 79.11±0.38DE 4.19±0.01E 1.52±0.02E 
LA 1204 3.11 ± 0.03DE 7.48 ± 0.09CD 0±0.0FG 13.02±0.25D 72.41±0.61F 4.08±0.0E 1.39±0.02EF 
MU 045 3.06 ± 0.01DE 7.48 ± 0.30CDE 14.23±0.0BC 14.54±0.0D 53.97±0.0G 23.20±0.0B 10.51±0.0D 
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Table 2.4: Changes in metabolites in acidified cucumber fermentations brined with CaCl2 

after 14 days of incubation at 30 °C.  

Cucumber fermentations were acidified with lactic, acetic or phosphoric acid. The MDC 

deficient and MDC+ starter cultures were used for this experiment. Values shown represent the 

mean of duplicate for each treatment with the three acids and standard deviations. Levels not 

connected by the same letter are significantly different. 

Starter Cultures  Substrate Utilization (mM) Lactic acid 

Used  Malic acid  Glucose Fructose Produced (mM) 

No Inoculum  --- --- --- 4.44 ± 1.4E 
L. plantarum FS965 --- 15.1 ± 2.4C 15.7 ± 1.8B 63.9 ± 6.4D 
L. plantarum MU045 6.7 ± 0.3C 20.5 ± 2.7B 21.2 ± 1.6C 85.1 ± 6.7C 
L. plantarum LA0445 10.3 ± 0.4D 24.6 ± 1.9D 25.6 ± 3.2E 104.3 ± 6.3A 
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Table 2.5: Biochemistry and bloater index associated with cucumber fermentations brined with CaCl2 and inoculated with mixed 

starter cultures.  

Fermentations were acidified with phosphoric acid to pH 4.6. The mixed starter cultures contained Lactobacillus plantarum and 

Lactobacillus brevis. Analyses were performed with samples collected after 14 d of incubation. Values shown represent the means of 

three runs, including two independent replicates with different lots of cucumbers and two technical replicates of one lot, and standard 

errors. Levels not connected by the same letter are significantly different. 

 

  

 
Starter Culture Used 

Inoculation 
Level  

(Log CFU/mL) 

Lactic Acid 
Produced (mM) 

Substrates Residual (mM) Bloater  
Index Glucose Fructose 

No Inoculum ---- 55.34 ± 10.28ABC 6.22 ± 0.91A 2.06 ± 0.70ABC 6.1A 

L. plantarum FS965 7 58.09 ± 12.48AB 5.41 ± 1.04A 2.39 ± 0.56ABC 2.5D 

L. plantarum FS965 5 44.82 ± 3.30ABC 4.66 ± 0.07A 0.93 ± 0.47BC 5.2B 

L. plantarum FS965  
L. brevis ATCC14869 

5 
2 

43.80 ± 3.32ABC 4.57 ± 0.02A 1.43 ± 0.26BCD 3.3C 
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Figure 2.1: Colony counts from MRS plates in cover brine samples collected from 

cucumber fermentations brined with CaCl2 and acidified with acetic, lactic or phosphoric 

acids. Panel on the top, middle and bottom show colony counts for lactobacilli from MRS plates 

for cucumber fermentations inoculated with the MDC- cultures MU045 (A) and L. plantarum 

FS965 (B) and the MDC+ L. plantarum LA0445 (C). Fermentations were acidified with acetic 

acid (¢), lactic acid (¢), phosphoric acid (¢), or not acidified (¢). Values shown represent 

technical duplicates of one trial with size 3A cucumbers. Levels not connected by the same letter 

are significantly different. 
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Figure 2.2: Colony counts from MRS plates and pH of cucumber fermentations brined 

with CaCl2 and inoculated with mixed starter cultures. Panel A presents the means and 

standard deviations for the cover brine pH values. Panel B presents the means and standard 

deviations for colony counts from MRS plates. Fermentations inoculated with the MDC deficient 

L. plantarum FS965 to 7 (¢) or 5 (¢) log CFU/mL alone or in a combination with L. plantarum 

FS965 to 5 log CFU/mL with L. brevis to 2 log CFU/mL (¢). A non-inoculated control (¢) was 

also included in this experiment. Levels not connected by the same letter are significantly 

different. 
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3.1. Abstract 

Reformulation of cucumber fermentation cover brines containing calcium chloride 

(CaCl2) instead of sodium chloride (NaCl) was explored as a mean to minimize the incidence of 

bloater defect. This study particularly focused on cover brine supplementation with calcium 

hydroxide (Ca(OH)2), NaCl, and acids to enhance buffer capacity, inhibit the indigenous 

microbiota able to produce carbon dioxide (CO2) and decrease the solubility of the gas. The 

influence of the cover brine formulations tested, on the cucumber fermentation microbiota, 

biochemistry and CO2 production was studied using metagenetics, HPLC analysis and a portable 

gas analyzer. Bloater index was also monitored in all treatments. Cover brine supplementation 

with Ca(OH)2, to enhanced buffer capacity, resulted in consistently complete fermentations with 

final pH values that were in average 0.5 pH units higher than fermentations brined without the 

base. Lactic acid production increased by 15.90 ± 8.45 mM, possibly inducing the observed 

reduction in the relative abundance of Enterobacteriaceae by 92%. Supplementation of cover 

brines with Ca(OH)2 also resulted in an increase in the relative abundance of Leuconostocaceae 

by 7% on day 10 of the fermentations, a bacterial population that likely contributed to the 

observed increment in CO2 levels by 25% and acetic acid formation by 17.69 ± 12.66 mM. No 

significant difference was observed in bloater indexes as the result of Ca(OH)2 supplementation 

in cover brines containing calcium chloride, given that the CO2 levels remained at above the 20 

mg/100 mL needed to induce the defect. Although, a reduction on acetic acid formed to less than 

3 mM was detected when cover brines containing Ca(OH)2 and 25 mM CaCl2 were 

supplemented with 340 mM (2%) or 690 mM (4%) NaCl, bloater indexes and CO2 levels 

remained unaltered. It is concluded that the modified cover brine formulation containing 

Ca(OH)2, NaCl and a reduced CaCl2 concentration (25 mM) represents a process ready 
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alternative for the brining of pickles that enables the complete conversion of sugars accompanied 

by decreased production of CO2 and levels of Enterobacteriaceae. However, the proposed 

formulation insignificantly reduces bloater index. 

 

3.1.1 Practical Application: A cucumber fermentation cover brine containing Ca(OH)2, 0.26% 

CaCl2, 2% NaCl and acetic acid to pH 4.7 has a functional combination of ingredients enabling a 

complete conversion of sugars to lactic acid with reduced production of acetic acid and CO2. It 

represents a process ready cover brine formulation with the potential to allow the manufacture of 

cucumber pickles with low salt, enhanced food safety and reduced environmental impact and 

water usage. Pilot commercial scale cucumber fermentations brined with such ingredients are to 

reveal the efficacy of this process ready formulation in the presence of oxygen from air in tanks, 

as opposed to 3.8 L (1-US gal) closed jars in the laboratory.     

 

3.1.2 Key words: cucumber fermentation, cucumber bloater, brine acidification, brine 

reformulation, buffering capacity, lactobacilli  
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3.2. Introduction  

Bloater defect occurring in cucumber fermentations leads to significant yield and 

economic losses for the pickling industry in the USA (Fleming and others 1973b). Cucumber 

bloater defect has been demonstrated to result from the production of carbon dioxide (CO2) in 

cover brines, which diffuses into the cucumber tissue from the surrounding solution forming 

hollow cavities in the mesocarp and seed cavities of cucumbers (Etchells and others 1968; 

Fleming and others 1973b). Production of CO2 in cucumber fermentations is known to be mostly 

derived from microbial activity and tissue respiration (Fleming and others 1973b). It is reported 

that about 20 mg of CO2 / 100 mL of cover brine is required for the initiation of hollow cavities 

formation in fermenting cucumbers (Fleming and others 1973a). Larger size cucumbers, 

especially 3B (5.1-5.7 cm diam.) are known to suffer more bloating as compared to smaller size 

cucumbers (less than 3.8 cm diam.) (Fleming and others 1973a). Table 3.1 illustrates the 

variation in the degree of damage resulting from bloating defect fluctuating from slight and 

medium to severe, and the types of tissue disruption, which are described as honeycomb, lens 

and balloon (Wehner and Fleming 1984).  

Inclusion of a base, such as calcium hydroxide (Ca(OH)2), in cucumber fermentation 

cover brines has been suggested to act in concert with acidification to reduce the numbers of the 

indigenous microbiota, in particular the Enterobacteriaceae, able to contribute to CO2 

production (McDonald and others 1991). Ca(OH)2 is frequently added in cover brines containing 

vinegar in enough amount to produce 0.133 M calcium acetate in solution, so that buffering 

capacity is enhanced, along with lactic acid production. Comparatively higher levels of acid 

production in the presence of a buffer is speculated to result in the more effective inhibition of 

undesired microbes. Lactic acid has been found to serve as an effective antimicrobial against 
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Escherichia coli O157:H7 in relatively low concentrations as compared to acetic acid in 

cucumber fermentations (Breidt and Caldwell 2011; Lu and others 2011).  

Supplementation of low salt cucumber fermentation in a bag-in-box system with 

Ca(OH)2 enhanced buffering capacity, as evidence by a higher final pH, and enabled the 

complete utilization of the sugars naturally present in the fruits (McFeeters and others 2002). 

Cucumber fermentations supplemented with calcium acetate also result in pickles with enhanced 

texture, given the role of calcium as a firming agent (Fleming and others 1978).  

Acidification of cucumber fermentation cover brines, not only helps suppressed the 

indigenous microbiota, but also reduces the levels of dissolved CO2 (Fleming 1984; McDonald 

and others 1991). Lower initial pH in cucumber fermentations, achievable by acidification, 

enables the presence of more HCO3
- species as compared to pH values above 5.2. The deriving 

gaseous form of CO2 is, thus, more readily available for removal by the air purging typically 

applied in the commercial process at the more acidic pH (Fleming and others 1973b; Greenwood 

and Earnshaw 1997).  

Sodium chloride (NaCl) in fermentation cover brines influences the solubility of CO2 and 

thus bloater index (Fleming 1973a; Fleming and others 1975). More gaseous CO2 evolves from 

fermentations brined with NaCl to 40 and 60% saturation than in those saturated to 20 and 30% 

(Veldhuis and Etchells 1939). The sodium salt is also known to significantly reduce fermented 

cucumber spoilage caused by Lactobacillus buchneri and other indigenous microbiota if added to 

6% in combination with a pH of 3.2 (Johanningsmeier and others 2012). Additionally, NaCl is 

mainly used in cucumber fermentations to inhibit the undesired microbiota and indirectly select 

for lactic acid bacteria, the central microbes in sugar conversion to organic acids.    
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This study intended to define a functional combination of buffer capacity, salt content 

and acid in cover brines, so that bloater index is minimized in the newly developed cucumber 

fermentation system brined with 100 mM CaCl2 and 6 mM potassium sorbate instead of 1.03 M 

NaCl (McFeeters and Pérez-Díaz 2010; Pérez-Díaz and others 2015). Although cucumber 

fermentations brined with CaCl2 are more environmentally benign as compared to the traditional 

system brined with NaCl, a higher incidence of bloating has been associated with it, in particular, 

when size 3A and 3B cucumbers are brined (McMurtrie 2016; Zhai and others 2017). Zhai and 

others (2017) determined that the use of an allochthonous malic acid decarboxylase deficient 

starter culture in acidified NaCl free cucumber fermentations brined with CaCl2 reduces bloater 

index, but an incomplete conversion of sugars occurs. Thus, the main goal of this study was to 

achieve a complete cucumber homofermentation with reduced CO2 production and bloater 

incidence. The approach taken for experimentation is described in Figure 3.1. Preservation of 

cucumbers by acidification was used as a tool to evaluate the concentrations of CO2 in a 

headspace in the absence of fermentation, mostly contributed by tissue respiration, as a function 

of acid type. This first step essentially defined the contribution of CO2 from sources other than 

fermentation, which was found to be negligible, justifying the focus of the study on fermentation 

as the main source of the gas. We used a carbonated water system to test the effectiveness of 

three food grade acids, NaCl and Ca(OH)2, potential ingredients in the cover brine, in liberating 

dissolved CO2 to a headspace. Acidified laboratory scale cucumber fermentations brined with 

CaCl2 and potassium sorbate supplemented with either lactic or acetic acid, Ca(OH)2, NaCl or 

combinations thereof were evaluated for completeness of sugar conversion, final pH, lactobacilli 

counts, CO2 production and bloater index. The impact of the most effective combination of 
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supplements in cucumber fermentation brines able to reduce bloater index on the indigenous 

microbiota was also evaluated using metagenetics.    

3.3. Materials and Methods 

3.3.1 Monitoring tissue respiration in acidified cucumbers without fermentation. 

A cucumber preservation method by acidification developed by Pérez-Díaz and 

McFeeters (2008) was applied to determine the amount of CO2 formed from respiration of the 

vegetative tissue after brining. In such a preservation system, 12 mM sodium benzoate acts as a 

microbial growth inhibitor, when combined with acetic acid at pH 3.5 at 30°C. Concentrated 

acetic (stock concentration: 20%, 3.33M), lactic (85%, 9.44M) and hydrochloric acids (3 N) 

were used to adjust the equilibrated pH to 3.50 ± 0.15, individually or in selected combinations. 

Acidification with acetic acid and supplementation with 1.03 M NaCl instead of 100 mM CaCl2, 

was applied in the control treatment to simulate conditions typical of commercial processing 

with high salt. The volume of the different acids to be added to the cover brines was determined 

by titrating three samples of 100 mL of a 50:50 slurry suspension consisting of cover brine and 

the blended size 3B fresh cucumbers used for experimentation. The concentration of CO2 formed 

as a function of time and bloaters index at the ending point were measured as described below. 

Acidified cucumbers were brined and packed as described by Pérez-Díaz and McFeeters (2008). 

3.3.2 Evaluation of the influence of different acidulants, salts and Ca(OH)2 on the release of 

CO2 as a function of acidification. 

Commercially available carbonated water was used as a source of dissolved CO2 to 

understand the effect of Ca(OH)2 and CaCl2 on the release of the gas from the liquid phase to a 

headspace in response to acidification with three different acids. Commercially available 
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carbonated water was bought from a local grocery store containing approximately 620 mg/100 

mL of water. The CO2 containing carbonated water was supplemented with Ca(OH)2, CaCl2, 

NaCl or combinations thereof. The bottles of carbonated water were opened one day before 

supplementation to release insoluble gas due to pressure difference with the atmosphere. The 

ingredients of interest were mixed in the carbonated water bottles and aliquoted into vacutainers. 

Sequential acetic acid additions were done for acidification, while CO2 concentrations in the 

headspace were measured as described below. It took 409 mM (700 μL) of acetic acid in vinegar 

to achieve a pH at around 2.8 in carbonated water containing salts and 555 mM (1000 μL) acetic 

acid to achieve a pH of 3.4 when Ca(OH)2 was in solution. Each titration was conducted in 

duplicate using the same lot of carbonated water for each duplicate. pH was measured as a 

function of acidification using an Accumet™ AR25 pH/mV/°C/ISE pH meter (cat#. 13-636-

AR25B, Fisher Scientific™, Hampton, NH), equipped with a thin gel filled probe (cat#. 13-620-

290, Fisher Scientific™). 

In the experiment to investigate three different acidulants, the bottles of commercially 

available carbonated water were opened 3 d before taking samples. The initial pH measurements 

were taken after minimal changes in CO2 were detected, on day 3 after opening the bottles, 

which was at 6.00 ± 0.10. At this same time point, aliquots of 5 mL of the carbonated water were 

collected using a gastight syringe and injected into 10 mL BD vacutainer tubes (Becton 

Dickinson and Co., Franklin Lakes, NJ). Aliquots were treated with increasing amount of one out 

of three acids tested, until a final pH of 2.8 was reached. Sequential acid additions were done in 

individual vacutainer tubes. It took 900 μL of 20% (3.33 M) acetic acid in vinegar (Fleischmann 

Vinegar, Republic, MO), 15 μL of 85% (9.44 M) lactic acid (Fisher Scientific Co., Fair Lawn, 
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NJ) and 25 μL of 29.4% (3M) phosphoric acid (Sigma-Aldrich, Inc., St. Louis, MO) to achieve a 

pH of 2.8.  

3.3.3 Laboratory scale cucumber fermentations in closed jars. 

Cucumber fermentations were conducted in 1-gallon jars with 2 to 3 lots of size 3B 

cucumbers (2A: 2.7-3.8 cm. diam. or 3B: 3.8-5.1 cm. diam.). Jars were packed with 1600 g of 

cover brine and 1600 g of cucumbers and acidified to either pH 5.0 ± 0.1 or 4.7 ± 0.1 with a 20% 

(3.33 M) acetic acid vinegar or a 85% (9.44 M) lactic acid solution. When non-acidified cover 

brines were used as a control for experimentation, the initial pH was measured at 5.5 ± 0.1. 20.2 

mM Ca(OH)2 (Fisher Scientific Co.) and 25 to 100 mM CaCl2 (Brenntag, Durham, NC) were 

added to the cover brines as indicated on the text. When studying laboratory scale cucumber 

fermentations acidified to pH 4.6 with lactic acid (Table 3.3), the positive control was acidified 

with acetic acid to pH 4.6 and the negative control was brined with 25 mM CaCl2 and 12 mM 

potassium sorbate, to simulate conditions known to promote a complete homofermentation and 

the inhibition of fermentation, respectively. When evaluating laboratory scale fermentations 

acidified to pH 5.0 with acetic acid, the positive and negative controls were not acidified and 

only the positive control was inoculated with L. plantarum FS965 (Table 3.4). Jars were 

inoculated with either the malic acid decarboxylase deficient Lactobacillus plantarum FS965 

(Daeschel and others 1984; McFeeters and others 1984) or L. plantarum LA0445 (Daeschel and 

others 1984; McDonald and others 1993) to 105 or 106 CFU/ mL as indicated on the text. Starter 

cultures were incubated in Lactobacilli deMan, Rogosa and Sharpe (MRS) (cat#. 288130, 

Difco™, Becton Dickinson and Co., Franklin Lakes, NJ) broth at 30 °C overnight prior to the 

inoculation of the jars. Jars were inoculated with cultures prior to closing them with metal lug 

lids equipped with rubber septa so that samples could be collected using a gas-tight syringe and 
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needle assembly (Hamilton, 10 mL, cat# LG-07939-54). Cover brine samples were collected as a 

function of time to monitor Lactobacilli colony counts from MRS agar plates, fermentation 

biochemistry by HPLC and changes in pH, as described elsewhere in this section. Amount of 

CO2 in the headspace were measured as described below. Bloater index was determined by 

evaluating the vegetables at the end of the incubation period (14 or 21 d) as described below. 

3.3.4 Measurement of CO2 content.  

Cover brine samples (5 mL) were collected from jars using a gastight syringe (Hamilton, 

10 mL, cat# LG-07939-54, Reno, Nevada) inserted through a rubber septa placed on the lids 

prior to closing the containers after brining the cucumbers. Cover brine samples were 

immediately injected in plastic vacutainers with Hemogard closure (Pulmolab, 10 ml, BD 

#366643, Northridge, CA) and stored at 4°C until analysis. Upon sample processing, a 20% 

(3.33 M) acetic acid solution in the form of vinegar was used as the CO2-liberating substance 

(Fleming and others 1973b). Aliquots of 3 mL of 20% vinegar were injected into the vacutainer 

tubes filled with 2 mL of the cover brine samples followed by the application of even and 

vigorous agitation for 10 s, to accelerate the release of the targeted gas immediately prior to the 

injection of the samples in the benchtop Map-Pak Combi Gas Analyzer (AGC Instruments, Co., 

Clare, Ireland) to measure CO2. The values obtained from the instrument in total % CO2, were 

converted to CO2 content in mg/100 mL of cover brine using the Henry's Law after converting 

actual measurements to the partial pressure of the gas in the headspace as follows:   

PCO2 =  
	%	#$%
&''  × (PS - PWV - PAAV) 

where PCO2 represents the CO2 partial pressure in the headspace, PS represents the 

standard barometric pressure (760 mm Hg or 1 atm.), Pwv is the water vapor pressure at 30 or 



 

 
 

77 

25°C (31.8 and 23.8 mm Hg, respectively), and PAAV represents the acetic acid partial pressure at 

30 or 25°C (21.3 and 15.8 mm Hg, respectively). 

CO2 mg / 100 mL of cover brine = 
)*+%	
,-	

	× MW (CO2) × 100 

where KH is the Henry's law constant is either cited (Sander 2015) or calculated using 

Van’t Hoff equation (Cohen 1989) at 30 or 25°C (25.8 and 29.4 atm/mol, respectively) and MW 

is molecular weight for CO2 (44.01 g/mol).  

3.3.5 Determination of bloater index. 

The bloater index was calculated for fermented cucumbers by cutting the vegetables 

longitudinally to observe the extent and type of hollow cavities formed. The degree of damage 

was classified as slight, medium or severe using the references presented on Table 3.1. The 

bloater index calculation was adapted from Fleming and others (1977) and determined as 

follows:   

                               % of the affected cucumbers               weight damage values (WDV) for 
Bloater index =        by bloater damage                ×          a specific hollow cavity type         
                                                                                   100                                

where all types of bloater damage (balloon, lens and honeycomb) were considered; and 

the WDV defined as described in Table 3.1.   

3.3.6 Evaluation of cucumber fermentations biochemistry (pH and HPLC). 

Cover brine samples (1 mL) were collected with a gas-tight needle and syringe assembly 

(Hamilton, 10 mL, cat# LG-07939-54) through rubber septa placed in the jar's lids at the time 

points indicated in the text. Such samples were spun at 12,000 rpm for 10 min (Brushless 

Microcentrifuge, Denville 260D, Denville Scientific, Inc., Holiston, MA) at room temperature 

twice to remove particulate prior to pH measurement and HPLC analysis. The supernatants pH 

was measured with an Accumet pH meter as described above, prior to storage at -20 °C until 
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HPLC analysis was conducted to measure organic acids and sugars. Cover brine supernatants 

were transferred to HPLC vials for analysis. Quantification of organic acid and sugar 

concentrations were done using the HPLC method published by McFeeters and Barish (2003) 

using an Aminex 300 x 7.8 mm HPX-87H resin column (Bio-Rad Laboratories, Hercules, CA) 

for the separation of components with some modifications. The operating conditions of the 

system included a column temperature of 65°C and a 0.01 N H2SO4 eluent set to flow at 0.9 

mL/min. A SPD- 20A UV-vis detector (Shimadzu Corporation, Canby, OR) was set at 210 nm at 

a rate of 1 Hz to quantify malic, lactic, succinic, propionic and butyric acids. An RID-10A 

refractive index detector (Shimadzu Corporation) connected in series with the diode array 

detector was used to measure acetic acid, glucose, fructose and ethanol. External standardization 

of the detectors was done using at least 5 concentrations of the standard compounds. 

3.3.7 Determining colony counts for Lactobacilli. 

Colony counts of lactobacilli were obtained by plating on MRS agar. Cover brine 

samples were aseptically collected as a function of time, serially diluted in 0.85% saline solution 

and plated on MRS supplemented with 0.1% cycloheximide for the enumeration of presumptive 

lactic acid bacteria (LAB). An Autoplate 400 (Spiral Bioteh, Norwood, Mass.) was used to 

inoculate MRS plates prior to anaerobic incubation at 30°C for 48 h. Colonies were enumerated 

using a Flash & Go Automated Colony counter (cat#. 90006010, IUL Instruments, Barcelona, 

Spain). 
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3.3.8 16S rDNA amplicon sequencing using Illumina sequencing platform for laboratory 

scale cucumber fermentation cover brine samples. 

Cells were harvested from 10 mL of fermentation cover brine samples by centrifugation 

at 10,000 g for 10 min. at room temperature (Eppendorf Centrifuge 5810R, Fisher Scientific, 

CA). Only fermentations supplemented with salts and/or Ca(OH)2 were subjected to this 

metagenetic analysis. Cell pellets were resuspended in 490 μL sterile saline and treated with 10 

μL of 2.5 mM propidium monoazide (PMA) stock solution (1.3 mg/mL PMA in 20% DMSO; 

Biotium, Inc., Hayward, CA) to eliminate dead bacterial and extracellular DNA as described by 

Pan and Breidt (2007). PMA-treated samples were stored as cell pellets at -20°C until DNA 

extraction. One sample for time points on days 3 and 10 were selected for each replicate for 

further processing and analysis. 

Total genomic DNA was extracted from PMA-treated cell pellets using a 

MasterPureTM DNA Purification Kit (Epicentre, Madison, Wis.). DNA concentrations were 

quantified using PicoGreen dsDNA reagent (Invitrogen, Life Technologies) on a 96-well plate 

reader and mixed at equimolar concentrations. Sequencing services were obtained from the 

Microbiome Core Facility, University of North Carolina-Chapel Hill Campus (Chapel Hill, NC).                                                                                                                                      

12.5 ng of total DNA were amplified using primers consisting of the locus-specific 

sequences targeting the V3-V4 region of the bacterial 16S rDNA (Caporaso et al. 2011).  Primer 

sequences contained overhang adapters appended to the 5’ end of each primer for compatibility 

with Illumina sequencing platform.  The complete sequences of the primers were: F - 5’ 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG GTGCCAGCMGCCGCGGTAA  3’ 

and R-

5’GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACHVGGGTWTCTAAT 
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3’. Master mixes contained 12.5 ng of total DNA, 0.2 µM of each primer and 2x KAPA HiFi 

HotStart ReadyMix (KAPA Biosystems, Wilmington, MA).  The thermal profile for the 

amplification of each sample had an initial denaturing step at 95°C for 3 min, followed by a 

cycling of denaturing of 95°C for 30 seconds, annealing at 55°C for 30 s and a 30 s extension at 

72°C (25 cycles), a 5 min extension at 72°C and a final hold at 4°C. Each 16S amplicon was 

purified using the AMPure XP reagent (Beckman Coulter, Indianapolis, IN). In the next step 

each sample was amplified using a limited cycle PCR program, adding Illumina sequencing 

adapters and dual‐index barcodes (index 1(i7) and index 2(i5)) (Illumina, San Diego, CA) to the 

amplicon target. The thermal profile for the amplification of each sample had an initial 

denaturing step at 95°C for 3 min, followed by a denaturing cycle of 95°C for 30 s, annealing at 

55°C for 30 s and a 30 s extension at 72°C (8 cycles), a 5 min extension at 72°C and a final hold 

at 4°C. The final libraries were again purified using the AMPure XP reagent (Beckman Coulter), 

quantified and normalized prior to pooling. The DNA library pool was then denatured with 

NaOH, diluted with hybridization buffer and heat denatured before loading on the MiSeq reagent 

cartridge (Illumina) and on the MiSeq instrument (Illumina). Automated cluster generation and 

paired–end sequencing with dual reads were performed according to the manufacturer’s 

instructions.  

3.3.9 16S rDNA amplicon sequencing data processing. 

Multiplexed paired-end fastq files were produced from the sequencing results of the 

Illumina MiSeq using the Illumina software configureBclToFastq. The paired-end fastqs were 

joined into a single multiplexed, single-end fastq using the software tool fastq-join. 

Demultiplexing and quality filtering was performed on the joined results. Quality analysis 

reports were produced using the FastQC software. Bioinformatics analysis of bacterial 16S 
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rRNA amplicon sequencing data was conducted using the Quantitative Insights Into Microbial 

Ecology (QIIME) software (Caporaso and others 2010). OTU picking was performed on the 

quality filtered results using pick_de_novo_otus.py. Chimeric sequences were detected and 

removed using ChimeraSlayer. Alpha diversity and beta diversity analysis were performed on 

the data set using the QIIME routines: alpha_rarefaction.py and beta_diversity_through_plots.py 

(Lozupone and Knight 2005; Lozupone and others 2006, respectively).  

3.3.10 Statistical analysis. 

Significant differences among the treatments were determined by LSMeans Tukey HSD 

using JMP Pro 12 (SAS Institute, Inc., Cary, NC). A difference between treatments based on date 

was considered and the interactions between treatments and dates were assessed at the p<0.05 

level using analysis of variance. For all data sets, levels not connected by the same letter were 

significantly different.  

3.4. Results 

3.4.1 Monitoring CO2 production in acidified cucumbers. 

Table 3.2 shows that CO2 production in cucumbers preserved by acidification is 

independent of the type of acid used in the cover brine formulation. Between 4.36 ± 0.22 and 

5.79 ± 0.90 mg of CO2 were produced per 100 mL of cover brine in acidified cucumber jars with 

limited oxygen availability, resulting in minimal bloater indexes (Table 3.2). No substantial 

differences were observed in CO2 production among different acid type or the acid-salt 

combination. Jars acidified with acetic acid presented the lowest production of CO2 followed by 

lactic acid. While the levels of CO2 formed were the same in the presence of the NaCl or the 

CaCl2 salt, when acetic acid was used for acidification, the bloater index was 10X lower in the 
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absence of the sodium salt (Table 3.2). Figure 3.2 shows that 66% of the total CO2 measured in 

acidified cucumber jars, formed 24 h after brining.  

3.4.2 Evaluation of the release of CO2 from carbonated water as a function of acidification 
with lactic, acetic and phosphoric acids. 

Acidification with any of the acids induced an increment in CO2 in the headspace from 

19.04 ± 0.22 mg/100 mL to a maximum of 26.11 ± 6.39 mg/100 mL (Figure 3.3). Although, no 

significant differences were detected among the three acids, Figure 3.3 shows that increasing 

amount of lactic and phosphoric acids in the system induced a greater proportion of the CO2 in 

the carbonated water to be displaced to the headspace as compared to acetic acid.   

3.4.3 Influence of Ca(OH)2 and NaCl on the release of CO2 from carbonated water. 

Treatments containing Ca(OH)2 had a higher final pH at 3.40 ± 0.10 after adding 555 

mM acetic acid, presumably due to the formation of calcium acetate, a buffer (Table 3.5). 

Addition of calcium derivatives to the carbonated water resulted in no significant differences in 

the amount of CO2 measured from the headspace of vacutainer tubes, indicating such compounds 

are not affecting the release of the gas (Figure 3.4). No significant differences in the 

concentrations of the evolving gas were observed when adding from 128 mM to 555 mM acetic 

acid as well (data not shown).   

3.4.4 Release of CO2 and bloater index in cucumber fermentation brined with CaCl2 and 
potassium sorbate acidified with lactic acid to pH 4.6. 

No significant differences were found in the end of fermentation pH, Lactobacilli colony 

counts, CO2 amount and bloater index among treatments (Table 3.3). CO2 levels in the negative 

control jars, in which the cucumbers were subjected to preservation by acidification without 

fermentation, were approximately 30% of that detected in the fermenting jars (Table 3.3), 
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confirming that most of the gas produce derives from microbial activity instead of tissue 

respiration. With no significant difference between the fermentation acidified with acetic acid 

and lactic acid, in particular with regards to CO2 levels and bloater index, acetic acid becomes 

the optimum acidulant in fermentations, given its lower cost if added as vinegar. 

3.4.5 Release of CO2 and bloater index in cucumber fermentation brined with CaCl2 and 
potassium sorbate acidified with acetic acid to pH 5.0. 

There were no significant differences in end of the fermentation pH, Lactobacilli colony 

counts, and glucose, fructose and malic acid utilization as a function of acidification with acetic 

acid or starter culture type used (Table 3.4). Minimal pH values were reached by day 14 at 3.33 

± 0.05 and maximum cell densities reached 108 CFU/mL by day 3 (data not shown). The use of a 

starter culture delayed the utilization of malic acid, however, changes in this organic acid were 

detected even when the malic acid decarboxylase deficient starter culture was used (data not 

shown). Fermentations that were not inoculated or inoculated with the malic acid decarboxylase 

deficient L. plantarum FS965 produced 6-14 mM acetic acid (data not shown). Approximately 

59% of total CO2 was produced prior to day 3 fluctuating from 14.55 ± 5.14 mg/100 mL on day 

3 to 24.67 ± 7.05 mg/100 mL on day 14 (Figure 3.5). The negative control in which wild 

fermentations proceeded, produced significantly more CO2 than all other treatments (Table 3.4 & 

Figure 3.5). Fermentations inoculated with L. plantarum FS965 in the absence of acidification 

(positive control) also produced significantly more CO2 than the two experimental treatments, in 

which the brines were acidified (Table 3.4 & Figure 3.5). The combination of a starter culture 

with cover brine acidification generated a reduction in the CO2 measured and bloater index, in 

particular when L. plantarum FS965 was used as a starter culture (Table 3.4 & Figure 3.5).  
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3.4.6 Influence of Ca(OH)2 and NaCl on the release of CO2 from cucumber fermentation 
cover brines and corresponding bloater indexes. 

End of fermentation pH were at least 0.4 units higher in the jars supplemented with 

Ca(OH)2 as compared to that observed in the absence of the buffer (3.05 ± 0.01) (Table 3.5); 

enabling the complete utilization of glucose and fructose (data not shown). Microbial growth 

peaked by day 3, in all treatments (Table 3.5). Glucose and fructose at 49.4 ± 2.2 and 51.3 ± 3.1 

mM, respectively, were consumed in all treatments, except the positive control without buffer, in 

which 2.1 ± 0.4 mM fructose was detected after 14 d. Most of the lactic acid was produced 

before day 7, and increased about 10 mM in the following 7 d (data not shown). While the 

highest amount of lactic acid produced was observed when CaCl2 was supplemented to 25 mM 

instead of 100 mM, the same treatment enabled the production of 14 mM acetic acid (Table 3.5). 

Supplementation of such treatment with NaCl minimized the formation of acetic acid to about 

2.37 ± 0.95 mM, with slightly less lactic acid formed (Table 3.5). The 12.3 ± 0.9 mM of malic 

acid detected from fresh cucumber slurry were undetectable in the fermentations on day 14 (data 

not shown), likely due to the inoculation with L. plantarum LA0445 as a starter culture, able to 

decarboxylate the organic acid, and possibly to the metabolic activity of the indigenous 

microbiota. CO2 was detectable on day 1 (Figure 3.6). A significant portion (~60%) of the CO2 

detected was present by day 3, and continued to increase by 3-12 mg/100 mL in the subsequent 

sampling days (Figure 3.6). In general, lower amount of CaCl2 added induced a lower amount of 

evolving CO2. The cover brines formulated with NaCl showed lower CO2 as compared to cover 

brine containing only CaCl2 and buffer. However, supplementation of such treatment with 4% 

NaCl resulted in the formation of more CO2 (Table 3.5). Overall, the fermentation cover brine 

formulated with reduced CaCl2, addition of Ca(OH)2 and the supplementation with 2% NaCl had 
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the higher pH, acceptable bacterial counts and acetic and lactic acids production, no residual 

sugars and a bloater index below that observed in the absence of the NaCl. 

3.4.7 Bacterial population composition as a function of cover brine formulation. 

Figure 3.7 shows data corresponding to the analysis of OTU in cover brine samples 

collected from cucumber fermentations containing CaCl2 and potassium sorbate, supplemented 

with and without Ca(OH)2 or NaCl and acidified to pH 4.7 ± 0.1 with acetic acid. Two time 

points were selected for such analysis on days 3 and 10 of the fermentations. It was observed that 

the Lactobacillaceae family dominated in all the fermentations studied at a minimum relative 

abundance of 72%. Two members of the Lactobacillaceae family were identified to the genera 

level, Lactobacillus and Pediococcus with relative abundance scores of 12 and 4%, respectively. 

The control fermentations brined with 100 mM CaCl2 and acidified with acetic acid to pH 4.7 

had the lowest incidence of Lactobacillaceae and appreciable abundance of Enterobacteriaceae 

on days 3 and 10. The Leuconostocaceae family was also detected in several treatments to a 

maximum relative abundance of 10% (Figure 3.7).   

3.5. Discussion 

It was the focus of this study to determine if supplementation of cucumber fermentation 

cover brines, containing CaCl2 and potassium sorbate, with Ca(OH)2, NaCl and/or acids would 

aid in reducing the incidence of bloaters. Identification of strategies to reduce the incidence of 

bloaters in the newly developed NaCl free cucumber fermentation system at the commercial 

scale represents economical gains for the pickling industry. The approach taken here included the 

utilization of a carbonated water system in vacutainer tubes to observed the release of CO2 to the 

gas phase in response to acidification with various food grade acids, and supplementation with 
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Ca(OH)2 or NaCl (Figure 3.1). Acetic acid, Ca(OH)2 and NaCl are cover brine ingredients 

typically used in cucumber fermentations that are associated with positive functionalities such as 

suppression of growth of undesired microbes, and incorporation of buffer capacity. Cucumbers 

preserved by acidification in vacuum sealed jars were used to determine amount of CO2 

produced from sources other than the microbial activity required for fermentation, given that the 

microbiota is suppressed by the acids and preservatives added (Pérez-Díaz and McFeeters 2008), 

within the first few days after packing. Equilibration of brined cucumbers proceeds in less than 

18 h (Passos and others 2003). Thus, it is possible that the amount of CO2 possibly produced by 

tissue respiration in acidified jars is under-estimated due to the effect of acidification to pH 3.5, 

which affects the physiological state of the brined cucumbers. The effect of cover brine 

acidification and/or supplementation with NaCl and Ca(OH)2 on the incidence of bloaters in low 

salt cucumber fermentations was determined in vacuum sealed laboratory scale vessels. 

Utilization of sealed jars for cucumber fermentations, limits the contribution of tissue respiration 

to the formation of CO2, and maximizes the influence of the metabolic activity from anaerobic 

microbes on the incidence of bloaters. The impact of the experimental variables, supplementation 

with Ca(OH)2, NaCl and acids, in the microbiota of cucumber fermentations was analyzed by 

determining the relative abundance of OTUs in fermentation cover brine samples. In this study, it 

was possible to determine that acidification with lactic, acetic or phosphoric acids aided in 

releasing CO2 to a headspace from carbonated water and preservation or fermentation cover 

brines in similar ways (Tables 3.2, 3.3 & 3.4; Figures 3.2, 3.3 & 3.5). Buffered and acidified 

fermentations yielded a reduction in the formation of CO2 and bloater index (Table 3.5). 

Utilization of a malic acid decarboxylase deficient starter culture in combination with 

acidification in low salt cucumber fermentations yielded a lower bloater index under the 
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conditions of this study (Table 3.4). McFeeters and others (1984) showed that the inability of a 

L. plantarum starter culture to decarboxylate the malic acid inherently present in cucumbers 

aided in reducing bloater incidence by diminishing the total levels of CO2 in the system and 

maintaining them below the concentration needed to induce bloating. Although, malic acid 

disappeared in all the fermentations monitored in this study, it is likely that decarboxylation of 

such organic acid in fermentations inoculated with the deficient starter culture occurred by the 

indigenous microbiota at a slower rate as compared to that in fermentations inoculated with the 

wild L. plantarum. Utilization of malic acid at a slower rate enables the maintenance of a CO2 

concentration below that needed for bloating during the active fermentation period, minimizing 

the incidence of the defect.   

The CO2 levels in jars of cucumbers preserved by acidification was estimated at 25% of 

the total gas that forms in cucumber fermentations in jars (Tables 3.2 & 3.3; Figures 3.2, 3.5 & 

3.6). This observation is in line with those made by Fleming and others (1973a), concluding that 

the CO2 level in pasteurized unfermented cucumber jars is about 7%. Thus, it was confirmed that 

the majority of the gas formed in cucumber fermentations derives from anaerobic microbial 

activity.  

It was learned that the presence or absence of CaCl2, NaCl and/or Ca(OH)2 in carbonated 

water did not impact the release of CO2 to a headspace (Figure 3.4). The levels of the calcium 

and sodium salts tested in this experiment were not sufficient to affect the solubility of the gas 

under the conditions of our test at 30°C (Veldhuis and Etchells 1939; Fleming and others 1973b 

& 1975). However, supplementation of cover brines acidified with acetic acid, with Ca(OH)2 so 

that calcium acetate, a buffer, could form in solution, aided in maintaining a higher end of 
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fermentation pH and enabled the complete conversion of sugars to lactic acid (Table 3.5) 

(Fleming and others 1978).  

Additionally, the inclusion of Ca(OH)2 in fermentation cover brines influenced the 

composition of the microbiota, in particular with regards to the exclusion of Enterobacteriaceae 

(Figure 3.7). Supplementation of acidified fermentations with reduced CaCl2 (25 mM), enabled 

the production of acetic acid (Table 3.5), presumably, by the indigenous microbiota in particular 

the heterofermentative LAB, Leuconostocaceae (Figure 3.7) (Kihal and others 2007). However, 

production of acetic acid in fermentations buffered by calcium acetate, was minimized by the 

inclusion of NaCl, a preservative (Table 3.5), suggesting relevant variations within the 

Leuconostocaceae family occurred in the presence of the salt. Addition of less than 4% NaCl 

would still enable the implementation of a sustainable low salt cucumber fermentation system.  

Table 3.2 and Figure 3.2 show that bloater index is lower in the absence of NaCl, even 

though there is no significant difference in CO2 levels as a function of acid type or the 

combination of acid and salt type. Thus, bloater index is independent of the measurable CO2 

levels, possibly due to more of the CO2 been trapped in the mesocarp and/or seed cavity in the 

presence of the sodium salt. The presence of 1.03 M NaCl in solution is expected to decrease the 

solubility of oxygen (MacArthur 1915). Thus, the higher bloater index in the high salt brine may 

be the result of the availability of more molecular oxygen or CO2 in the system becoming less 

soluble and more readily available for bloater formation. Increase availability of oxygen 

combined with CO2 or converted to CO2 by tissue respiration may have also induced a higher 

bloater index. Additionally, NaCl may impact the physical tissue structure enabling its 

displacement at lower gas pressure as compared to salting with CaCl2, a known tissue firming 

agent.  
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Analysis of the relative abundance of OTUs in laboratory scale cucumber fermentations 

brined with CaCl2 and potassium sorbate, acidified with acetic acid to pH 4.7 ± 0.1 and 

supplemented with Ca(OH)2 and/or NaCl suggest the dominance of the Lactobacillaceae family, 

which includes the L. plantarum starter culture inoculated to 106 CFU/mL. However, cucumber 

fermentations brined without Ca(OH)2 supported the presence of Enterobacteriaceae beyond day 

10 of incubation at 30°C. Selected members of the Enterobacteriaceae family have been 

associated with fermented cucumbers spoilage (Franco and Pérez-Díaz 2012; Breidt and others 

2013; Medina-Pradas and others 2016) and human pathogenicity. The reduction of the relative 

abundance of Enterobacteriaceae from 16% on day 3 to 1.23% on day 10 also suggest their 

eradication from the fermentation as a function of time and acidification in a NaCl and Ca(OH)2 

free system (Figure 3.7). It is speculated that the presence of the buffer, calcium acetate 

(0.133M), in the fermentation promotes a complete fermentation with enhanced lactic acid 

production. The resulting availability of an increased lactic acid concentration is consequently 

available for the inhibition of the acid-sensitive Enterobacteriaceae.  

3.6. Conclusion 

A cover brine formulation containing Ca(OH)2, 25 mM CaCl2, 2% NaCl and acetic acid 

to pH 4.7 represents a functional combination of variables to achieve a complete conversion of 

sugars, with minimal production of acetic acid (likely by Leuconostocaceae), a reduce 

Enterobacteriaceae population and with reduced levels of CO2. However, additional strategies 

are needed to impact bloater index and reduce the levels of CO2 produced below the 20 mg/100 

mL needed to induce the defect. Such cover brine formulation may enable the manufacture of 

cucumber pickles with low salt, reduce environmental impact, a reduced population of potential 

pathogens early in the processed (Figure 3.7) and minimal water input. The data presented on 
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Table 3.5 additionally suggests that combining such formulation with a L. plantarum starter 

culture deficient in malic acid decarboxylation can enable a further reduction in CO2 and bloater 

index.  
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Table 3.1: Definition of bloater damage type and weight damage value (WDV) used in this study. 

Description of slight, medium and severe bloater damage and weight damage values (WDV) corresponding to each bloater type, as 

used for the calculation of bloater index in this study.  

 

 

 

 

Bloater 
Category 

Slight 

 

Medium 

 

Severe 

 
Weight Damage 
Value (WDV) 

Balloon Lens Honeycomb Balloon Lens Honeycomb Balloon Lens Honeycomb 
20 10 5 50 40 35 90 80 75 
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Table 3.2: Carbon dioxide (CO2) and bloater index in size 3B cucumbers brined with 100 mM CaCl2 and preserved by 

acidification with lactic, acetic or hydrochloric acid to pH 3.5 ± 0.15 and 12 mM sodium benzoate.  

No severe bloaters were detected in these trials. The data shown represent the averages and standard deviations of duplicates of two 

independent replicates with two lots of cucumbers. Data was collected after 3 days of incubation at 30°C. 

Acidulation Treatment Equilibrated Acid 
Concentration (mM) 

Equilibrated 
Cover Brine pH 

CO2 (mg / 100 mL) Bloater Index 
(n=32) 

Control 
(Acetic Acid & 1.03 M NaCl / no CaCl2) 

212 3.63 ± 0.07A 4.36 ± 0.22A 24 ± 11A 

HCl 34 3.58 ± 0.00A 5.43 ± 0.73A 7 ± 4B 

Acetic Acid 212 3.69 ± 0.02A 4.36 ± 0.22A 2 ± 1B 

Lactic Acid 52 3.57 ± 0.03AB 5.91 ± 1.07A 2 ± 0 B 

Acetic Acid + Lactic Acid 
16 (Acetic) 
44 (Lactic) 3.56 ± 0.02AB 

5.79 ± 0.90A 

 5 ± 3B 
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Table 3.3: Characteristics of laboratory scale cucumber fermentations brined with CaCl2, potassium sorbate (6.0 ± 0.2 mM) and 

Ca(OH)2, acidified to pH 4.6 ± 0.1 with lactic acid.  

Values shown represent averages and standard deviations of four runs from duplicate trials with different lots of cucumbers. Levels 

not connected by the same letter are significantly different. Each fermentation jar was inoculated to 105 CFU/mL with L. plantarum 

LA0445. The preservation negative control treatment did not contain Ca(OH)2. 

 

 

 

 

 

 

 

 

 

 

   Day 1 Day 3 Day 14  

80 mM CaCl2 3.32 ± 0.06B 7.55 ± 0.11A 8.37 ± 3.31A 16.74 ± 3.14A 22.25 ± 1.63A 28 ± 3AB 

25 mM CaCl2 3.39 ± 0.03B 7.88 ± 0.18A 7.14 ± 2.24A 13.96 ± 4.04A 20.91 ± 4.54AB 44 ± 32A 

25 mM CaCl2 & 2% NaCl 3.40 ± 0.05AB 7.48 ± 0.31A 6.43 ± 1.57A 16.34 ± 3.25A 19.68 ± 2.81AB 41 ± 10A 

Negative Control  
(25 mM CaCl2 & 12 mM 

K+ sorbate) 
3.56 ± 0.11AB 0B 4.72 ± 1.40A 6.74 ± 0.79B 6.31 ± 2.19B 4 ± 6B 

Positive Control 
(acidified with acetic acid 

to pH 4.6) 
3.53 ± 0.14AB 7.44 ± 0.25A 5.91 ± 1.29A 11.90 ± 5.05A 15.43 ± 7.57A 21 ± 1AB 
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Table 3.4: Characteristics of laboratory scale cucumber fermentations brined with CaCl2 and potassium sorbate (6.0 ± 0.2 mM), 

acidified to pH 5.0 with acetic acid.  

Values shown represent the averages and standard deviations of six runs from triplicate trials with different lots of cucumbers. Levels 

not connected by the same letter are significantly different. Each fermentation jar was inoculated to 105 CFU/mL with either L. 

plantarum LA0445 or the malic acid decarboxylase deficient (MDC-) L. plantarum FS965. Malic acid was not detected in the 

treatments tested after 14 d of fermentation.  

 

 

 

 

Starter Culture Used Lactic Acid 
Produced (mM) 

Residual 
Glucose (mM) 

Residual 
Fructose (mM) 

CO2  
(mg / 100mL brine) 

Bloater 
Index 

Negative Control 
(No inoculum or 

acidification) 
57.75	±	22.51AB 1.23	±	0.08A 0.83	±	0.56C 33.80	 ±	2.54A 58	±	11A 

Positive Control  
(L. plantarum FS965 & no 

acidification) 
60.37	±	13.29AB 1.54	±	0.66 A 1.81	±	1.70BC 26.26 ±	2.29B 45	±	17A 

L. plantarum FS965 70.01	±	13.05A 2.38	±	2.04A 1.89	±	1.64 BC 17.56 ±	3.78C 34 ±	25A 

L. plantarum LA0445 72.15	±	14.15A 1.16	±	0.19A 0.92	±	1.22C 21.08 ±	3.35BC 46 ±	4A 
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Table 3.5: Characteristics of cucumber fermentations brined with calcium chloride and potassium sorbate (6.0 ± 0.2 mM) 

supplemented with calcium hydroxide (20.2 mM) and NaCl.  

All jars were inoculated with L. plantarum LA0445 and supplemented with acetic acid in the form of vinegar to pH 4.7. Values shown 

are the averages and standard deviations of four jars corresponding to duplicates with two independent cucumber lots. No residual 

glucose was detected in any of the experimental fermentation cover brines. All measurements were taken from samples collected on 

day 14 of the fermentation. 

 

  Treatments Final 
pH 

MRS Log 
(CFU / mL) 

Lactic Acid 
Formed (mM) 

Acetic Acid 
Formed (mM) 

CO2 (mg / 100 mL 
of cover brine) 

Bloater 
Index 

100 mM CaCl2 
Control without 

Ca(OH)2 or NaCl 
3.05 ± 0.01C 6.97 ± 0.04AB 72.32 ± 0.91ABC 5.67 ± 0.58C 30.98 ± 5.11A 25 ± 19A 

80 mM CaCl2 3.41 ± 0.02ABC 7.33 ± 0.05AB 82.24 ± 6.34AB 32.31 ± 26.16A 23.05 ± 8.81BC 19 ± 13A 
25 mM CaCl2 3.49 ± 0.04ABC 7.58 ± 0.09A 94.19 ± 12.36A 14.41 ± 8.17AB 22.33 ± 6.34BC 47 ± 2B 

25 mM CaCl2 & 
4% NaCl 3.52 ± 0.07AB 6.42 ± 0.11B 83.57 ± 5.63AB 1.70 ± 1.08BC 25.78 ± 6.96AB 16± 9A 

25 mM CaCl2 & 
2% NaCl 3.51 ± 0.11ABC 7.09 ± 0.15AB 88.27 ± 4.06AB 3.04 ± 3.12BC 22.17 ± 6.23CD 25 ± 1A 
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Figure 3.1: Schematic representation of the experimental approach taken in this study. 

 

To define the effect of selected  
supplements on  the transition of 

dissolved CO2 to a headspace.

Exclude tissue respiration as a main 
contributor of CO2 in a cucumber 

fermentation.

Objective: Fermentation cover 
brine reformulation to reduce the 

incidence of bloaters.
Goals: (1) enhance buffer capacity; (2) reduce the indigenous 

microbiota able to produce CO2, (3) reduce CO2 solubility

Experimentation with acidification of 
carbonated water in vacutainers 

supplemented with nothing, NaCl, 
CaCl2 or Ca(OH)2.

Characterization of acidified cucumber 
fermentations supplemented with 

nothing, NaCl, CaCl2 and/or Ca(OH)2.

Laboratory Scale Fermentations
Monitored: Fermentation Biochemistry, 

LactobacilliColony Counts, Metagenetics 
(salt and base supplements only), CO2

production and bloater index.
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Figure 3.2: CO2 measured from cucumbers brined with 100 mM CaCl2 preserved by 

acidification to pH 3.5 ± 0.15 and inclusion of 12.3 ± 0.2 mM sodium benzoate in the cover 

brine. Cucumbers were acidified with 3.33M acetic acid (¢), 9.44M lactic acid ( ), a 

combination of 3.33M acetic acid and 9.44M lactic acid ( ) or 3N HCl ( ). The traditional 

cucumber fermentation brine is represented here by a treatment containing a cover brine without 

CaCl2 and with 3.33M acetic acid and 1.03 M NaCl ( ). Data shown represents the averages and 

standard deviations of duplicates of two independent replicates with two lots of cucumbers. 
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Figure 3.3: Levels of CO2 measured in vacutainer tubes headspaces as a function of 

carbonated water acidification with lactic, acetic and phosphoric acids. Values shown are 

the averages and standard deviations of triplicates. Levels not connected by the same letter are 

significantly different. 
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Figure 3.4: Influence of CaCl2, Ca(OH)2 and NaCl on the release of CO2 by acidification 

with acetic acid. Amount of CO2 measured in vacutainer tubes’ headspace after its release from 

carbonated water (¢), treated with 100 mM CaCl2 ( ), 25mM CaCl2 ( ) or 20.2 mM Ca(OH)2 (

) (top panel).  The bottom panel shows amount of CO2 measured in the vacutainer tubes’ 

headspace after its release from carbonated water treated with relevant combinations of the 

variables listed on the top panel: ( ) 80 mM CaCl2 & 0.15% Ca(OH)2, (  ) 25 mM CaCl2 & 

0.15% Ca(OH)2, ( ) 25 mM CaCl2, 0.15% Ca(OH)2 & 4% NaCl and ( )  25 mM CaCl2, 0.15% 

Ca(OH)2 & 2% NaCl. No significant differences were observed between 128 mM acetic acid and 

409 mM (data not shown). Values shown represent the averages and standard deviations of 

independent duplicates. 



 

 
 

105 

 

 

 

 

 

 

 

AB AB AB

B
AB

AB
AB

A A

C

AB AB

0.00

10.00

20.00

30.00

40.00

50.00

0 65 128

C
O

2
in

 th
e 

he
ad

sp
ac

e 
(m

g 
/ 1

00
 m

L)

Concentration of acetic acid (mM)

A

A
A

A

A A

A

A

A

A

A
A

0.00
5.00

10.00
15.00
20.00
25.00
30.00
35.00
40.00

0 65 128

C
O

2
in

 th
e 

he
ad

sp
ac

e 
(m

g/
10

0m
L)

Concentration of acetic acid (mM)



 

 
 

106 

 

Figure 3.5: CO2 measured from cover brine samples of cucumber fermentations brined 

with CaCl2 and potassium sorbate acidified to pH 5.0 with acetic acid. Values shown 

represent averages and standard deviations of six runs from triplicate trials with different lots of 

cucumbers. Levels not connected by the same letter are significantly different. Cucumber 

fermentations were inoculated with either L. plantarum LA0445 ( ) or the malic acid 

decarboxylase deficient L. plantarum FS965 (¢). The negative control fermentation was not 

inoculated or acidified ( ). The positive control fermentation was inoculated with L. plantarum 

FS965 and not acidified ( ).  
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Figure 3.6: Influence of CaCl2, Ca(OH)2 and NaCl on the release of CO2 by acidification 

with acetic acid in cucumber fermentations. Amount of CO2 measured in vacutainer tubes 

headspace after its release from fermentation cover brines: (¢) 20.2 mM Ca(OH)2, ( ) 25 mM 

CaCl2, ( ) 25 mM CaCl2, 20.2 mM Ca(OH)2 & 680 mM NaCl, ( ) 25 mM CaCl2, 20.2 mM 

Ca(OH)2 & 340 mM NaCl and ( ) 100 mM CaCl2. Values shown are the averages and standard 

deviations of four jars corresponding to duplicates with two independent cucumber lots.    
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Figure 3.7: Composition of the bacterial population in cucumber fermentations brined with CaCl2 and potassium sorbate (6.0 

± 0.2) supplemented with Ca(OH)2 (20.2 mM) and NaCl. All jars were inoculated with L. plantarum LA0445 and supplemented 

with acetic acid in the form of vinegar to pH 4.7. Values shown are the averages of two jars corresponding to duplicates with 

independent cucumber lots. The control fermentation brined with 100 mM CaCl2 was not supplemented with Ca(OH)2. Value of each 

treatment at each time point indicate the averages of two independent lots. 
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4.1. Abstract 

Fermented cucumber bloater defect develops as a result of carbon dioxide (CO2) 

production in cover brines which diffuses into the tissue from the cover brine forming hollow 

cavities inside the fruits. This study aimed to define the contribution of the cucumber indigenous 

Lactobacillaceae, Leuconostocaceae and Enterobacteriaceae to CO2 production during 

fermentation and consequently to bloater defect. Production of CO2, microbial and biochemical 

analyses, metagenetics and metagenomic analyses, and bloater index were correlated throughout 

a 21-day fermentation period to define the relative contribution of the indigenous microbes to the 

defect. The data shows that the presence of Enterobacteriaceae to 11.05% relative abundance 

and 4.0 ± 0.5 log CFU/mL as early as day 2 in native cucumber fermentations brined with CaCl2 

coincides with a bloater index of 24.0 ± 10.3. The relative abundance of Leuconostocaceae to 

6.17% by day 3 of native fermentations brined with CaCl2 increased CO2 production and bloater 

index to 58.8 ± 23.9. The prevalence of Lactobacillaceae in cucumber fermentations brined with 

sodium chloride (NaCl) with a bloater index of 57.8 ± 14.3 by day 4 may implicate a role as 

causative agents. However, Pantoea spp. and Weissella spp. were also present in such sodium 

chloride fermentations. Further studies are needed to identify specific bacterial species involved 

in bloater defect.  

Keywords:  

Keyword 1: Bloater defect  

Keyword 2: CO2 production 

Keyword 3: Enterobacteriaceae and Leuconostocaceae 

Keyword 4: low salt 

Keyword 5: cucumber fermentation 
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4.2. Introduction 

Bloater defect, commonly occurring in cucumber fermentation, is defined as the 

formation of hollow cavities inside the fruit with different types of shapes including honeycomb, 

lens and balloon (Corey and others 1983a, b; Etchells and others 1974). Honeycomb bloaters are 

characterized by small cavities (2 to 5 mm diam.) that form around the immature vulnerable 

seeds in the cucumbers (Etchells and others 1968). The lens lesion in a bloated cucumber is 

characterized by a lenticular shape and usually occurs along the longer axis of the cucumber 

(Etchells and others 1968). The formation of a balloon lesion in a bloated and fermented 

cucumber separates the carpel generating a large cavity as a result of gas pressure (Etchells and 

others 1968). Bloater damage leads to serious loss of yield and quality of fermented cucumber 

products by compromising the appearance of the finished products (Fleming and others, 1973a). 

Fleming and Pharr (1980) proposed a model for the development of bloater defect. In this 

model bloater defect occurs as a result of the diffusion of gas from the cover brine to the fruit.  

The equilibration of the fermentation cover brine with the cucumber develops a liquid-

clogging layer in the gas space of the intercellular tissue during brining, which serves as a 

permeable barrier for different gases such as N2 and CO2. Such layer allows for the diffusion of 

CO2 from the cover brine to the fruit, but prevents the equilibration of N2. More atmospheric N2 

exists in the cucumbers than in the cover brine due to the low aqueous solubility of N2. The pre-

existing CO2 or that produced externally to the cucumbers during fermentation moves faster 

from the cover brine through the intercellular liquid-clogging layer as compared to N2, given its 

greater solubility. Thus, it is suggested in this model that the movement of CO2 from the cover 

brine to the fruit is greater than the outward movement of N2 from the fruit, leading to an 

increase in the internal pressure causing tissue rupture or damage characteristic of the bloater 
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defect (Fleming and Pharr, 1980). This liquid-clogging model was confirmed by measuring the 

diffusion of gas that is influenced by the solubility constant of CO2 and N2 in a simulating 

capillary tube model (Corey and others 1983a). The mass flow of gas through the tissue and the 

changes in the fruit gas pressure were also measured to validate the model (Corey and others 

1983b). The experiments by Corey and others (1983a and b) confirmed that the brining process 

creates a liquid-clogging layer which artificially increases the internal pressure of the fruit 

(Corey and others 1983a, b). The experimental system of Corey and others (1983a) included a 

cover brine containing 10% sodium chloride (NaCl) and 0.32% acetic acid (w/v) and/or 

pasteurization and extended storage before the artificial carbonation of the brined cucumbers. 

Thus, the contribution of CO2 from microbial fermentation was suppressed and excluded from 

the proposed model. The NaCl levels used in such study could also affect the gas solubility in the 

system. A model describing how the microbially produced CO2 contributes to bloater defect in 

the presence of varied NaCl concentrations is lacking.  

The microbial production of gas, mostly carbon dioxide, was identified as the main cause 

of bloater defect in cucumber fermentation by Veldhuis and Etchells (1939). In such study 

measurements of the gaseous components of spoiled commercial cucumber fermentation cover 

brines were compared to that found in the hollow cavities of bloated and fermented cucumbers. 

The gases found in both fractions included CO2, H2 and O2 regardless of NaCl levels. It has been 

observed that bloater defect is initiated when 60 mg of CO2 per 100 mL of cover brine 

accumulates in the tissue in the presence of 6.7% NaCl and 0.4% sodium acetate at 26.7 °C 

(Fleming and others 1973a). Etchells and others (1973) recommended the maintenance of the 

CO2 concentration below 20 mg of CO2 per 100 mL to prevent bloater damage in controlled 
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cucumber fermentations. However, a systematic study is lacking to define minimum CO2 

concentration needed to induce bloater defect under various fermentation conditions. 

Known sources of CO2 in cucumber fermentations include tissue respiration and 

microbial activity, including yeasts, molds and bacteria (Etchells and Bell 1950, Etchells and 

others 1968, Fleming and others 1973a, Fleming and others 1973b, McFeeters and others 1984). 

Tissue respiration was shown to be insufficient to cause bloater defect (Zhai and others, 2017). 

Only 30 mg of CO2 per 100 g of cucumbers were detected in closed jars packed with pasteurized, 

non-inoculated and unfermented cucumbers in the presence of 6.7 % NaCl and 0.5% sodium 

acetate at room temperature (23 ± 1 °C), as compared to 114 mg of CO2 per 100 g of cucumbers 

in the pasteurized and fermented cucumbers (Fleming and others, 1973b). CO2 production in 

cucumber fermentation is a main factor in bloater formation, which suggests a role for microbes 

as a causative agent (Jones and others, 1941, Etchells and Jones, 1941).  

Microbes implicated in bloater defect include yeasts, molds and hetero- and 

homofermentative lactic acid bacteria (LAB), particularly those able to decarboxylate malic acid, 

such as Lactobacillus plantarum (Etchells and Bell, 1950; Etchells and others 1968; Fleming and 

others, 1973a and b; McFeeters, Fleming and Daeschel, 1984; McFeeters, Fleming and 

Thompson, 1982). Although yeasts were originally associated with bloater incidence, given the 

ability to produce ethanol and CO2 from sugars (Etchells 1941, Etchells and Jones 1941), it has 

been shown that the incidence of bloaters remains unchanged when cucumber fermentations are 

brined with 0.1% potassium sorbate to suppress yeast growth (Etchells and others 1968). Gram-

negative Enterobacteriaceae, such as Enterobacter aerogenes and Escherichia coli, and 

halophilic bacteria can produce H2 and CO2, and possibly induce bloater defect (Veldhuis and 

Etchells, 1939; Etchells and others, 1968). Etchells (1941) demonstrated that Enterobacter, 
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especially E. cloacae, can produce H2 and CO2 in cucumber fermentations brined with 10% 

NaCl and cause bloater defect. The contribution of Enterobacteriaceae to gas production is 

limited to the first few days of the fermentation, given the sensitivity to the acidic pH produced 

by the fermenting LAB (McDonald and others, 1991; Etchells and others, 1968). Also, the 

growth of Enterobacter aerogenes can be suppressed by adding either acetic acid or calcium 

acetate in fermentation cover brines (McDonald and others, 1991). The supplementation of 

fermentation cover brines with acetic acid delays but does not inhibit the growth of LAB, 

particularly the malic acid decarboxylating culture Lactobacillus plantarum (McDonald and 

others, 1991). The gas-forming heterofermentative LAB, Lactobacillus brevis, is less salt-

tolerant than the facultative heterofermentor, Lactobacillus plantarum. Although L. brevis was 

isolated from defective commercial batches of fermented cucumbers and found able to produce 

sufficient CO2 during fermentation to cause bloater defect (Etchells and others, 1968), L. brevis 

can not dominate the indigenous microbiota. Facultative heterofermentative LAB, such as L. 

plantarum and L. pentosus, primarily produce lactic acid and no CO2 in cucumber fermentations. 

However, L. plantarum and L. pentosus can decarboxylate malic acid forming lactic acid and 

CO2 (McFeeters and others, 1982). CO2 production above 12.5 mM was directly related to malic 

acid degradation by a malolactic strain of L. plantarum in a cucumber fermentation brined with 

5% NaCl at 30 °C, which was sufficient to bring cucumbers to the point of bloating (Daeschel 

and others, 1985; McFeeters and others, 1984). Malic acid is the main organic acid in fresh 

cucumbers, with concentrations fluctuating between 14.2 to 23.4 mM depending on the cultivars 

(Daeschel and others, 1985). Concentrations of malic acid in cucumber juice containing 6% 

NaCl at pH 5.7 and 30 °C are directly proportional to the amount of CO2 produced when 

inoculating with L. plantarum (WSO) (McFeeters and others 1982). Additionally, it is estimated 
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that the malic acid decarboxylating activity of selected facultative heterofermentative LAB, such 

as L. plantarum, can generate 84 mg of CO2 per 100 g of cucumbers in a fermentation brined 

with 6.7% NaCl at pH 4.7, which is sufficient to increase the CO2 level to that needed for 

causing bloater defect (Daeschel and others, 1985, Fleming and others, 1973b). Thus, the 

selection and inoculation of LAB that do not decarboxylate malic acid as a starter culture can 

help reduce the amount of CO2 production in fermentation.  

More bloater defect is observed in fermented cucumbers brined with the environmentally 

friendly CaCl2 salt and no NaCl (Pérez-Díaz and others, 2015) as compared to the counterparts 

brined with 6% NaCl (McMurtrie and others, 2019). A 16 ± 9 to 47 ± 2 bloater index has been 

calculated from cucumber fermentations brined with CaCl2, Ca(OH)2 and 0 to 4% NaCl, 

inoculated with a starter culture and acidified to pH 4.7 with acetic acid (Zhai and Pérez-Díaz 

2017). Metagenetics data of the microbial population in such cucumber fermentations suggests 

that Lactobacillaceae prevail with a minimum relative abundance of 72%. The most abundant 

microbes in such cucumber fermentations included Lactobacillus and Pediococcus (Zhai and 

Pérez-Díaz 2017). These LAB were followed by the presence of Enterobacteriaceae on days 3 

and 10 and Leuconostocaceae after day 7 (Zhai and Pérez-Díaz 2017). Moreover, cucumber 

fermentations brined without Ca(OH)2 support the presence of Enterobacteriaceae even after 

day 10 post-packing at 30 °C (McDonald et al 1991). An understanding of the causative agent(s) 

of fermented cucumber bloater defect in cucumber fermentations brined with CaCl2 instead of 

NaCl as the primary salt is lacking. We aimed to determine the identity of the causative agents of 

fermented cucumber bloater defect in fermentations brined with CaCl2 as the primary salt. The 

approach taken included a correlation of the abundance of specific microbes in the fermentation 

with the incidence of bloater defect as a function of time.  
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4.3. Materials and Methods 

4.3.1 Carbonation of brined cucumbers to determine the amount of CO2 needed to induce 
bloater defect in the absence of NaCl and the presence of 100 mM CaCl2 

Size 2B (1.25 to 1.5 in. diameter) cucumbers were obtained from Mt. Olive Pickle 

Company, NC and brined to achieve preservation by acidification as described by Pérez-Díaz 

and McFeeters (2008). The acidification cover brine contained 100 mM CaCl2, 12 mM sodium 

benzoate and sufficient acetic acid to adjust the initial pH to 3.5. Cucumbers were packed in jars 

in a 50:50 ratio (w/w) and were allowed to equilibrate for 3 days prior to adding sodium 

bicarbonate (NaHCO3) to generate CO2. NaHCO3 and H+ are converted to CO2, Na+ and H2O at 

its dissociation constant (pKa1) of 6.4 and theoretically all bicarbonate is converted to CO2 (gas) 

at a pH of 3.5. The center of the jar lid was hole-punched and equipped with a 12 mm rubber 

septa that fitted in the hole, for sampling using a syringe equipped with a Luer-Lok Tip and BD 

PrecisionGlide needle (BD, Franklin Lakes, NJ). The amount of acetic acid needed to adjust the 

pH of brined cucumbers to 3.5, in each treatment, containing between 0 and 80% CO2, were 

determined by titrating a slurry of the size 2B cucumbers from the same experimental lot with 

the same experimental cover brine at each CO2 concentration, individually. After adding 

powdered NaHCO3 and acetic acid to reach the desired CO2 concentrations and pH, each jar was 

closed with a lid equipped with plastisol that had been boiled for 15 seconds to achieve a vacuum 

seal. Cucumber jars were incubated at 30 °C. Dissolved CO2 in each jar was measured by 

collecting 2 mL of cover brine samples with a 10 mL gas-tight syringe, injecting the sample into 

15 mL vacutainers, releasing the CO2 in the samples to the headspace by adding 3 mL of a 20% 

acetic acid solution and applying vigorous shaking, and measuring the gas with a Map-Pak 

Combi Gas Analyzer (AGC Instruments, Co., Clare, Ireland). The gas analyzer detects the gas by 

a nondispersive infrared sensor (NDIR). The sampling needle on the Map-Pak Combi Gas 
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Analyzer was inserted through the vacutainer septa and the readings were recorded in percent 

(%) (Table 4.1). Percent CO2 (%) was converted to mM and/or mg CO2/100 mL of water using 

Figure 4.1.  

Figure 4.1 was developed by measuring CO2 concentrations in percent (%), as described 

above, from the deionized water solutions containing known amount of NaHCO3. NaHCO3 was 

added to water to form 0, 20, 50, 100, 150, 200, 250, 300, 400, 500 and 800 mg CO2/100 mL 

stock solutions. The stock solution of each concentration was aliquoted to individual vacutainer 

tube in triplicates. The averages of the triplicate measurements in percent (%) were plotted on the 

secondary y-axis in Figure 4.1 against the concentration added in mg of CO2 per 100mL of water 

solution on the x-axis. The calculated mM from the mg of CO2/100 mL solution added were also 

plotted on the primary y-axis in Figure 4.1. The trendlines and R2 were calculated and displayed 

in Figure 4.1. 

The amount of dissolved CO2 measured in each jar were related to bloater defect in each 

of the jars of acidified cucumbers. The bloater defect at the end of the experimental period was 

assessed by cutting the brined cucumbers longitudinally and assessing damage using the scale 

developed by Fleming and others (1977) and modified by Zhai and others in 2017 (Figure 4.2 

and Table 4.1).  

The pH of acidified cucumbers was measured from cover brine samples collected as 

described above for the measurement of dissolved CO2, using an Accumet pH meter (cat. 13-

636-AR25B, Accumet™ AR25 pH/mV/°C/ISE, probe cat. 13-620-290, Fisher Scientific™, 

Hampton, NH) (Table 4.1). 
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4.3.2 Monitoring of cucumber fermentation microbiota to identify potential causative 
agents of bloater defect  

Cucumber fermentations were brined with 25 mM calcium chloride (CaCl2) as the 

primary salt, 345 mM sodium chloride (NaCl) and buffered with calcium acetate as 20.2 mM 

calcium hydroxide (Ca(OH)2) and 45.86 mM acetic acid, added as 20% vinegar (Zhai and Pérez-

Díaz, 2017). The additional buffer was to enable the completion of the fermentation itself 

without hindrance by the acidic pH (Zhai and Pérez-Díaz, 2017). The pack-out ratio for 

cucumbers and the cover brine per jar was 50:50 (w/w). The initial fermentation pH was 4.7 ± 

0.1. A starter culture of Lactobacillus pentosus LA 445 was inoculated at 5 log CFU/mL in one 

out of two treatments (Treatment 1) to evaluate its influence in CO2 production. The control 

fermentation treatment was brined with 1.03 M sodium chloride (NaCl) instead of CaCl2, as the 

primary salt, and no Ca(OH)2 or vinegar, so that the experimental treatments could be related to a 

typical commercial cucumber fermentation. All treatments were supplemented with 6 mM 

potassium sorbate to inhibit yeasts growth. Three lots of size 3B (1.75 to 2.0 in. diameter) 

cucumbers were used for the experiment, so that triplicates of each treatment could be packed 

with a distinct cucumber lot. Each jar was closed with a lid equipped with plastisol that had been 

boiled for 15 seconds to achieve a vacuum seal. The center of the jar lid was hole-punched and 

equipped with a rubber septa (12 mm diameter) that fitted in the hole, for sampling using a 

syringe equipped with a Luer-Lok Tip and BD PrecisionGlide needle (BD, Franklin Lakes, NJ). 

The packed jars were incubated at 30 °C for 21 days. The fermentation jars were sampled on 

days 2, 3, 4, 5, 8, 15 and 21. Bloater index calculations and microbial and chemical analyses 

were performed at each sampling point as described below. Cucumbers were aseptically 

collected from the jars and cut longitudinally to observe bloater formation and calculate bloater 

index (Table 4.2 and Figure 4.3). Equal amount of cucumbers and cover brine samples were 
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blended and homogenized for microbiological and chemical analyses. The microbial analyses 

included plating on selective and differential media, isolation of Enterobacteriaceae on days 2 

and 3 of post-packing and metagenetic and metagenomic analyses (Tables 4.3 and 4.4, Figures 

4.4 and 4.5). Selected colonies growing on HiCrome Klebsiella agar (HCK) and Pseudomonas 

Isolation agar (PIA) inoculated with day 2 and 3 homogenate samples were streaked for 

purification, isolation and identification using 16S rDNA sequencing. A 10 mL aliquot of the 

fermented cucumbers homogenate collected at each time point was subjected to a propidium 

monoazide (PMA) treatment and total DNA extraction, as described below, for the metagenetic 

and metagenomics analyses. Chemical analyses included HPLC analysis for sugars, organic acid 

and ethanol (Figures 4.6 and 4.7) and pH and CO2 concentration measurements (Figure 4.8). 

Cover brine samples were aseptically collected and transferred into vacutainers for CO2 

measurements.  

4.3.3 Measuring the incidence of bloater defect  

Fermented cucumbers were cut longitudinally using aseptic technique to observe the 

internal formation of hollow cavities. The bloater index was calculated as described by Zhai and 

others (2018) (Table 4.2). The scale for the assessment of bloater index was modified based upon 

the previous numerical values to adjectival ratings for fermented cucumber bloater index 

determination developed by Fleming and others (1977). The modified scale with acuteness of 

injury under each bloater category was shown in Appendix.  

4.3.4 Bacterial colony counts  

Colony counts were obtained from the homogenates of the cucumber and cover brine. 

The cucumber and cover brine were blended for 1 minute at maximum strength (Waring Co., 



 

 
 

120 

Torrington, CT). The blended samples were homogenized in plastic sterile bags equipped with a 

filter with a 250 µm porosity located perpendicular to the two plastic layers at about 1.5 inch 

from one of the sides of the bag (Interscience Laboratories Inc, Woburn, MA), using a 

Stomacher 400 (Tekmar Company, Cincinnati, OH) at medium strength for 30 seconds. The 

homogenates were plated on Violet Red Bile Glucose agar (VRBG), deMan, Rogosa and Sharpe 

agar (MRS) supplemented with 10 mL cycloheximide (0.1% solution, SRO222C, Oxoid Ltd, 

Basingstoke, Hants, England) per 1 L MRS, Pseudomonas Isolation agar (PIA) and HiCrome 

Klebsiella agar (HCK) for the enumeration of Enterobacteriaceae, homo- and 

heterofermentative LAB, Pseudomonas/Citrobacter and Klebsiella, respectively. The 

homogenates were plated using an Eddy Jet 2W spiral automated plater (IUL Instruments, 

Barcelona, Spain). The VRBG plates were incubated at 37 °C aerobically for 24 hours. The HCK 

and PIA plates were incubated at 37 °C aerobically for 48 hours. MRS plates were incubated at 

30 °C aerobically for 48 hours. Colonies were enumerated using a Flash & Go Automated 

Colony counter (Neutec Group, Inc., Barcelona, Spain). Colonies growing on PIA and HCK 

media from homogenate samples on days 2 and 3 with unique morphologies were isolated and 

streaked on the same enumerating medium for purification prior to identification using 16S 

rDNA sequencing (Table 4.4).  

4.3.5 Identification of colonies isolated from the PIA and HCK media that were inoculated 
with the fermented cucumbers homogenate using 16S rDNA sequencing 

The colonies isolated from PIA and HCK plates inoculated with the homogenates of the 

cucumber and cover brine on days 2 and 3 of the fermentation were subjected to genomic DNA 

extraction using an InstaGene Matrix DNA extraction kit (Bio-Rad Laboratories, Hercules, CA) 

as described by the manufacturer. The 16S rDNA conserved region V3-V4 was amplified from 
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the extracted genomic DNA using 2 μM of primers 63f (5'-CAG GCC TAA CAC ATG CAA 

GTC-3') and 1387r (5'-GGG CGG WGT GTA CAA GGC-3') (Marchesi and others 1998). 1 µL 

of genomic DNA (concentrations are at 30-1000 ng/µL) and 1 µL of each primer were mixed 

with 12.5 µL of a PCR master mix (Bio-Rad Laboratories, Hercules, CA) and nuclease-free 

water to a total volume of 25 µL for PCR amplification. The PCR amplification steps consisted 

of 1 cycle of 1 min at 94 °C followed by 25 cycles of 1 min at 94 °C, 2 min at 57 °C, and 2 min 

at 72 °C, with a final extension step of 7 min at 72 °C. Amplicons were stored at 4 °C for 2 days 

prior to sequencing using Sanger Dideoxy Sequencing technology by Eton Bioscience Inc. 

(Durham, NC, USA). Sequence data were then analyzed using the BioEdit software 

(www.mbio.ncsu.edu/bioedit). The DNA sequences obtained were subjected to a quality check, 

where each base pair quality score had to be equal to or greater than 20. The sequences were 

subjected to the basic local alignment search tool (BLAST) as described by Pérez-Díaz and 

others (2019) to determine the isolates identity. The sequences can be located in the National 

Center for Biotechnology Information (NCBI) website (https://www.ncbi.nlm.nih.gov/) with the 

accession numbers listed in Table 4.4. 

4.3.6 Metagenetics and metagenomic analyses 

Aliquots of 10 mL of the homogenized samples were collected as mentioned above on 

days 2 and 3 of the fermentations for metagenomic analysis. The homogenates were centrifuged 

at 10, 000 rpm for 10 min at 22 °C (Eppendorf Centrifuge 5810R, Fisher Scientific, Fremont, 

CA) to form pellets that were subjected to propidium monoazide (PMA) treatments performed as 

described by Pan and Breidt (2007). To do so, the cell pellets were then suspended in 490 μL of a 

sterile 0.85% NaCl solution and treated with 10 μL of a 2.5 mM PMA stock solution (1.3 mg/mL 

PMA dissolved in 20% dimethyl sulfoxide (DMSO); Biotium, Inc., Hayward, Calif., U.S.A.) to 
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eliminate dead bacterial and extracellular DNA. DNA extractions were conducted on the treated 

pellets as described by Zhai and Pérez-Díaz (2017). Sequencing services for the metagenetic 

analysis were obtained from the Microbiome Core Facility, University of North Carolina-Chapel 

Hill Campus (Chapel Hill, NC). High throughput DNA amplification targeting the V3–V4 region 

of the bacterial 16S rDNA and the data processing was conducted as described by Zhai and 

Pérez-Díaz (2017) (Figure 4.4). 3M SE100 sequencing services and functional analysis data 

processing services were obtained from CosmosID Laboratories (Rockville, MD) for the 

metagenomic analysis (Figure 4.5).  

4.3.7 pH measurement and analysis of the fermentation biochemistry using High-
Performance Liquid Chromatography (HPLC) 

The pH for each homogenized sample was measured with an Accumet pH meter (cat. 13-

636-AR25B, Accumet™ AR25 pH/mV/°C/ISE, Fisher Scientific™, Hampton, NH) equipped 

with a thin gel filled probe (cat. 13-620-290, Fisher Scientific™, Hampton, NH). Homogenate 

samples collected from the fermentation were stored at -20 °C and exposed to 2 freeze-thaw 

cycles prior to HPLC analysis to release the sugars from the plant matrix. For each freeze-thaw 

cycle samples were subjected to a 24-hour storage at -20 °C followed by a 4-hour incubation at 

22 ± 1 °C for thawing. After the last thawing, samples were centrifuged at 12,000 rpm for 10 min 

(Brushless Microcentrifuge, Denville 260D, Denville Scientific, Inc., Holliston, MA) at 22 °C 

twice to remove particulates prior to analysis by HPLC. Quantification of organic acid and sugar 

concentrations were done using the HPLC method published by McFeeters and Barish (2003) 

using an Aminex 300 x 7.8 mm HPX-87H resin column (Bio-Rad Laboratories, Hercules, CA) 

for the separation of components with some modifications. The operating conditions of the 

system included a column temperature of 65 °C and a 0.01 N H2SO4 eluent set to flow at 0.9 
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mL/min. A SPD- 20A UV-vis detector (Shimadzu Corporation, Canby, OR) was set at 210 nm at 

a rate of 1 Hz to quantify malic acid. A RID-10A refractive index detector (Shimadzu 

Corporation) connected in series with the diode array detector was used to measure lactic acid, 

acetic acid, glucose, fructose and ethanol. The external standardization of the detectors was done 

using 8 gradient concentrations of the standard compounds. The concentration of each compound 

in each sample was calculated based on the height of the chromatograph peak at specific 

retention times as compared to each compound on the standard calibration curve using 

LabSolutions workstation (Shimadzu Corporation, Canby, OR) (Figures 4.6 and 4.7).  

4.3.8 Carbon dioxide (CO2) measurements from the cover brine 

Cover brine samples (2 mL) were collected using a syringe equipped with a Luer-Lok Tip 

and BD PrecisionGlide needle (BD, Franklin Lakes, NJ) through the rubber septa placed on the 

metal lug caps at the time points indicated above. Cover brine samples were immediately 

injected in plastic vacutainers with Hemogard closure (Pulmolab, 10 ml, BD #366643, 

Northridge, CA). An aliquot of 3 mL of 20% (3.33 M) acetic acid solution as vinegar was used 

to release the CO2 from the cover brines into the headspace. The vacutainers were vigorously 

agitated for 10 seconds after adding acetic acid to facilitate the release of the gas, immediately 

prior to the injection of the needle attached to the Map-Pak Combi Gas Analyzer (AGC 

Instruments, Co., Clare, Ireland) to measure CO2. The values obtained from the instrument in 

total percent (%) of CO2, were converted to CO2 content in mM and mg/100 mL of cover brine 

using the unit conversion curve from Figure 4.1 (Figure 4.8). 
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4.3.9 Statistical analysis  

Significant differences among the treatments were determined by LSMeans Tukey HSD 

using JMP Pro 12 (SAS Institute, Inc., Cary, NC). A difference between treatments based on date 

was considered and the interactions between treatments and sampling times were assessed. For 

all data sets, means denoted by different letters are statistically significant different P	 ≤ 0.05 

(ANOVA).  

4.4. Results and Discussion 

4.4.1 Amount of CO2 needed to induce bloater defect in the absence of NaCl and the 
presence of 100 mM CaCl2 

Table 4.1 and Figure 4.2 show that at least 20% CO2 is needed in solution to induce a 

bloater index of 37.3 ± 10.4 at a pH of 3.46 ± 0.06 in the absence of NaCl and presence of CaCl2. 

Such CO2 percentage equals to 44 mM based on the standard curve shown in Figure 4.1. Table 

4.1 also shows that bloater index increased as the CO2 concentration increased. A substantial 

bloater index was observed in the presence of 40% CO2 (Table 4.1 and Figure 4.2), which would 

be equivalent to 84 mM based on Figure 4.1. The actual CO2 concentration in the treatments 

designed to containing 60% and 80% of the gas were lower than expected at 11.85% and 

14.25%, respectively, due to effervescence and the likely loss of the gas from the jar before 

closure (Table 4.1). However, bloater damage occurred when the CO2 concentration measured 

from the cover brine was at 11.85 ± 0.35 % (28.65 ± 6.04 mM) indicating concentrations below 

20% are sufficient to induce the defect (Table 4.1). This observation suggests that the utilization 

of only 28 mM glucose or fructose or malic acid in a cucumber fermentation would be sufficient 

to cause bloater defect. According to Figure 4.1, 28 mM CO2 equals to 126.05 ± 26.60 mg of 

CO2 /100 mL of cover brine, which is substantially higher than the 60 mg CO2 per 100 mL cover 
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brine identified by Fleming and others (1973a) as a threshold for bloater defect after only 2 days 

of fermentation. These differences are likely the result of different cover brines used in the 

studies and the differences between CO2 concentration inside the cucumber and in the 

surrounding brine by day 2 in Fleming’s study.  

This experiment to determine the amount of CO2 needed to cause bloater defect under 

specific conditions represents a new tool to assess potential losses due to bloater defect under 

different fermentation conditions associated with alternative processes. The tool developed can 

more precisely measure the projected incidence of bloater defect as compared to the methods 

previously published involving a correlation with CO2 concentration in the fermentation cover 

brine or the expansion volume and bloater damage in a closed jar fermentation (Fleming and 

others 1973a, b). In our experiment, the stability of the pH value in the jars as a result of 

acidification indicates lack of a fermentation activity (Table 4.1). Colony counts from Brain 

Heart Infusion (BHI) agar plates were not higher than 1,000 CFU/mL and were reduced as the 

concentration of NaHCO3 was increased (data not shown). Such colony counts are presumably 

the result of germinating Bacillus spores, which are naturally present in the fruits (Pérez-Díaz 

and McFeeters, 2008). A potential role of NaHCO3 in the germination of Clostridium botulinum 

spores has been previously documented (Smoot and Pierson, 1982). No carbon dioxide 

production was detected in control jars of acidified cucumbers as a function of time suggesting 

the absence of the microbial production of CO2 (data not shown). The bloater defect observed in 

the jars at a pH of 3.5 is likely representative of the worse-case scenario as such condition 

decreases the solubility of the gas making it readily available to cause a bloater lesion. Such low 

pH is also representative of an end of a cucumber fermentation pH, which can fluctuate between 

3.5 and 2.9. The popping sound of cucumbers when cut longitudinally is identical to that 
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produced by bloated-fermented cucumbers, indicating that the artificial incorporation of CO2 in 

the form of NaHCO3 is indeed simulating the conditions leading to bloater defect. The 

experimental data collected from the acidified cucumbers supplemented with NaHCO3 also 

indicate that CO2 measurements made from the cover brine is more representative of the actual 

CO2 concentration in the system than those measurements taken from a fermentation headspace 

(data shown in Table 4.1). 

4.4.2 Microbial culprits associated with bloater defect in cucumber fermentation  

An attempt to correlate the abundance of specific microbes in the fermentation with the 

incidence of bloaters was done by recording actual incidence of the defect with time along with 

data on the composition of the microbiota. Bloater defect was observed by day 2 of the 

fermentations, when the numbers of culturable LAB were at an average of 8 log CFU/mL 

(Tables 4.2 and 4.3). The incidence of bloater defect reached an index of 58.8 ± 23.9 by day 3 

(Table 4.2) in the fermentations brined with CaCl2 that were not inoculated affecting 90% of the 

45 cucumbers (15 cucumbers per lot) evaluated (data not shown). Bloater index remained stable 

after day 3 in such treatment.  

It is interpreted that the bloater index observed by days 2 and 3 of the fermentations is 

mostly due to the activity of the indigenous microbiota. Aside from LAB, viable presumptive 

Enterobacteriaceae and Klebsiella were enumerated from VRBG and HCK agar plates on days 2 

and 3 of the fermentations, except for Klebsiella from fermentations brined with CaCl2 that were 

inoculated (Table 4.3). Over half of the original amount of most substrates including malic acid, 

glucose and fructose were used within such period of time and before day 4, with the production 

of lactic acid and some acetic acid, which usually comes along with the production of CO2 via 

glycolysis, the citric acid cycle and the heterofermentative pathway (Figures 4.6 and 4.7).   
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The differences in bloater index in treatments 1 and 3 as compared to treatment 2 suggest 

that the starter culture and 6% NaCl in the cover brine differentially suppressed the indigenous 

microbiota (Tables 4.2 and 4.3). Colony counts for presumptive Enterobacteriaceae were at 2.4 

± 3.5 log CFU/mL on day 4 of the fermentations brined with NaCl (Treatment 3) while these 

microbes were at 1.8 ± 1.8 log CFU/mL on day 2 of the fermentations brined with CaCl2 that 

were inoculated (Table 4.3). As expected, the absence of NaCl in the cover brine resulted in an 

accelerated die off of Enterobacteriaceae in natural fermentations (Table 4.3, Treatment 2). 

Figures 4.4 and 4.5 identify the presence of Leuconostocaceae on day 3 of the fermentations, 

particularly Leuconostoc spp. and Weissella spp. in the fermentations brined with CaCl2 that 

were not inoculated. Together these data suggest that both LAB and Enterobacteriaceae present 

in cucumber fermentations between days 1 and 4 contribute to bloater defect. LAB potentially 

involved in bloater defect are described as Lactobacillus plantarum, Lactobacillus pentosus, 

Lactococcus spp., Leuconostoc spp. and Weissella spp. (Figures 4.4 and 4.5). It is noteworthy 

that variability in between lots within the same treatment exists in terms of microbial diversity 

and bloater index. Bloater index is 10.3 in Lot 1 and 25.3 in Lot 2 in the fermentations brined 

with 6% NaCl on day 3 (data not shown), which relates to the presence of 8.3% Pantoea spp. 

and 8.7% Weissella spp. in the respective cucumber lots (Figure 4.5). Bloater index reached 75.0 

in Lot 1 while 31.3 in Lot 2 in the fermentations brined with CaCl2 without inocula on day 3 

(data not shown), which coincides with the presence of Leuconostoc spp. to 61.7% and 16.7% in 

the corresponding lots (Figure 4.5).  

Another indication of differential microbial suppression by the starter culture and NaCl 

content is the survival of presumptive Klebsiella in the absence of the former by day 4 of the 

fermentations (Table 4.3). The two cucumber fermentation treatments that were not inoculated 
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(Treatments 2 and 3) supported presumptive Klebsiella to 1.6 ± 2.8 log CFU/mL and 2.0 ± 1.9 

log CFU/mL on day 4 of the bioconversion as compared to below detection limit (BDL) in the 

presence of the starter culture. The colonies isolated from HCK plates were identified as 

Enterobacter, Kosakonia, Kluyvera, and Rahnella, but not Klebsiella spp. (Table 4.4). The 

absence of the starter culture also resulted in viable colony counts from PIA plates to 4.3 ± 1.1 

log CFU/mL on the second day of fermentation (Table 4.3). The colonies isolated from PIA were 

not identified as Pseudomonas but as Serratia, Kluyvera and Enterobacter spp. (Table 4.4). 

These observations confirm that Enterobacteriaceae are present in the early stage of the 

fermentation and could contribute to bloater defect. 

The initial concentration of malic acid, glucose and fructose in cucumber slurries was 

18.82 ± 7.06, 57.05 ± 16.10 and 68.10 ± 22.19 mM, respectively. Figure 4.7 shows that more 

than half of the original malic acid (above 11 mM) was utilized in all treatments by day 2 with a 

slightly higher value of utilization for the fermentations brined with CaCl2 (14 to 17 mM). The 

malic acid disappearance coincided with an increase in colony counts from Lactobacilli MRS 

agar plates (Table 4.3), the die-off of Enterobacteriaceae (Table 4.3), and the presence of 

Lactobacillaceae, Leuconostocaceae, and Lactococcus to relative abundances of 94.67 ± 3.25%, 

3.39 ± 2.60% and 0.66 ± 0.83% on Day 3 of all treatments of fermentations, respectively (Figure 

4.4). The MRS colony counts reached above 108 CFU/mL by day 2 from samples of both 

treatments brined with CaCl2, while the fermentations brined with NaCl reached 107 CFU/mL by 

day 2. The inoculated L. pentosus LA 445, can decarboxylate malic acid which explains the 

highest malic acid utilization amongst all treatment. Malic acid continued to disappear in the 

fermentations brined with NaCl until day 8 (Figure 4.6). Above 60% (40 mM) of the original 

sugars were used on day 2 in the fermentations brined with CaCl2 while the control 
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fermentations brined with NaCl retained more than that after 21 days (Figure 4.6), which 

suggests that the addition of NaCl delays the fermentative microbial activity.  

Besides the substrate utilization, results of the HPLC analysis shows the addition of 45.86 

± 5.93 mM acetic acid to adjust the initial fermentation pH to 4.7 in the fermentations brined 

with CaCl2 and the production of 11 to 24.74 mM acetic acid by the end of fermentation (Figure 

4.7). The cucumber fermentations brined with NaCl produced about half of the lactic acid (71.77 

± 15.33 mM) that was produced in the experimental fermentations brined with CaCl2 (146.05 ± 

33.81 mM, average of inoculated and non-inoculated fermentations) and 5.73 ± 2.25 mM acetic 

acid by day 21, indicating a slower homofermentation and a nominal heterofermentation (Figure 

4.7). In contrast, 168.61 ± 12.27 mM lactic acid was produced in the cucumber fermentations 

brined with the calcium salt that were inoculated with a starter culture, evidencing a faster and 

more complete homofermentation as a function of the inoculum (Figure 4.7). Non-inoculated 

fermentations brined with CaCl2 produced 123.48 ± 34.36 mM of lactic acid (Figure 4.7). 

Although, sugars are mainly converted to lactic acid by the indigenous LAB (8 log CFU/mL) in 

the fermentation (Table 4.3, Figures 4.4 and 4.6), a nominal heterofermentation by 

Leuconostocaceae is apparent from the production of 11 to 24.74 mM acetic acid by day 8 

(Figures 4.4 and 4.7). Ethanol was produced as early as day 3 and remained at 24.12 ± 2.67 mM 

throughout the fermentation brined with CaCl2 and no inocula, while below 5 mM ethanol was 

produced in the other two treatments (data not shown). The differences in cover brine 

formulations induced differences in the rate of fermentation, where the use of CaCl2 without an 

inoculum allowed greater microbial diversity by day 2 (including the presence of 

Leuconostocaceae) (Figures 4.4 and 4.5), and the use of NaCl in the cover brine delayed the 
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progress of the fermentation, the sugars were reduced and the pH was reduced to 3.5 ± 0.2 by the 

end of the bioconversion in the presence of NaCl (Figures 4.6 and 4.8).  

In agreement with previously described observations, production of CO2 was reduced in 

the presence of the starter culture, and the production of the gas was delayed in the presence of 

NaCl as compared to fermentations brined with CaCl2. More CO2 production was observed in 

the fermentations brined with CaCl2 that were not inoculated as a function of time reaching 

17.7% (estimated at 40 mM) on day 21 (Figures 4.1 and 4.8). The highest production of CO2 in 

the native fermentations brined with CaCl2 resulted in the highest bloater index at 24.0 ± 10.3 by 

day 2 (Table 4.2 and Figure 4.8). Supplementation of such fermentation with a starter culture 

resulted in a significantly lower CO2 production and bloater index by day 2 (Table 4.2 and 

Figure 4.8). These observations suggest that the repression of certain Lactobacillaceae, 

Leuconostocaceae and Enterobacteriaceae by the starter culture can result in a reduction in 

bloater index (Table 4.2 and Figure 4.4).  

4.5. Conclusion 

Inoculation of a starter culture decreased bloater defect in fermentations brined with 

CaCl2 by suppressing the indigenous microbiota and facilitating a faster fermentation led by 

LAB. The indigenous microbiota caused bloater defect as early as day 2 in the fermentations 

brined with CaCl2 without inocula and resulted in chronic damage after 21 days. Bloater defect 

not only occurs before day 5 of a cucumber fermentation when Lactobacillaceae prevail, but also 

can occur before day 2 when indigenous microbes such as Enterobacteriaceae and 

Leuconostocaceae are present. The microbial activity of these bacterial families is likely to 

contribute to CO2 production and bloater index. Further studies are to determine the specific 

species involved in bloater defect and if the inhibition of both or one of these groups of microbes 
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results in a reduction of the incidence of bloater defect and economical losses for pickle 

processors.  
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Table 4.1: Bloater index for acidified cucumbers caused by increasing carbon dioxide (CO2) 

concentration derived from sodium bicarbonate (NaHCO3) at pH 3.5 ± 0.2, about 3 pH units 

below the pKa1 (6.4).  

Treatments designed to generate more than 60 to 80 % CO2 had gas and liquid loss due to 

effervescence. The data shown represents the averages and standard deviations of technical 

duplicates performed with the same lot of size 2B (1.25 to 1.5 in.) cucumbers. Levels not 

connected by the same letter are significantly different. 

Estimated CO2 
Concentration 

from the 
NaHCO3 Added 

(%/ mM) 

CO2 Measured 
from Cover 

Brine Samples 
(%) 

Estimated Molar 
Concentrations of 

CO2 from Measured 
CO2 in % (mM) 

Bloater Index 
Acidified 

Cover Brine 
pH 

0/0 2.75 ± 0.21C 10.75 ± 5.77C 0B 3.60 ± 
0.05AB 

20/44.67 19.50 ± 2.69B 43.69 ± 10.63B 37.3 ± 10.4A 3.46 ± 0.06B 
40/83.99 40.15 ± 3.61A 84.29 ± 12.44A 48.3 ± 5.7A 3.67 ± 0.01A 

60/123.31 11.85 ± 0.35B 28.65 ± 6.04B 32.7 ± 10.8AB 3.56 ± 
0.05AB 

80/162.63 14.25 ± 1.06B 33.37 ± 7.43B 39.2 ± 12.0A 3.51 ± 
0.05AB 
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Table 4.2: Bloater index for fermented cucumbers brined with 6 mM potassium sorbate and either 25 mM calcium chloride 

(CaCl2) and 345 mM sodium chloride (NaCl) or 1.06 M sodium chloride (NaCl).  

The experimental treatments included cover brines containing CaCl2, NaCl, 20.2 mM calcium hydroxide (Ca(OH)2) and vinegar 

(20%) to adjust the initial pH to 4.7 ± 0.1 (Treatments 1 and 2) or a cover brine containing 1.03 M NaCl and no vinegar for pH 

adjustment (Treatment 3). Only Treatment 1 was inoculated with Lactobacillus pentosus LA445. The data shown are the averages and 

standard deviations of triplicates with 3 independent lots. Levels not connected by the same letter are significantly different. 

Treatment Fermentation Time (d) 
2 3 4 5 8 15 21 

1 8.0 ± 7.1B 32.1 ± 20.1B 23.8 ± 11.9 B 37.9 ± 27.5 B 25.6 ± 8.9B 29.1 ±18.5 B 27.7 ± 2.7 B 
2 24.0 ± 10.3A 58.8 ± 23.9 A 41.8 ± 24.5 A 55.0 ± 28.8 A 59.4 ± 26.3 A 53.7 ± 31.6 A 57.8 ± 16.7 A 
3 17.0 ± 5.2AB 25.4 ± 15.2 AB 57.8 ± 14.3 AB 36.2 ± 23.6 AB 38.6 ± 13.0 AB 49.7 ± 34.4 AB 48.8 ± 32.5 AB 
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Table 4.3: Colony counts (log CFU/mL) from cucumber fermentations (fruit and cover brine homogenate) for presumptive 

Enterobacteriaceae, Leuconostaceae, Lactobacillaceae, Pseudomonas and Klebsiella from Violet Red Bile Glucose agar (VRBG), 

deMan, Rogosa and Sharpe agar (MRS), Pseudomonas Isolation agar (PIA) and HiCrome Klebsiella agar (HCK), respectively.  

The cucumber fermentations were brined with 6 mM potassium sorbate and the pH was adjusted to 4.7 ± 0.1 with 20 % vinegar (45.86 

mM acetic acid equilibrated). The three treatments for testing included: cucumber fermentations brined with 25 mM calcium chloride 

(CaCl2), 345 mM sodium chloride (NaCl), 20.2 mM calcium hydroxide (Ca(OH)2) and vinegar (Treatments 1 and 2) or a cover brine 

containing 1.03 M sodium chloride (NaCl) and no vinegar for pH adjustment (Treatment 3). Only treatment 1 was inoculated with 

Lactobacillus pentosus LA445. The data shown are the averages and standard deviations of triplicates with 3 independent lots. Levels 

not connected by the same letter are significantly different. The microbial counts on day were the averages and standard deviation of 

samples plated from 3 independent lots of fresh cucumber slurries.  
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Table 4.3 (Continued) 

 

 

  

T
re

at
m

en
t Fermentation Time (d) 

0 2 3 4 8 15 21 

Lactobacilli deMan, Rogosa and Sharpe Agar (MRS) 
1 7.4 ± 0.0ABCDE 8.5 ± 0.1A 8.4 ± 0.1A 8.2 ± 0.1AB 7.8 ± 0.3ABCD 6.5 ± 0.6EFG 4.8 ± 0.7H 
2 5.3 ± 0.1GH 8.1 ± 0.2ABC 8.3 ± 0.1A 8.4 ± 0.4A 7.3 ± 0.4ABCDE 6.8 ± 0.6DEF 5.9 ± 0.7FGH 
3 5.3 ± 0.1GH 7.0 ± 0.6CDEF 7.5 ± 0.2ABCDE 7.6 ± 0.4ABCDE 7.0 ± 0.3BCDEF 6.4 ± 0.7EFG 5.9 ± 0.6FGH 

Violet Red Bile Glucose Agar (VRBG) 
1 5.2 ± 0.7A 1.8 ± 1.8ABC 1.7 ± 2.9ABC 0.9 ± 1.5ABC BDL BDL BDL 
2 5.2 ± 0.7A 4.0 ± 0.5ABC 3.1 ± 2.7ABC 0.9 ± 1.5ABC BDL BDL BDL 
3 5.2 ± 0.7A 4.6 ± 0.6AB 4.6 ± 1.1ABC 2.4 ± 3.5ABC 0.5 ± 0.9BC BDL BDL 

HiCrome Klebsiella Agar (HCK) 
1 3.2 ± 1.3AB BDL BDL BDL BDL BDL BDL 
2 3.2 ± 1.3AB 3.9 ± 0.5AB 1.9 ± 2.2AB 1.6 ± 2.8AB BDL BDL BDL 
3 3.2 ± 1.3AB 4.8 ± 0.3A 4.9 ± 0.8A 2.0 ± 1.9AB 0.8 ± 1.3AB BDL BDL 

Pseudomonas Isolation Agar (PIA) 
1 4.8 ± 0.6A BDL BDL BDL BDL BDL BDL 
2 4.8 ± 0.6A BDL BDL BDL BDL BDL BDL 
3 4.8 ± 0.6A 4.3 ± 1.1A BDL BDL BDL BDL BDL 
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Table 4.4: Identification of colony isolated from isolates grown on HiCrome Klebsiella agar (HCK) and Pseudomonas Isolation 

agar (PIA) media inoculated with homogenate samples from different lots collected on day 2 and day 3.  

The data shown for each sample was selected from 4 amplicon replicates based on the sequence chromatograph and then submitted to 

NCBI to obtain the accession numbers. 

 

Fermentation  
days 

Cucumber 
Lot 

Growth Media  
/Colony Code 

No. of 
Base Pairs 

Used 
Description of the Identification 

% 
Identity  

Accession 
Number 

Treatment 2: brined with 25 mM calcium chloride (CaCl2), 345 mM sodium chloride (NaCl), 20.2 mM calcium hydroxide 
(Ca(OH)2) and vinegar for pH adjustment without inocula 

2 1 HCK / 2 47-501 Enterobacter cloacae subsp. dissolvens 
strain ATCC 23373 

100 MN266314 
 

2 3 HCK / 0 27-695 Kosakonia cowanii strain 888-76 99 MN266317 
2 2 HCK / 2 27-597 Kosakonia cowanii strain 888-76 99 MN266318 

Treatment 3: brined with 1.03 M sodium chloride (NaCl) and no vinegar for pH adjustment 

2 1 HCK / 2 29-641 Kluyvera cryocrescens strain 12993 
(flagella) 100 MN266312 

2 1 HCK / 2 25-638 Enterobacter tabaci strain YIM Hb-3 99 MN266313 
2 3 HCK / 2 24-640 Kosakonia cowanii strain 888-76 99 MN266315 
2 3 HCK / B 31-643 Rahnella victoriana strain FRB 225 99 MN266316 
3 1 PIA / 0 29-597 Serratia odorifera strain NBRC 102598 99 MN266319 
3 1 PIA / 0 30-649 Serratia odorifera strain NBRC 102598 99 MN266320 
3 2 PIA / 2 27-595 Kluyvera georgiana strain ATCC 51603 99 MN266321 
3 2 PIA / B 29-597 Kluyvera georgiana strain ATCC 51603 99 MN266322 

3 3 PIA / 0A1 24-615 Enterobacter bugandensis strain 
247BMC 99 MN266323 

3 3 PIA / 0A2 15-703 Serratia odorifera strain NBRC 102598 99 MN266324 
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Figure 4.1: Unit conversion for carbon dioxide (CO2) % to mg/100 mL of water or mM. 

The data shown are the averages of CO2 concentration measured from triplicates aliquoted from 

the deionized water stock solution of sodium bicarbonate (NaHCO3) at a final pH of 3.3 ± 0.3 

(closed triangles). The estimated molarity of CO2 (mM) was calculated stoichiometrically from 

the mg of NaHCO3 added per 100 mL of water (closed circles). The equations shown beside the 

lines represent the linear relationship of CO2 in mg/100 mL of water with CO2 in mM (solid line) 

or % (dashed line). 
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Figure 4.2: A representation of bloater defect observed in acidified cucumbers exposed to 

20% (top) or 40% (bottom) carbon dioxide derived from NaHCO3 at pH 3.5 ± 0.2.  
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Figure 4.3: A representation of bloater defect observed in fermented cucumbers from 3 

independent lots brined with 25 mM calcium chloride (CaCl2), 345 mM sodium chloride 

(NaCl), 20.2 mM calcium hydroxide (Ca(OH)2) and vinegar without a starter culture 

(Treatment 2) on day 3. The average and standard deviation of the bloater index from three 

independent lots of this treatment is 58.8 ± 23.9  
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Figure 4.4: Results of the 16S rDNA gene amplicon sequencing data analysis for cucumber 

fermentation samples, containing the fruit flesh and cover brine, collected on days 2 and 3. 

In addition to potassium sorbate, the three treatments for testing included: cucumber 

fermentations brined with 25 mM calcium chloride (CaCl2), 345 mM sodium chloride (NaCl), 

20.2 mM calcium hydroxide (Ca(OH)2 and vinegar (Treatments 1 and 2 (Trt1 and Trt2, 

respectively)) or a cover brine containing 1.03 M NaCl and no vinegar for pH adjustment 

(Treatment 3 (Trt 3)). Only treatment 1 was inoculated with Lactobacillus pentosus LA445. Bar 

plots are averaged over 3 replicates with 3 independent lots for each day/treatment. 
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Figure 4.5: Metagenomic analysis of the total genomic DNA samples extracted from day 3 of non-inoculated native 

fermentations brined with 1.03 M NaCl or 25 mM CaCl2 (Treatments 3 and 2). If the relative abundance for an OTU is < 0.5%, 

then the OTU is not listed and is instead included in the ‘less than 0.5%’ category.  The data shown represent one sample for each 

treatment and lot.  



 

 
 

151 

0

20

40

60

80

100

NaCl Lot 1 NaCl Lot 2 CaCl2 Lot 1 CaCl2 Lot 2

O
T

U
s R

el
at

iv
e A

bu
nd

an
ce

 (%
)

Samples Description (Treatment and Lot)

Less than 0.5% Citrobacter spp.
Enterobacteriaceae bacterium ATCC 29904 Enterobacter spp.
Escherichia coli ISC11 Pantoea spp.
Lacctobacillus spp. Lactococcus spp.
Weissella spp. Leuconostoc spp.
Lactobacillus pentosus KCA1 Lactobacillus plantarum



 

 
 

152 

Figure 4.6: Utilization of glucose, fructose and malic acid in cucumber fermentations 

brined with calcium chloride (CaCl2) or sodium chloride (NaCl) and 6 mM potassium 

sorbate with an initial pH adjustment to 4.7 ± 0.1 using 20 % vinegar (45.86 mM acetic acid 

equilibrated). The three treatments for testing included: cucumber fermentations brined with 25 

mM CaCl2, 345 mM NaCl, 20.2 mM calcium hydroxide (Ca(OH)2) and vinegar (  , ) or a 

cover brine containing 1.03 M NaCl and no vinegar for pH adjustment ( ). Only one treatment 

was inoculated with Lactobacillus pentosus LA445 ( ). The initial concentration of malic acid, 

glucose and fructose from cucumber slurries are 18.82 ± 7.06 marked in horizontal black line (־), 

57.05 ± 16.10 and 68.10 ± 22.19 mM, respectively. The data shown are the averages and 

standard deviations of triplicates with 3 independent lots. Levels not connected by the same letter 

are significantly different.  
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Figure 4.7: Production of lactic and acetic acids in cucumber fermentations brined with 

calcium chloride (CaCl2) or sodium chloride (NaCl) and 6 mM potassium sorbate with an 

initial pH adjustment to 4.7 ± 0.1 with 20% vinegar (45.86 mM acetic acid equilibrated 

marked in horizontal black line (־)). In addition to potassium sorbate, the three treatments for 

testing included: cucumber fermentations brined with 25 mM CaCl2, 345 mM NaCl, 20.2 mM 

calcium hydroxide (Ca(OH)2) and vinegar (  , ) or a cover brine containing 1.03 M NaCl and 

no vinegar for pH adjustment ( ). Only one treatment was inoculated with Lactobacillus 

pentosus LA445 ( ). The data shown are the averages and standard deviations of triplicates with 

3 independent lots. Levels not connected by the same letter are significantly different. 
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Figure 4.8: pH and CO2 content (in %, mg/100 mL and mM) in cucumber fermentations 

brined with calcium chloride (CaCl2) or sodium chloride (NaCl) and 6 mM potassium 

sorbate with an initial pH adjustment to 4.7 ± 0.1 using 20 % vinegar (45.86 mM acetic acid 

equilibrated). In addition to potassium sorbate, the three treatments for testing included: 

cucumber fermentations brined with 25 mM CaCl2, 345 mM NaCl, 20.2 mM calcium hydroxide 

(Ca(OH)2) and vinegar (  , ) or a cover brine containing 1.03 M NaCl and no vinegar for pH 

adjustment ( ). Only one treatment was inoculated with Lactobacillus pentosus LA445 ( ). The 

data shown are the averages and standard deviations of triplicates with 3 independent lots. Levels 

not connected by the same letter are significantly different.  
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CHAPTER 5 

Evaluation of Enterobacteriaceae indigenous to cucumber as causative agents of bloater 

defect during fermentation 
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5.1. Abstract  

Fermented cucumber bloater defect, caused by the accumulation of the microbially 

produced CO2, originates significant economic losses for the pickling industry. The 

Enterobacteriaceae ability to grow in cucumber fermentations, produce CO2 and cause bloater 

defect was evaluated. The genomes of selected Enterobacteriaceae were found to harbor 26 out 

of 30 putative decarboxylating enzymes found in bacteria. The Enterobacteriaceae produced up 

to 84.6% CO2 (> 100 mM) and 0-15 mM lactic and acetic acids from the 17-75 mM of sugars 

utilized in Cucumber Juice medium (CJM), suggesting respiration as the main energy deriving 

pathway. Enterobacter spp. grew in CJM supplemented with sorbic acid and acetic acid. The 

inoculation of Enterobacter and Pantoea in cucumber fermentations insignificantly impacted 

CO2 production and bloater defect. However, the indigenous Enterobacteriaceae remained 

viable passed 18 hours of the fermentation with colony counts from VRBG at 3.5 ± 0.7 log 

CFU/mL, which coincided with the production of 32% CO2, a bloater index of 3.1 ± 2.7 and the 

conversion of only 16% of the sugars utilized to lactic and acetic acids. It is concluded that the 

ability of Enterobacteriaceae to respire in cucumber fermentations enables a contribution to the 

production of CO2 and bloater defect.   

 

Keywords: bloater defect; CO2 production; Enterobacter; cucumber fermentation 

5.2. Introduction 

Bloater defect is commonly observed in the U.S. pickling industry during the 

fermentation of cucumbers (Corey et al., 1983). It causes serious yield and economic losses to 

the pickling industry (Fleming et al., 1973b). Bloater defect is defined as hollow cavities that 

form inside the fruits with a honeycomb, lens or balloon shape (Etchells et al., 1974). A 
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mechanism for the development of bloater defect was proposed in 1980 and refers to the 

diffusion of gas, mostly carbon dioxide (CO2), from the fermentation cover brine to the fruit due 

to a concentration gradient (Etchells et al., 1968; Fleming et al., 1973a; Fleming and Pharr, 

1980). 

Studies have reported that the production of CO2 in cucumber fermentations corresponds 

to the presence or absence of Enterobacteriaceae such as Enterobacter spp. in combination with 

yeasts and selected lactic acid bacteria (LAB) (Etchells and Jones, 1941; Etchells et al., 1945; 

Etchells et al., 1968; Fleming et al., 1973a; McDonald et al., 1991). Although 

Enterobacteriaceae are known to be sensitive to the acidic conditions that develop in a cucumber 

fermentation and die off by day 5 (McDonald et al., 1991), some Enterobacteriaceae, such as 

Enterobacter aerogenes and Escherichia coli have been implicated in the production of 

hydrogen (H2) and CO2 in commercial fermentations brined with 10% sodium chloride (NaCl) 

(Etchells, 1941), and could therefore contribute to bloater defect (Etchells et al., 1968; Veldhuis 

and Etchells, 1939).  

A study by Zhai et al. (2019) correlated the abundance of specific microbes present in the 

early stage of cucumber fermentations with bloater incidence. It was observed that bloater defect 

occurs as early as 2 days after packing and can be induced by the indigenous microbes such as 

Enterobacteriaceae, Lactobacillales and Leuconostocaceae. The dominance of Lactobacillaceae 

later in the fermentation further increases the formation of CO2 exacerbating the bloater defect.  

Metagenetics data of the microbial population in cucumber fermentations brined with 

calcium chloride (CaCl2), inoculated with LAB and supplemented with 0.02 M calcium 

hydroxide (Ca(OH)2) and 0 to 0.68 M (0 to 4%) NaCl, suggests that the most abundant microbes 

in controlled cucumber fermentations include Lactobacillus and Pediococcus (Zhai and Pérez-



 

 
 

160 

Díaz, 2017). These LAB were followed by the presence of Enterobacteriaceae on days 3 and 10 

and the presence of Leuconostocaceae after day 7 in relative abundance (Zhai and Pérez-Díaz, 

2017). Although LAB tend to prevail in cucumber fermentations (Pérez-Díaz et al., 2016), the 

fresh cucumbers microbiome presents variations among types, which would theoretically impact 

the early stage of the fermentation. The fresh cucumber core microbiome includes Rhizobium 

(31.04%), Pseudomonas (14.08%), Pantoea (9.25%), Stenotrophomonas (6.83%), and 

Acinetobacter (6.5%) in relative abundance (Pérez-Díaz et al., 2018). The influence of these 

microbes especially the Enterobacteriaceae in the quality of fermented cucumbers, including 

their ability to produce CO2 and induce bloater defect, is still unknown.  

Enterobacteriaceae are Gram-negative bacteria (Dorlands Medical Dictionary) capable 

of producing CO2, ammonia, nitrogen and penetrating the cucumber stomata (Smith et al., 1979). 

They are facultative anaerobes and can ferment sugars to produce lactic acid and various other 

end products including other acids and CO2 (Ciani et al., 2008; Muller 2001). Most of them also 

have the ability to reduce nitrate to nitrite, with some exceptions such as Photorhabdus, 

producing ammonia or nitrogen (Hadjipetrou and Stouthamer, 1965). Enterobacteriaceae are 

rod-shaped and with a 0.3 to 1.0 µm diameter and 1.0 to 6.0 μm in length. Rods with such 

dimensions could certainly travel through the cucumber stomatal guard cells (8.5 x 5.0 μm to 9.7 

x 7.9 μm) guided by their peritrichous flagella (Rahn, 2005; Smith et al., 1979). It is speculated 

that if a near to neutral pH is established at the start of a cucumber fermentation at a growth 

permissive temperature of 22 to 35 °C, the Enterobacteriaceae could penetrate the fruit and 

produce a gas internally causing bloater defect.  

This study evaluates the effect of the presence of Enterobacteriaceae in cucumber 

fermentations. A bioinformatic analysis was performed to define the putative metabolic potential 
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of Enterobacteriaceae to produce CO2 as compared to fermentative LAB. The ability of 

Enterobacteriaceae to grow in CJM was tested to define the fermentation biochemistry. The 

growth of Enterobacteriaceae in CJM supplemented with fermentation cover brines containing 

acids and preservatives was also studied, to understand growth and survival under conditions that 

mimic cucumber fermentations. The cultures able to produce CO2 in CJM were inoculated in 

cucumber fermentations at levels that mimic the indigenous levels to understand their role in the 

development of bloater defect.  

5.3. Materials and Methods 

5.3.1 Bioinformatic analysis of the genes coding for enzymes involved in decarboxylating 
reactions in Enterobacteriaceae and some LAB  

A list of functional categories in bacteria that involve decarboxylating reactions was 

generated using the Cluster of Orthologous Genes (COG) catalog at: 

http://clovr.org/docs/clusters-of-orthologous-groups-cogs/. A comparative genomic analysis 

using the Lactobacillus plantarum DSM20314 genome as a reference was done with 

Enterobacter cloacae ATCC13047 using the Integrated Microbial Genomics Function 

Comparison tool to develop a list of decarboxylating enzymes under each COG category of 

interest (data not shown). The function was set to COG and the measurement to gene count with 

an output type set as Two-proportion Z-Test with pooled variance (Version 5.0 Jan. 2019 jgi-

img-web-1.nersc.gov gemini1_shared 5.016000 2019-08-06-11.55.09 152.1.81.9) (Chen and 

others, 2019; https://img.jgi.doe.gov/cgi-bin/m/main.cgi). Putative genes coding for the 

decarboxylation enzymes in the list generated from the comparative genome analysis described 

above were identified in the bacterial genome sequences available to date corresponding to the 

Enterobacteriaceae and lactic acid bacteria listed in Table 5.2. The Integrated Microbial 
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Genomics Find Gene tool (Chen and others, 2019; https://img.jgi.doe.gov/cgi-bin/m/main.cgi) 

was used to define gene counts for each genome sequence of interest (Table 5.2). The KEGG 

Orthology Pathways database (KO; http://www.kegg.jp/kegg/pathway.html) and the Enzyme-

Expasy Bioinformatics Resource Portal (https://enzyme.expasy.org/) were also used as reference, 

as needed.  

5.3.2 Preparation of cucumber juice 

Cucumber juice medium (CJM) was prepared from blended size 3B (1.75 to 2 in. 

diameter) fresh cucumbers commercial blender assembly for 60 seconds at maximum speed 

(Waring Co., Torrington, CT). The blended cucumbers were sieved using cheesecloth and the 

liquid phase filtered-sterilized using a 0.2 µm filtration unit (Nalgene®-Rapid Flow™, Thermo 

Scientific, Santa Clara, CA).  

5.3.3 Growth of Enterobacteriaceae in CJM 

Table 5.1 describes the 15 Enterobacteriaceae cultures used in this study, which 

represents the population diversity in industrial cucumber fermentations between days 1 and 3. 

The cultures were transferred to Brain Heart Infusion (BHI) broth from frozen stocks prior to the 

inoculation of the experimental cucumber juice medium (CJM). The inocula were suspended in a 

0.85% sodium chloride (NaCl) solution after centrifugation at 10, 000 rpm for 10 min at 22 °C 

prior to inoculation (Eppendorf Centrifuge 5810R, Fisher Scientific, Fremont, CA). A 96-well 

plate was used for this experiment and growth at 30 °C was monitored by measuring absorbance 

using an ELx808 Absorbance Microplate Reader (BioTek, Winooski, VT). The microplate 

reader uses a tungsten halogen light source and a photodiode detector to measure absorbance at 

pre-set time intervals, 1 hours for this experiment. 20 µL of the inocula of an estimated 
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concentration of 103 CFU/mL was added to 180 µL of CJM in a 200 µl well to achieve an 

inoculation level of 102 CFU/mL. The plate was incubated at 30 °C for 96 hours (4 days). The 

optical density at λ630 was measured for each well every hour to obtain bacterial growth curves 

and determine the exponential and stationary phases of cultures when growing in CJM (Figure 

5.1). The doubling time (Td) of Enterobacter cancerogenus 3.2.13E, Pantoea agglomerans 

1.2.4E and Enterobacter nimipressuralis 1.2.7E in CJM were calculated using the equations 

below (Table 5.6). The growth rate of each culture during the exponential phase was calculated 

as follows:  

µ = #$	('()*+,/'()*+.)
012 ;  

Td = #$(3)4  

where OD630T represents the final optical density at time T, OD630t represents the initial 

optical density at time t, µ represents the growth rate and Td represents the doubling time. T and 

t were at 22 and 14 hours, respectively, for the cultures growing in CJM. 

5.3.4 Production of CO2 by Enterobacteriaceae in CJM 

The Enterobacteriaceae of interest were inoculated in CJM to 2.0 ± 0.4 log CFU/mL 

contained in 10 mL sterile vacutainers (BD, Franklin Lakes, NJ). The vacutainers were incubated 

at 30 °C for 48 h, to determine the amount of CO2 such bacteria are capable of producing in 

sterile CJM, a model system for cucumber fermentation. This experimental set-up enabled the 

monitoring of the ability of Enterobacteriaceae to produce CO2 in the absence of competing 

microbes. The incubation length and sampling times, at 11, 18, 26, 36 and 48 hours, were 

selected based on the growth curves shown in Figure 5.1. The inocula were prepared in Brain 

Heart Infusion (BHI) broth and incubated for 24 hours to an approximate cell density of 109 
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CFU/mL. The inocula were spun at 12,000 rpm for 10 min (Brushless Microcentrifuge, Denville 

260D, Denville Scientific, Inc., Holliston, MA) at 22 °C and suspended in the same CJM. Each 

vacutainer was filled with 4 mL of CJM and inoculated with one of the 7 Enterobacteriaceae 

identified with an asterisk in Table 5.1. Samples of 1 mL were collected from each culture 

through the Hemogard closure of the vacutainer (Pulmolab, 10 ml, BD #366643, Northridge, 

CA) using a 3 mL sterile syringe equipped with a Luer-Lok Tip and BD Precision Glide needle 

(BD, Franklin Lakes, NJ) after incubation, for pH measurement and HPLC analysis (Table 5.3). 

The pH for each sample was measured from the CJM with an Accumet pH meter (cat. 13-636-

AR25B, Accumet™ AR25 pH/mV/°C/ISE, probe cat. 13-620-290, Fisher Scientific™, 

Hampton, NH), prior to storage at -20 °C for HPLC analysis. The supernatant of samples for 

HPLC analysis were obtained by centrifugation at 12,000 rpm for 10 min (Brushless 

Microcentrifuge, Denville 260D, Denville Scientific, Inc., Holliston, MA) at 22 °C. The HPLC 

analysis was conducted as described below. An additional 1 mL sample was collected from each 

vacutainer for determining colony counts on Brain Heart infusion (BHI) agar plates (Figure 5.2). 

The amount of CO2 formed in each vacutainer was measured from the remaining 2 mL of culture 

in each vacutainer. An aliquot of 3 mL of a 20% acetic acid solution were added to the 

vacutainer for a total volume of 5 mL prior to vigorous shaking to release CO2. The needle of the 

Map-Pak Combi Gas Analyzer (AGC Instruments, Co., Clare, Ireland) was inserted through the 

vacutainer septa immediately after shaking to measure CO2 concentrations. The readings were 

recorded in percent (%) (Figure 5.2). The CO2 concentrations in percent (%) were converted to 

mM in Table 5.3 as described by Zhai and others (2019; Figure 4.1). The total number of 

vacutainers including duplicates with the same experimental lot of CJM for the 7 treatments and 
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1 uninoculated control was 80. One vacutainer inoculated with each bacterium was sacrificed at 

each of the 5 sampling times.   

5.3.5 Growth of Enterobacteriaceae in CJM and cover brine supplemented with varied 
preservatives  

Enterobacteriaceae were inoculated in CJM supplemented with a cover brine in a 50:50 

ratio(v/v). This experiment had the objective to test the ability of the Enterobacteriaceae to 

survive in a cucumber fermentation brined with certain preservatives. Enterobacter 

cancerogenus 3.2.13E, Pantoea agglomerans 1.2.4E and Enterobacter nimipressuralis 1.2.7E 

were inoculated in sterile CJM supplemented with cover brine to 104 CFU/mL. Enterobacter 

cancerogenus 3.2.13E and Pantoea agglomerans 1.2.4E were selected for this experiment due to 

their fast growth and high CO2 production in CJM (Figures 5.1 and 5.2), while Enterobacter 

nimipressuralis 1.2.7E was selected due to the ability of producing malic acid when growing in 

CJM (Table 5.4 and Figure 5.3). The cover brines tested contained 25 mM calcium chloride 

(CaCl2), 20.2 mM calcium hydroxide (Ca(OH)2) and no preservative, 6 mM potassium sorbate or 

2 mM allyl isothiocyanate (AITC) at equilibrium. The cover brines were acidified with either 

20% acetic acid or 3N hydrochloric acid (HCl) to pH 6.0 ± 0.1. Bacterial growth was monitored 

by measuring optical density at λ630 every hour for 36 hours. The cultures were incubated at 30 

°C in a 96-well microtiter plate placed in an ELx808 Absorbance Microplate Reader (BioTek, 

Winooski, VT) (Figure 5.3). The doubling times were calculated from the growth rate in the 

exponential phase (Table 5.4). The growth rate and doubling time of each culture were calculated 

as described above. The T and t used for the calculation of doubling times were 24 and 19 hours 

for the cultures growing in CJM supplemented with cover brine acidified with acetic acid and 18 

and 11 hours for the cultures acidified with HCl, respectively. 
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5.3.6 Enhancement of CO2 production and bloater defect in cucumber fermentation by 
Enterobacteriaceae  

Three independent lots of cucumbers were fermented in closed and sterilized jars with a 

cover brine containing 25 mM calcium chloride (CaCl2), 20.2 mM calcium hydroxide (Ca(OH)2) 

and 2 mM allyl isothiocyanate (AITC), at equilibrium. The initial fermentation pH was adjusted 

to 6.0 ± 0.1 with hydrochloric acid (HCl). The cucumbers and cover brine were packed in a 

50:50 ratio (w/w). The amount of 3N HCl needed for pH adjustment were determined by titrating 

200 mL of mixed samples containing 100 mL of blended cucumbers from the same experimental 

cucumber lot and 100 mL of the experimental cover brine. AITC was added in the cover brine to 

prevent the growth of CO2 producing yeasts indigenous to cucumber (Pérez-Díaz and McFeeters, 

2010). The initial pH was adjusted to 6.0 given that Enterobacteriaceae are sensitive to pH 

below 4.5 (Franco and Pérez-Díaz, 2013). Two bacteria, Enterobacter cancerogenus 3.2.13E and 

Pantoea agglomerans 1.2.4E were used for this experiment given the demonstrated ability to 

produce CO2 and decrease the pH in CJM (Table 5.3 and Figure 5.2). Enterobacter 

cancerogenus 3.2.13E and Pantoea agglomerans 1.2.4E were inoculated in the jars after growing 

in CJM from frozen stocks. The Enterobacteriaceae were inoculated to 102 or 104 CFU/mL as 

two treatments to simulate the intrinsic levels in fresh cucumbers (Pérez-Díaz and others, 2018). 

The cucumbers packed in sterilized jars were incubated at 30 °C and samples were collected 

after 18 and 36 hours. CO2 was measured from the headspace at each sampling time by inserting 

the sampling needle of the Map-Pak Combi Gas Analyzer (AGC Instruments, Co., Clare, 

Ireland) through the rubber septa installed on the jar lid and initiating the detection on the 

instrument (Table 5.5 and Figure 5.4). The formation of ammonia was monitored using a 

GASTEC GV-100S (Gastec Corporation, Kanagawa, Japan) attached to ammonia detector tubes 

(Gastec Corporation, Kanagawa, Japan) (data not shown).  
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Fermented cucumbers were aseptically cut longitudinally to assess bloater defect at each 

sampling time as described by Zhai and Pérez-Díaz (2017) (Table 5.5). The cucumber slurries 

were blended without the cover brine for 60 seconds at maximum strength using a Waring 

blender assembly (Waring Co., Torrington, CT) and homogenized for 30 seconds using a 

Stomacher 400 (Tekmar Company, Cincinnati, OH). A homogenization bag equipped with a side 

filter of 250 µm porosity (Interscience Laboratories Inc, Woburn, MA) was used to contain the 

blended cucumber slurries. The slurries were aseptically prepared for microbial analysis, pH 

measurements and analysis of fermentation metabolites. The colony counts for presumptive 

Lactobacilli from the fresh and fermented cucumber samples were determined by plating on 

Lactobacilli deMan, Rogosa and Sharpe agar (MRS) supplemented with 10 mL cycloheximide 

(0.1% solution) (SRO222C, Oxoid Ltd, Basingstoke, Hants, England) per 1 L, to exclude yeasts 

and molds growth. Yeasts and Molds agar with antibiotics (0.04% chloramphenicol and 0.04% 

chlortetracycline) (YMA) and Violet Red Bile Glucose agar (VRBG) were used to determine the 

colony counts for yeasts and molds and presumptive Enterobacteriaceae, respectively. The 

samples were plated using an Eddy Jet 2W spiral plater (IUL Instruments, Barcelona, Spain). 

The VRBG plates were incubated at 37 °C for 24 hours while the YMA and MRS plates were 

incubated at 30 °C for 48 hours prior to enumerating colonies. Colonies were enumerated using a 

Flash & Go Automated Colony counter (Neutec Group, Inc., Barcelona, Spain) (Table 5.5). The 

pH was measured from homogenized samples as described above. The samples collected for 

HPLC analysis were frozen at -20 °C. Two freeze-thaw cycles from -20 °C to 22 °C were 

applied with 4-hour separation to enable the equilibration of metabolites between the plant 

material and the juice. The supernatants of samples for HPLC analysis were obtained by 

centrifugation at 12,000 rpm for 10 min (Brushless Microcentrifuge, Denville 260D, Denville 
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Scientific, Inc., Holliston, MA) at 22 °C. Quantification of organic acid and sugars were done 

using the HPLC method published by McFeeters and Barish (2003) using an Aminex 300 x 7.8 

mm HPX-87H resin column (Bio-Rad Laboratories, Hercules, CA) for the separation of 

components with some modifications. The operating conditions of the system included a column 

temperature of 65 °C and a 0.01 N H2SO4 eluent set to flow at 0.9 mL/min. A SPD- 20A UV-vis 

detector (Shimadzu Corporation, Canby, OR) was set at 210 nm at a rate of 1 Hz to quantify 

malic acid and succinic acid. A RID-10A refractive index detector (Shimadzu Corporation) 

connected in series with the diode array detector was used to measure lactic, acetic acid, glucose, 

fructose and ethanol. The external standardization of the detectors was done using 8 gradient 

concentrations of the standard compounds. The concentration of each compound of samples was 

calculated based on the height peak of each compound chromatograph as compared to each 

compound on the standard calibration curve at the pre-defined retention time using LabSolutions 

workstation (Shimadzu Corporation, Canby, OR).   

 

5.3.7 Statistical analysis 

Significant differences among the treatments were determined by LSMeans Tukey HSD 

using JMP Pro 12 (SAS Institute, Inc., Cary, NC). A difference between treatments based on date 

was considered and the interactions between treatments and sampling times were assessed. For 

all data sets, means denoted by different letters are statistically significant different P	 ≤ 0.05 

(ANOVA).  

 

 



 

 
 

169 

5.4. Results  

5.4.1 Bioinformatic analysis of the genes coding for enzymes involved in decarboxylating 
reactions in Enterobacteriaceae and some LAB  

The Citric Acid Cycle (TCA) is central to the metabolic activity and energy generation of 

Enterobacteriaceae such as Citrobacter freundii, Enterobacter spp., Pantoea spp. and Leclercia 

sp. Table 5.2 shows the gene count in percent (%) for putative functions associated with the TCA 

cycle in the genome sequences of these bacteria. Gene count percent (%) was calculated using 

the total number of genome sequences available as the total equaling 100%. Putative genes 

coding for the Pyruvate Dehydrogenase complex (E.C.s 1.2.4.1, 2.3.1.12 and 1.8.1.4), which 

converts pyruvate to acetyl-CoA producing CO2, are present in most of the publically available 

genome sequences included in the analysis (Table 5.2). Similarly, putative genes coding for 

Isocitrate Dehydrogenase (E.C. 1.1.1.42), which converts isocitrate to 2-oxoglutarate 

regenerating NADPH and producing CO2, are present in all the Enterobacteriaceae scrutinized 

(Table 5.2). The third reaction that conforms the TCA cycle and produces CO2 includes the 

conversion of 2-oxoglutarate to succinyl-CoA via the Oxoglutarate Dehydrogenase complex. 

The genes coding for Oxoglutarate Dehydrogenase (EC 1.2.4.2), Dihydrolipoyl Dehydrogenase 

(E.C. 1.8.1.4) and Dihydrolipoyllysine-residue Succinyltransferase (E.C. 2.3.1.61) are also 

present in all the Enterobacteriaceae scrutinized (Table 5.2). In contrast and as expected, the 

three LAB genera included in this bioinformatic analysis as control, did not encode for Isocitrate 

Dehydrogenase (E.C. 1.1.1.42), Oxoglutarate Dehydrogenase (E.C. 1.2.4.2) and 

Dihydrolipoyllysine-residue Succinyltransferase (E.C. 2.3.1.61). Additionally, LAB were found 

to harbor two copies of the Pyruvate Dehydrogenase E1 subunit (E.C. 1.2.4.1) and one copy of 

E2 subunit (E.C. 2.3.1.1.2) and E3 subunit (E.C. 1.8.1.4), respectively, the enzymes involved in 

the production of acetyl-CoA a central metabolite for a number of pathways.   
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Genes coding for other CO2 producing reactions are present in Enterobacteriaceae in 1 to 

2 copies but not encoded in LAB. These genes code for: 3-dehydro-L-gulonate-6-phosphate 

decarboxylase (E.C. 4.1.1.85) and indolepyruvate decarboxylase (E.C. 4.1.1.74) under the 

carbohydrate transport and mechanism category, ornithine decarboxylase (E.C. 4.1.1.17), 

diaminobutyrate decarboxylase (E.C. 4.1.1.86) and arginine decarboxylase (E.C. 4.1.1.19) under 

the amino acid transport and metabolism category, uroporphyrinogen decarboxylase (E.C. 

4.1.1.37), aspartate-1-decarboxylase (E.C. 4.1.1.11) and malonyl-S-ACP decarboxylase (E.C. 

4.1.1.87) under the coenzyme transport and metabolism category, phosphatidylserine 

decarboxylase (E.C. 4.1.1.65) under the lipid transport and metabolism category, and 5-oxopent-

3-ene-1,2,5-tricarboxylate decarboxylase (E.C. 4.1.1.68) under the secondary metabolites 

biosynthesis, transport and catabolism category (Table 5.2).  

In general, within the 30 metabolic reactions listed in Table 5.2, Enterobacteriaceae 

harbor 26 while LAB only host 14. 

5.4.2 Growth of Enterobacteriaceae in CJM and CO2 production  

Figure 5.1 shows the average growth curve for cultures of Enterobacteriaceae in 

sterilized CJM. Enterobacter cancerogenus 3.2.13E and Enterobacter cloacae 3.2.8E presented 

the highest optical density through the entire incubation time reaching a λ630 of about 2.0, 

equivalent to 9 log CFU/mL at the end point (Figures 5.1 and 5.2). All the other cultures 

remained at a maximum cell density of 6 to 8 log CFU/mL (λ630 below 1.5) in CJM after 48 h of 

incubation at 30 °C (Figures 5.1 and 5.2). Similarly, the amount of CO2 produced by 

Enterobacter cancerogenus 3.2.13E (84.6 ± 21.8% / estimated at 171.58 ± 42.96 mM) and 

Enterobacter cloacae 3.2.8E (84.2 ± 0.4% / estimated at 170.89 ± 0.83 mM) in CJM after 48 h of 

incubation was 1.6 to 1.8-fold that produced by Pantoea ananatis 1.2.16E (50.4 ± 0.1% / 
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estimated at 104.44 ± 0.28 mM) and Pantoea agglomerans 1.2.4E (44.8 ± 8.4% / estimated at 

93.33 ± 16.54 mM) and almost 8 times that amount produced by the remaining 3 cultures (Figure 

5.2 and Table 5.3). The CJM pH after the 48 h of incubation was between 4.9 to 5.2 for 5 of the 

cultures tested, which was at least 1 pH unit lower than the initial value (6.0 ± 0.1) (Table 5.3). 

The mild CJM acidification may be the result of lactic acid and acetic acid production to 0 to 7 

mM and 0 to 12 mM, respectively (Table 5.3). Although, Enterobacter cancerogenus 3.2.13E 

and Enterobacter cloacae 3.2.8E produced the most CO2 and utilized the most sugars after 48 h 

of incubation, these cultures maintained a higher average pH of 5.5 ± 0.3 and were unique in 

producing ethanol and using all the glucose initially present in the CJM (Table 5.3). Citrobacter 

freundii 1.2.3E, Enterobacter cancerogenus 3.2.13E, Enterobacter cloacae 3.2.8E, Pantoea 

ananatis 1.2.16E and Pantoea agglomerans 1.2.4E used between 5 and 10 mM malic acid from 

the CJM, while Enterobacter nimipressuralis 1.2.7E and Leclercia adecarboxylata 3.2.10E 

produced 10 to 15 mM (Table 5.3). Minimal amount of fructose and succinic acid were utilized 

and produced, respectively, by the Enterobacteriaceae tested after 48 h of incubation (Table 5.3 

and Figure 5.3).   

5.4.3 Growth of Enterobacteriaceae in CJM and cover brine supplemented with 
preservatives 

The calculated doubling time of each culture in CJM and CJM supplemented with cover 

brine and preservatives are shown in Table 5.4. No significant differences were observed in the 

growth of Enterobacter spp. as a function of acidification or supplementation with preservatives 

(Table 5.4 and Figure 5.3). Pantoea agglomerans 1.2.4E did not grow in CJM acidified with 

acetic acid, whereas growth rates between 4 and 20 hours were observed in the absence of the 

acid (Figure 5.3 and Table 5.4). Substantial differences in the deviations of the bacterial growth 
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were observed when considering curves derived from two cucumber juice lots, unlike the 

differences observed within a given lot. It is speculated that such differences derive from the 

natural variability in the composition of the cucumber juice. The doubling times of cultures 

incubated in CJM supplemented with cover brine (Table 5.4) were noticeably longer than those 

documented in the literature at 0.5 to 5.5 hours, regardless of the type of acid used for 

acidification (Table 5.1).  

5.4.4 CO2 production and bloater defect in cucumber fermentation by Enterobacteriaceae  

Colony counts for presumptive Enterobacteriaceae were at 4.2 ± 0.5 log CFU/mL in 

cucumber fermentations after 18 h of packing and were declining by 36 h regardless of 

inoculation treatment (Table 5.5). The population of presumptive Lactobacilli increased to 6.9 ± 

0.3 log CFU/mL by 36 h in all the fermentations monitored (Table 5.5). Colony counts for 

presumptive Lactobacilli and yeasts and molds were not significantly different between 

treatments and the control (Table 5.5). The pH of all treatments remained at 5.9 to 6 and 4.5 to 

5.1 after 18 and 36 hours of incubation, respectively, likely as the result of acid production 

(Figure 5.5). The fermentation biochemistry identified the utilization of about 47 mM sugars 

(glucose and fructose) with the production of 13 mM lactic and acetic acids. Glucose and 

fructose were utilized to 7.09 ± 2.56 mM and 5.05 ± 2.26 mM, respectively, by 18 hours of 

fermentation and less than half of the sugars were utilized after 36 h of fermentation (Table 5.6). 

No ethanol or succinic acid were produced. Thus, carbon balance cannot be explained by a pure 

fermentative metabolism, but by respiration. The amounts of CO2 measured from the 

fermentation jar headspace was 30.2 ± 2.4 % at 18 hours, amount that doubled by 36 hours 

(Table 5.6). A bloater index of 3.5 ± 2.3 was recorded after 36 hours of fermentation (Table 5.5). 

Amounts of dissolved CO2 were about 50% of those detected in the headspace (Figure 5.5 and 
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Table 5.6). Ammonia production above 0.5 ppm went undetected in the headspace of all jars 

(data not shown).   

5.5. Discussion 

Most LAB lack the putative genes coding for decarboxylating enzymes that are present in 

Enterobacteriaceae (Table 5.2). LAB are known for lacking a complete TCA cycle and for 

deriving energy, mostly by substrate level phosphorylation (Bosma et al., 2017). Without 

interference from the cover brine, acidic pH or suboptimal growth temperature, 

Enterobacteriaceae have a greater potential to produce CO2 in CJM than Leuconostocaceae and 

Lactobacillaceae. Bloating can occur when the CO2 concentration is at 28 mM or more in the 

cover brine (Zhai et al., 2019). Enterobacteriaceae, particularly Enterobacter cancerogenus 

3.2.13E, Enterobacter cloacae 3.2.8E and Pantoea ananatis 1.2.16E can produce up to 171.58 ± 

42.96, 170.89 ± 0.83 and 104.44 ± 0.28 mM CO2, respectively, in CJM (Table 5.3). Therefore, it 

is concluded that Enterobacteriaceae have the ability to produce CO2 in CJM to concentrations 

that could cause bloater defect in a cucumber fermentation. 

Biomass production was positively associated with CO2 formation in CJM (Figures 5.1 

and 5.2 and Table 5.3). The Enterobacteriaceae inoculated in CJM reached maximum cell 

densities in 18 h (Figure 5.1), implicating a possibility for the development of bloater defect 

within the first 2 days of a cucumber fermentation. Enterobacteriaceae respire in the presence of 

oxygen to produce ATP with the concomitant production of CO2 (Table 5.3). Some 

Enterobacteriaceae are anaerobic facultative bacteria that can conduct mixed-acid fermentation 

with the production of CO2 (Ciani et al., 2008). A nominal amount of acids, including lactic, 

acetic and succinic, was produced by the Enterobacteriaceae in CJM (Table 5.3) confirming 
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respiration as the main energy generating pathway and suggesting a sensitivity to acids or pH 

and the need for oxygen in the medium (Table 5.3 and Figure 5.4).  

The production of malic acid by E. nimipressuralis 1.2.7E and L. adecarboxylata 3.2.10E 

to 12.0 ± 1.9 and 18.6 ± 12.2, respectively, suggests a different mode of TCA cycle utilization 

(Table 5.3). Secretion of malic acid by fungi represents an energy deriving metabolic pathway, 

particularly for Aspergillus oryzae (Knuf et al., 2013). A. oryzae uncouples growth and malic 

acid production under stationary phase by utilizing the reductive cytosolic TCA branch from 

pyruvate. Engineered E. coli are also capable of secreting L-malic acid (Chi et al., 2016; West, 

2017). This strategy facilitates the consumption of glucose making it unavailable for the 

competing microbes (Knuf et al., 2013). The production of malic acid in cucumber juice 

inoculated with E. nimipressuralis 1.2.7E and L. adecarboxylata 3.2.10E also leads to a relative 

lower pH at 4.9 ± 0.3 and 5.0 ± 0.3, respectively as compared to the control at 5.9 ± 0.4 and the 

other Enterobacteriaceae (Table 5.3). Malic acid is a polyprotic acid and the first acidity 

constant (pKa) is at 3.4 at room temperature (Dawson et al., 1959). The production of malic acid 

by these bacteria may represent a mechanism to outcompete the other Enterobacteriaceae in the 

system, which may end up reducing the production of CO2. E. nimipressuralis 1.2.7E and L. 

adecarboxylata 3.2.10E produced the lowest amount of CO2 in CJM as well (Table 5.3). On the 

other hand, the malic acid produced can be potentially utilized by LAB in the fermentation and 

produce additional CO2 through malic acid decarboxylation. 

Ethanol was produced by Enterobacter cancerogenus 3.2.13E and Enterobacter cloacae 

3.2.8E (Table 5.6). Enterobacter spp. are known for producing ethanol from glycerol or as the 

result of a mixed-acid fermentation (Muller, 2001), in which the sugars are converted to pyruvate 

via glycolysis, and further catabolized to the alcohol as well as to lactic acid, acetic acid, succinic 
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acid, formic acid, CO2 and H2 (Ciani et al., 2008; Muller, 2001). Enterobacteriaceae are also 

known for producing succinic acid from the fermentation of sugars (Ciani et al., 2008; Muller, 

2001), and mixed-acid fermentation results in an equal amount of CO2 and H2 production via the 

formate-hydrogen-lyase complex (Ciani et al., 2008). Etchells et al. (1945) observed the 

production of CO2 and H2 in cucumber fermentations brined with 10% NaCl by Enterobacter 

aerogenes (then known as Aerobacter aerogenes). Such fermentations presented an unusually 

high incidence of bloater defect.  

The growth of Enterobacter cancerogenus 3.2.13E, Pantoea agglomerans 1.2.4E and 

Enterobacter nimipressuralis 1.2.7E is not inhibited in CJM by acidification to pH 6.0 ± 0.1 

regardless of the type of acid used (Table 5.4). The final optical density at λ630 of these cultures 

in the presence of AITC and HCl were higher than those in the unsupplemented cucumber juice 

and cover brine medium, indicating that AITC enhances the growth of Enterobacteriaceae in the 

presence of HCl at pH 6.0. However, the doubling times of the cultures in the CJM 

supplemented with potassium sorbate and acetic acid were principally longer than the doubling 

times of cultures in the unsupplemented cucumber juice and cover brine medium (Table 5.4) or 

in rich media used by other researchers (Table 5.1), implicating the use of a cover brine 

containing acetic acid would delay the growth of Enterobacteriaceae. These observations 

suggest that a cover brine formulation could be used to modulate the growth rate of 

Enterobacteriaceae indigenous to cucumber fermentations.  

Cucumber fermentations brined with AITC and HCl, a cover brine formulation that 

reduce the growth rate of Enterobacteriaceae in CJM, were not significantly changed by the 

inoculation of Enterobacter cancerogenus 3.2.13E or Pantoea agglomerans 1.2.4E. No 

substantial differences were observed in such fermentations on CO2 production, colony counts, 
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the fermentation biochemistry and changes in pH (Tables 5.5 and 5.6). However, the colony 

counts from VRBG, representing Enterobacteriaceae, indicate that such population was active 

pass 18 h of fermentation (Table 5.5). Although, the presence of the Enterobacteriaceae and the 

reduction of colony counts from VRBG coincided with an increase in colony counts from MRS 

agar, acid production was limited to about 13 mM, which represents 16% of the expected amount 

from the 47 mM sugars utilized by stoichiometry (Table 5.6). The fact that only 16% of the 

sugars was potentially converted to acids, suggest that respiration by the Enterobacteriaceae was 

the main metabolic activity in the system during the first 36 hours, which agrees with the 

production of CO2 in amounts above that expected from heterofermentation (about 2 mM) or 

malic acid decarboxylation (12 mM) (Table 5.6). The utilization of malic acid, as reflected in the 

fermentation biochemistry (Table 5.6), early in the fermentation would enable the efficient 

utilization of the citric acid cycle by Enterobacteriaceae, enhancing the production of CO2 by 

the pyruvate dehydrogenase complex. The die off of Enterobacteriaceae around 36 hours of 

fermentation may be related to the increasing acid concentration, a decreasing pH or the 

exhaustion of oxygen, a critical component of respiration. The experimental fermentations were 

conducted in closed jars, which would preclude the replenishment of oxygen beyond that 

originally dissolved in the cover brine and the cucumbers themselves. Commercial cucumber 

fermentations are subjected to air purging with the goal of displacing the CO2 produced during 

the fermentation. However, air purging could augment the production of CO2 by enabling the 

proliferation of Enterobacteriaceae for an extended period of time. A reduction in dissolved 

oxygen occurs in industrial cucumber fermentations (Pérez-Díaz et al., 2018). Thus, it is 

concluded that the metabolic activity of Enterobacteriaceae, respiration, enable them to compete 
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with the fermentative microbiota early in cucumber fermentations and produce CO2 that 

contributes to bloater defect.   

While it is evident that the presence of Enterobacteriaceae in cucumber fermentations 

positively relates with CO2 production, it was not feasible to determine the die-off rate for the 

bacterial family or the growth rate for LAB. Much less it was possible to determine the 

bifurcation point for the die off of the Enterobacteriaceae and growth of lactic acid bacteria or if 

the Enterobacteriaceae had a chance to grow or not. However, the facts that Enterobacteriaceae 

doubled every 4 to 7 hours in the CJM supplemented with AITC and acidified with HCl and 

doubled every 8 to 10 h in CJM alone (Table 5.4) instead of every 1 hour in the less toxic 

conditions documented by others (Table 5.1) suggest these bacteria are sensitivity to low pH, 

high acid concentrations or lack of oxygen in the medium. Additionally, such compromises 

could result in fluctuations in the amounts of CO2 contributed by this group of bacteria early in 

the fermentation which ends up causing bloater defect. The Enterobacteriaceae produce about 

13% CO2 after 18 h of fermentation and 36% after 36 h of the experimental fermentations 

(Figure 5.5), which corresponds to a bloater index of 3.3 ± 2.5 (Table 5.5). Together these 

observations suggest that Enterobacteriaceae can initiate the defect during the first few days of 

the fermentation; but would likely be not the only microbes or factor contributing to the defect. 

Substantially higher bloater index is frequently observed in laboratory and industrial cucumber 

fermentations.    

Acidification of cucumber fermentations brined with potassium sorbate do not inhibit 

Enterobacteriaceae. Zhai and Pérez-Díaz (2017) documented that cucumber fermentations 

brined with 100 mM CaCl2 and 6 mM potassium sorbate that were acidified to a pH of 4.7 with 

acetic acid harbored Enterobacteriaceae to a relative abundance of about 13% by day 3 of the 
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bioconversion and generated a bloater index of 25 ± 19 by day 10. Such bloater incidence was 

recorded in the absence of Leuconostocaceae (Zhai and Pérez-Díaz, 2017). This observation 

confirms the finding of this study and suggests that variabilities in the indigenous microbiota 

and/or fermentation cover brine composition could result in fluctuations on the production of 

CO2 in the system and the incidence of bloater defect.  

5.6. Conclusion 

Enterobacteriaceae show metabolic potential for producing CO2 via multiple catabolic 

reactions in a cucumber fermentation. Enterobacteriaceae are identified as a causative agent of 

bloater defect in cucumber fermentations capable of producing CO2, malic acid, succinic acid, 

and ethanol. The ability of Enterobacteriaceae to produce CO2 and cause bloater defect seems to 

be influenced by the indigenous microbiota and the fermentation conditions. LAB are likely to 

exclude Enterobacteriaceae in a cucumber fermentation, which impairs their ability to cause the 

defect. Supplementation of CJM with acetic acid and potassium sorbate can aid in delaying the 

proliferation of some Enterobacteriaceae, but seems to be insufficient to prevent them from 

producing CO2. Future studies are to define the conditions under which Enterobacteriaceae can 

cause bloater defect and develop strategies to consistently inhibit their growth in cucumber 

fermentations and the consequent bloater defect.  
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Table 5.1: Description of the bacterial cultures used in this study and their published generation time (doubling time). 

These cultures were isolated from VRBG inoculated with commercial cucumber fermentation cover brine samples and identified using 

16S rDNA sequencing as described by Pérez-Díaz and others (2018). Cultures marked with an asterisk were used for the experiment 

with CJM in vacutainers.  

Stock ID Isolate Identification  
Doubling Time 

Value Medium for growth Aerobic 
Incubation  Source (Reference) 

1.2.3E* Citrobacter freundii 50 min Heart Infusion Nutrient Broth  37 °C Sawai and others, 1977 

1.2.4EA Enterobacter kobei 30 min (E. aerogenes)             Rich Medium 

30°C 

Kelly and Rahn, 1932 
1.2.7E* Enterobacter 

nimipressuralis 30 min (E. aerogenes) 

1.2.10E Enterobacter cloacae 5.5 h 
Transformation and Storage 

Solution (TSS) medium 
Wimpenny 1988 

1.2.4EB* Pantoea agglomerans 3 h 

Bicarbonate-Buffered 
Medium supplemented 

with 10 mM acetate and 40 
mM solid Fe(OH)3 

Francis and others, 
2000 

1.2.16E* Pantoea ananatis 30 min (E. aerogenes)  
Rich Medium Kelly and Rahn, 1932 

1.8.5E Kluyvera cryocrescens 30 min (E. aerogenes) 

1.8.3E Serratia marcescens 42.8 min 
Millers Luria-Bertani (LB) 
medium supplemented with 

antibiotics 

Fedrigo and others, 
2011 

3.8.2E Enterobacter cloacae 5.5 h Transformation and Storage 
Solution (TSS) medium Wimpenny 1988 

3.2.8E* Enterobacter cloacae 5.5 h 

3.2.9E Enterobacter kobei 30 min (E. aerogenes) Rich Medium Kelly and Rahn, 1932 
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Table 5.2: Number of genes coding for a decarboxylation function within selected bacterial species. 

Data is presented as the % of number of genes within the species out of the total number of genome sequences corresponding to the 

same species. Thus, a putative gene copy number of 2 in each genome of a given species yields a 200%. Specific functions were 

scrutinized using the Enzyme Classification (EC) numbers as descriptor. 

Enzyme 
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No. (EC) 
Enzyme Name 
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Total No. of Genome Sequences Considered ► 59 57 26 8 33 37 3 1 8 61 
11
0 

5 4 

Carbohydrate Transport and Metabolism (COG Category G) 

4.1.1.85 
3-dehydro-L-gulonate-6-phosphate 
Decarboxylase 

17
3 

14
4 

10
4 

13
8 9 

10
3 0 

10
0 

12
5 67 0 0 0 

4.1.1.74 Indolepyruvate Decarboxylase 
10
0 91 96 

10
0 85 

10
3 

10
0 

10
0 

10
0 

20
5 0 0 0 

Energy Production and Conversion (COG Category C) 

4.1.1.49 Phosphoenolpyruvate Carboxykinase (ATP) 98 96 96 
10
0 85 

10
0 

10
0 

10
0 

10
0 

22
5 

10
4 

10
0 0 

1.2.3.3 Pyruvate Oxidase 0 0 0 0 0 0 0 0 0 0 
49
9 

30
0 

12
5 

1.1.1.38 
Malate Dehydrogenase (Oxaloacetate 
Decarboxylating) 

15
9 

14
7 

10
0 

10
0 85 97 67 

10
0 

11
3 98 

19
9 

20
0 

12
5 

Tricarboxylic Acid Cycle 

1.2.4.1 
Pyruvate Dehydrogenase (Acetyl Transferring) 95 98 

10
0 

10
0 85 

10
0 

10
0 

10
0 

10
0 

22
6 

19
8 

20
0 

22
5 
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Table 5.2 (Continued) 

2.3.1.12 
Dihydrolipoyllysine-residue Acetyltransferase 98 96 

10
0 

10
0 85 

10
5 

10
0 

10
0 

10
0 

10
5 99 

10
0 

15
0 

1.8.1.4 
Dihydrolipoyl Dehydrogenase 95 96 

10
0 

10
0 85 97 

10
0 

10
0 

10
0 

19
2 

10
1 

10
0 

10
0 

1.1.1.42 
Isocitrate Dehydrogenase (NADP+) 

25
6 96 

11
5 

10
0 91 

10
0 67 

10
0 

12
5 

11
5 0 0 0 

1.2.4.2 
Oxoglutarate Dehydrogenase (Succinyl-
Transferring) 97 95 

10
0 

10
0 85 

10
3 

10
0 

10
0 

10
0 97 0 0 0 

2.3.1.61 
Dihydrolipoyllysine-residue 
Succinyltransferase 95 98 

10
0 

10
0 85 97 

10
0 

10
0 

10
0 97 0 0 0 

Amino Acid Transport and Metabolism (COG Category E) 

4.1.1.20 Diaminopimelate Decarboxylase 98 98 
10
0 

10
0 88 97 

10
0 

10
0 

11
3 

14
9 

10
4 

10
0 

12
5 

2.2.1.6 Acetolactate Synthase 
57
5 

74
6 

78
5 

80
0 

42
4 

48
9 

70
0 

70
0 

63
8 

80
2 97 

10
0 

12
5 

4.1.1.50 Adenosylmethionine Decarboxylase 2 96 
10
0 

10
0 85 97 0 0 

10
0 97 0 0 0 

4.1.1.8 Oxalyl-CoA Decarboxylase 0 0 0 75 0 0 0 0 0 0 0 
10
0 0 

4.1.1.17 Ornithine Decarboxylase 
12
0 

19
5 

20
0 

20
0 85 

10
0 

20
0 

20
0 

13
8 

19
7 0 0 0 

4.1.1.86 Diaminobutyrate Decarboxylase 95 93 92 
10
0 

15
5 

19
7 

10
0 

10
0 

10
0 97 0 0 0 

4.1.1.15 Glutamate Decarboxylase 0 0 0 0 0 0 0 0 0 2 
10
5 0 0 

4.1.1.19 Arginine Decarboxylase 
19
3 

10
0 

10
0 

10
0 88 95 

26
7 

10
0 

10
0 95 0 0 0 

Nucleotide Transport and Metabolism (COG Category F) 

4.1.1.23 Orotidine-5'-phosphate Decarboxylase 95 96 
10
0 

10
0 85 97 

10
0 

10
0 

10
0 

10
0 97 

10
0 

10
0 

Coenzyme Transport and Metabolism (COG Category H) 

4.1.1.36 Phosphopantothenoylcysteine Decarboxylase 98 96 
10
0 

10
0 85 97 

10
0 

10
0 

10
0 93 98 

10
0 

12
5 
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Table 5.2 (Continued) 

4.1.1.98 
4-hydroxy-3-polyprenylbenzoate 
Decarboxylase 

27
6 

39
1 

40
0 

48
8 

17
9 

28
4 

50
0 

30
0 

40
0 

23
9 

19
7 

20
0 0 

4.1.1.37 Uroporphyrinogen Decarboxylase 
10
0 95 96 

10
0 85 95 

10
0 

10
0 

10
0 97 0 0 0 

4.1.1.11 Aspartate-1-Decarboxylase 93 96 
10
0 

10
0 82 95 

10
0 

10
0 

17
5 97 4 0 0 

4.1.1.87 Malonyl-S-ACP Decarboxylase 10 
14
4 

19
2 

20
0 

16
4 5 

20
0 

20
0 

17
5 3 5 

10
0 0 

Lipid Transport and Metabolism (COG Category I)  

2.3.1.39 Acyl-carrier protein / S-Malonyltransferase 
10
0 

19
3 

19
6 

20
0 

16
7 

10
3 

20
0 

20
0 

18
8 

10
0 

10
7 

20
0 

12
5 

4.1.1.65 Phosphatidylserine Decarboxylase 95 98 
10
0 

17
5 85 

10
0 

10
0 

10
0 

10
0 98 0 0 0 

 Secondary Metabolites Biosynthesis, Transport, and Catabolism (COG Category Q) 

4.1.1.5 Acetolactate Decarboxylase 0 91 92 
10
0 85 

10
0 0 

10
0 25 98 97 

10
0 

10
0 

4.1.1.68 
5-oxopent-3-ene-1,2,5-tricarboxylate 
Decarboxylase 10 95 96 

10
0 3 0 67 

10
0 

10
0 

19
5 0 0 0 

General Function Prediction Only (COG Category R) 

4.1.1.44 4-carboxymuconolactone Decarboxylase 98 25 23 0 
15
2 

19
5 

16
7 

20
0 

15
0 

12
0 

16
3 

32
0 0 
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Table 5.3: Metabolites (top), carbon dioxide (CO2) production (bottom) and final medium pH (bottom) in cucumber juice 

medium (CJM) inoculated with Enterobacteriaceae. 

The cultures were incubated in vacutainers at 30 °C for 48 hours. The data presented represent the averages and standard deviations of 

technical duplicates with the same experimental lot of cucumber juice prepared from size 2B (1.25 to 1.5” diameter) cucumbers. 

Levels not connected by the same letter are significantly different. Malic acid, glucose and fructose concentrations were at 14.6 mM, 

50.1 mM and 60.3 mM, respectively, in the CJM prior to fermentation.  

Inocula 
Remaining 
Malic Acid 

(mM) 

Fermentation Substrates 
Utilized (mM) Fermentation Products (mM) 

Glucose Fructose Lactic Acid Acetic Acid Succinic Acid Ethanol 
None (positive control) 14.6 ± 0.9 BDL BDL 1.0 ± 1.4 BDL BDL BDL 

Citrobacter freundii 1.2.3E 9.0 ± 8.5AB 15.0 ± 15.5ABC 7.0 ± 5.2A 7.1 ± 1.34A 12.4 ± 6.4A 10.0 ± 11.5A BDL 

 Enterobacter cancerogenus 3.2.13E 2.8 ± 1.34B 50.1 ± 0C 25.5 ± 13.1A BDL BDL 13.2 ± 2.2A 
22.0 ± 
0.5A 

 Enterobacter cloacae 3.2.8E 4.8 ± 2.6AB 48.4 ± 2.5BC 18.4 ± 3.2A 0.5 ± 0.7A 3.0 ± 1.4A 12.4 ± 3.4A 
21.8 ± 

0A 

 Pantoea ananatis 1.2.16E 3.6 ± 0.5B 30.3 ± 9.7BC 15.0 ± 5.0A 0.67 ± 1.0A BDL 14.5 ± 0.1A BDL 

Pantoea agglomerans 1.2.4E 7.6 ± 0.3AB 23.7 ± 9.1ABC 11.7 ± 4.0A 5.1 ± 2.4A 1.0 ± 1.4A 7.8 ± 3.4A BDL 

 Enterobacter nimipressuralis 
1.2.7E 26.6 ± 3.9AB 13.8 ± 10.2ABC 10.2 ± 1.4A 4.2 ± 4.4A 6.1 ± 4.7A 1.0 ± 1.3A BDL 

Leclercia adecarboxylata 3.2.10E 33.2 ± 16.5A 11.2 ± 16.1AB 5.7 ± 7.6A 7.4 ± 6.2A 8.4 ± 4.6A 1.2 ± 1.6A BDL 

Inocula Estimated mM of CO2 
Produced in the Cover Brine 

Final 
Fermentation pH 

None (positive control) 7.22 ± 0.14 5.9 ± 0.4 

Citrobacter freundii 1.2.3E 31.10 ± 15.57BC 4.9 ± 0.1B 

 Enterobacter cancerogenus 3.2.13E 171.58 ± 42.96A 5.5 ± 0.2AB 

 Enterobacter cloacae 3.2.8E 170.89 ± 0.83A 5.5 ± 0.3AB 

 Pantoea ananatis 1.2.16E 104.44 ± 0.28AB 5.2 ± 0.1AB 

Pantoea agglomerans 1.2.4E 93.33± 16.54ABC 5.8 ± 0.1A 
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Table 5.3 (Continued)   
 Enterobacter nimipressuralis 1.2.7E 16.85 ± 6.53C 4.86 ± 0.28B 

Leclercia adecarboxylata 3.2.10E 25.01± 26.69BC 5.04 ± 0.26AB 
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Table 5.4: Doubling time (h) of the Enterobacteriaceae, Enterobacter cancerogenus 3.2.13E, Pantoea agglomerans 1.2.4E and 

Enterobacter nimipressuralis 1.2.7E, in cucumber juice medium (CJM) prepared from blended size 3B (1.75 to 2.0 in. diameter) 

cucumbers alone or supplemented with a cover brine.  

Data of Enterobacter cancerogenus 3.2.13E and Pantoea agglomerans 1.2.4E growing in CJM and cover brines show the averages 

and standard deviations of 6 replicates with two independent lots of cucumber juice. Data of Enterobacter nimipressuralis 1.2.7E 

growing in CJM and cover brine show the averages and standard deviations of triplicates within one lot of cucumber juice. Cultures 

with no growth indicates doubling time of over 100 hours. Levels not connected by the same letter are significantly different. 

 

Isolates ID CJM without 
Cover Brine 

CJM and cover brine acidified with acetic acid to pH 6 
Without  

Preservative 
6 mM Potassium 

Sorbate 2 mM AITC 

Enterobacter cancerogenus 3.2.13E 8.51 ± 0.24A 10.09 ± 1.88A 23.60 ± 21.22A No Growth 

Pantoea agglomerans 1.2.4E 9.76 ± 0.33A No Growth No Growth No Growth 

Enterobacter nimipressuralis 1.2.7E 10.32 ± 0.17B 9.09 ± 0.40B 10.68 ± 1.37B 12.72 ± 2.00A 

 CJM and cover brine acidified with HCl to pH 6 

Enterobacter cancerogenus 3.2.13E 8.51 ± 0.24A 6.66 ± 2.91A 12.31 ± 8.79A 5.52 ± 0.75A 

Pantoea agglomerans 1.2.4E 9.76 ± 0.33B 12.16 ± 8.33AB 20.67 ± 11.44A 4.35 ± 0.77B 

Enterobacter nimipressuralis 1.2.7E 10.32 ± 0.17A 8.71 ± 0.89B 5.44 ± 0.29D 7.38 ± 0.55C 



 

 
 

191 

Table 5.5: Colony counts for presumptive Enterobacteriaceae, lactic acid bacteria and yeasts and molds from Violet Red Bile 

Glucose agar (VRBG), deMan, Rogosa and Sharpe agar (MRS), and Yeasts and Molds agar supplemented with antibiotics 

(YMA), respectively, from cucumber slurry samples collected from 18 and 36-h old fermentations that had been inoculated with 

Enterobacteriaceae. 

The bloater index (BI) determined for each fermentation after 18 and 36 h of packing is also shown. The data presented are the 

averages and standard deviations of independent triplicates with three lots of size 2B (1.25 to 1.5 in. diameter) cucumbers. Levels not 

connected by the same letter are significantly different. 

Inocula Inoculation Level 
(Log CFU/mL) 

Colony Counts (Log CFU/mL) Bloater 
Index VRBG MRS YMA 

18 hours  
None (Positive Control)  0 4.7 ± 0.5A 6.5 ± 0.1A BDL 0A 

Enterobacter cancerogenus 3.2.13E 2 4.1 ± 0.7A 6.6 ± 0.2A BDL 1.3 ± 2.3A 

Enterobacter cancerogenus 3.2.13E 4 4.3 ± 0.5A 6.5 ± 0.3A BDL 0A 

Pantoea agglomerans 1.2.4E 2  3.8 ± 0.5A 6.5 ± 0.2A BDL 0A 

Pantoea agglomerans 1.2.4E 4 4.4 ± 0.2A 6.5 ± 0.2A BDL 0A 

36 hours  
None (Positive Control)  0 3.5 ± 0.7A 7.5 ± 0.2A BDL 3.1 ± 2.7A 

Enterobacter cancerogenus 3.2.13E 2 0.9 ± 1.5A 6.9 ± 0.2A BDL 3.3 ± 2.0A 

Enterobacter cancerogenus 3.2.13E 4 1.1 ± 1.9A 6.9 ± 0.1A BDL 2.2 ± 1.4A 

Pantoea agglomerans 1.2.4E 2 3.3 ± 2.9A 7.3 ± 0.1A BDL 3.4 ± 2.7A 

Pantoea agglomerans 1.2.4E 4 1.0 ± 0.9A 7.5 ± 0.3A BDL 5.1 ± 2.8A 
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Table 5.6: Fermentation metabolites in blended cucumbers collected from 18 or 36-h old cucumber fermentations inoculated 

with Enterobacteriaceae.  

The data presented represent the averages and standard deviations of independent triplicates with three lots of size 2B (1.25 to 1.5 in. 

diameter) cucumbers. Levels not connected by the same letter are significantly different. Malic acid, glucose and fructose 

concentrations were 20.65 ± 1.38 mM, 59.99 ± 4.85 mM and 66.83 ± 7.00 mM, respectively, in the fresh cucumbers. Enterobacter 

cancerogenus 3.2.13E and Pantoea agglomerans 1.2.4E were used for this experiment. No ethanol production was observed.  

Inoculation Level 
(Log CFU/mL) & 

Culture 

Utilization of Fermentation Substrates (mM) Fermentation Products (mM) Estimated mM of 
CO2 produced in 

the headspace Malic Acid Glucose Fructose Lactic Acid Acetic Acid 

18 h Incubation 
2 & 3.2.13E  3.39 ± 0.82A 9.30 ± 4.18A 7.76 ± 1.57A 2.21 ± 1.55B BDL 31.43 ± 2.01B 

4 & 3.2.13E  4.55 ± 2.13A 7.77 ± 4.20A 4.96 ± 0.48A 0.93 ± 0.81B BDL 30.06 ± 0.82B 

2 & 1.2.4E  4.68 ± 2.21A 3.39 ± 3.41A 2.24 ± 2.94A 2.59 ± 1.51B BDL 30.12 ± 1.94B 

4 & 1.2.4E 4.14 ± 1.30A 7.89 ± 0.72A 5.25 ± 1.77A 2.53 ± 1.83B BDL 29.33 ± 5.11B 

None 4.57 ± 1.05A 3.89 ± 1.22A 0.87 ± 1.66A 1.56 ± 0.50B BDL 24.35 ± 2.30B 

36 h Incubation 
2 & 3.2.13E  13.33 ± 1.64B 24.72 ± 3.08B 22.47 ± 2.58BC 11.65 ± 2.84A 1.48 ± 2.57A 78.75 ± 6.22A 

4 & 3.2.13E  12.22 ± 1.65B 30.32 ± 4.70B 28.39 ± 1.59C 13.67 ± 2.12A 2.04 ± 3.54A 77.70 ± 4.62A 

2 & 1.2.4E  13.06 ± 0.80B 26.72 ± 3.36B 24.41 ± 2.00BC 12.00 ± 1.86A 2.09 ± 3.63A 80.45 ± 7.37A 

4 & 1.2.4E 11.32 ± 1.93B 22.28 ± 6.97B 20.50 ± 4.88BC 11.90 ± 1.18A 1.86 ± 3.21A 84.25 ± 9.06A 

None 10.86 ± 2.69B 22.56 ± 7.51B 19.91 ± 4.59B 10.79 ± 3.58A 1.93 ± 3.34A 68.13 ± 10.47A 
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Figure 5.1: Growth of Enterobacteriaceae in cucumber juice medium (CJM) prepared 

from blended size 3B (1.75 to 2.0 in. diameter) cucumbers and incubated at 30 °C using a 

96-well plate. The data shown are the averages and standard deviations of duplicates within the 

same experimental lot of cucumber juice. Cultures that grew to a cell density of 2.0, between 2.0 

and 1.0 and below 1.0 are shown on the left, middle and right panels. 
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Figure 5.2: CO2 production and growth of Enterobacteriaceae in CJM prepared from 

blended size 3B (1.75 to 2.0 in. diameter) cucumbers. The bacteria were inoculated to 2.0 ± 

0.4 Log CFU/mL marked in the horizontal black line (־). The following treatments are included: 

Uninoculated CJM control ( ), Citrobacter freundii ( ), Enterobacter cancerogenus ( ), 

Enterobacter cloacae ( ), Pantoea ananatis ( ), Pantoea agglomerans ( ), Enterobacter 

nimipressuralis ( ) and Leclercia adecarboxylata ( ). The data shown are the averages and 

standard deviations of duplicates within the same experimental lot of cucumber juice. 
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Figure 5.3: Survival or inhibition of Enterobacteriaceae in CJM supplemented with a 

CaCl2 cover brine and preservatives. The media supplemented with no preservative, 6 mM 

potassium sorbate or 2 mM allyl isothiocyanate (AITC) are represented in the same order in in 

each panel from left to right. Data collected from the media acidified with 20% acetic acid or 

hydrochloric acid are shown on the top panel and bottom panel, respectively. Data of 

Enterobacter cancerogenus 3.2.13E (blue) and Pantoea agglomerans 1.2.4E (orange) show the 

averages and standard deviations of 6 replicates with two independent lots of cucumber juice. 

Data of Enterobacter nimipressuralis 1.2.7E (gray) show the averages and standard deviations of 

triplicates within one lot of cucumber juice. Control samples (yellow) constituted non-inoculated 

CJM. 
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Figure 5.4: Changes in metabolites during growth of Enterobacteriaceae in cucumber juice 

medium (CJM) prepared from blended size 3B (1.75 to 2.0 in. diameter) cucumbers in 

vacutainers. The following treatments are included: Uninoculated CJM control ( ), Citrobacter 

freundii ( ), Enterobacter cancerogenus ( ), Enterobacter cloacae ( ), Pantoea ananatis ( ), 

Pantoea agglomerans ( ), Enterobacter nimipressuralis ( ) and Leclercia adecarboxylata ( ). 

Only Enterobacter cancerogenus 3.2.13E and Enterobacter cloacae 3.2.8E produced 20 mM 

ethanol at 48 hours in CJM (data not shown). The data shown are the averages and standard 

deviations of within the same experimental lot of cucumber juice.   
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Figure 5.5: Changes in pH and CO2 formation in cucumber fermentations inoculated with 

Enterobacteriaceae to 2 or 4 Log CFU/mL. The data presented represent the averages and 

standard deviations of triplicates with 3 independent lots of size 2B (1.25 to 1.5 in. diameter) 

cucumbers. Treatments included the inoculation of CJM with Enterobacter cancerogenus 

3.2.13E ( , ) or Pantoea agglomerans 1.2.4E ( , ) to 2 ( , ) or 4 ( , ) Log CFU/mL 

and a non-inoculated control ( ). The data shown are the averages and standard deviations of 

triplicates with three independent lots of size 2B (1.25 to 1.5 in.) cucumbers.   
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6.1. Abstract 

Fermented cucumber bloater defect, caused by the accumulation of microbially produced 

carbon dioxide (CO2), creates significant economic losses for the pickling industry. The ability 

of Leuconostocaceae, indigenous to cucumbers, to grow and produce CO2 during a fermentation 

and cause bloater defect was evaluated. Leuconostocaceae grew and produced up to 50% CO2 in 

cucumber juice medium (CJM), used as a model of cucumber fermentations. The inoculation of 

Leuconostocaceae in cucumber fermentations brined with 25 mM CaCl2 and 6 mM potassium 

sorbate to 105 CFU/g resulted in no significant differences in bloater defect, colony counts from 

MRS and VRBG agar plates or the fermentation biochemistry; suggesting an inability of the 

bacterial species to prevail in the bioconversion. Acidified cucumbers were subjected to a 

fermentation supplemented with a Leuconostoc lactis 1.2.28 starter culture after raising the pH to 

5.9 ± 0.4. CO2 was produced in the acidified cucumber fermentations to 13.6 ± 3.5 % yielding a 

bloater index of 21.3 ± 6.4; while 8.6 ± 0.8 % CO2 and a bloater index of 5.2 ± 5.9 were 

observed in the non-inoculated control jars. Together the data collected demonstrate that 

Leuconostocaceae can produce enough CO2 to contribute to bloater defect, if not outcompeted 

by the leading lactic acid bacteria in a cucumber fermentation. 

Keywords: bloater defect; CO2 production; Leuconostocaceae; cucumber fermentation 
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6.2. Introduction  

Bloater defect commonly occurs in cucumber fermentations (Corey and others 1983) and 

causes serious economic losses to the pickling industry (Fleming and others, 1973a). Bloater 

defect is defined as the formation of gas pockets inside the fruit with lesions resembling 

honeycomb, lens or balloon shapes (Etchells and others 1974). A model for the mechanism by 

which bloater defect occurs was proposed by Fleming and Pharr in 1980. Such model suggests 

the movement and diffusion of gas, mostly CO2, from the cover brine to the fruit due to the 

differences in gas solubility and concentration among the fruit and cover brine. The diffusion of 

gas into the tissue eventually forms hollow cavities in the cucumbers (Fleming and Pharr 1980, 

Etchells and others 1968; Fleming and others 1973b). CO2 production by the indigenous 

microbiota in cucumber fermentation is observed to be the major cause of bloater defect (Jones 

and others, 1941, Etchells and Jones, 1941). 

The main sources of microbial diversity on the cucumber exocarp are the irrigation water, 

the soil, preprocessing washing water and processing equipment upon harvest (Pérez-Díaz and 

others 2017, Etchells and Goresline, 1940). The current understanding is that besides 

Enterobacteriaceae, lactic acid bacteria (LAB) are naturally present in cucumber fermentations, 

including the hererofermentative ones Weissella cibaria, W. hellenica, Leuconostoc 

mesenteroides, Lc. lactis, Enterococcus casseliflavus and Lb. brevis and the homofermentative or 

facultative heterofermentative ones Pediococcus pentosaceous, Lb.plantarum and Lb. pentosus 

(Chen and others 2012, Pérez-Díaz and others 2017).  

Microbes implicated in bloater defect include Enterobacter spp. in combination with 

yeasts and the facultative heterofermentors Lactobacillus plantarum and L. pentosus able to 

decarboxylate malic acid (Etchells and Bell, 1950; Etchells and others 1968; Fleming and others, 
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1973a, 1973b; McFeeters, Fleming and Daeschel, 1984; McFeeters, Fleming and Thompson, 

1982, McDonald and others, 1991). Leuconostoc species are present in cucumber fermentations 

brined with 6% NaCl on days 1 and 3, including Lc. mesenteroides, Lc. fallax, Lc. citreum and 

Lc. holzapfelii (Pérez-Díaz and others 2017). Weissella mesenteroides and W. cibaria overlap 

Leuconostoc spp. until Lactobacillaceae prevailed on day 7 (Pérez-Díaz and others 2017). The 

indigenous Leuconostocaceae to cucumber fermentations have been implicated in CO2 

production and bloater defect (Zhai and others, 2019a).  

The Leuconostocaceae are a family of Gram-positive bacteria, including Fructobacillus, 

Leuconostoc, Oenococcus and Weissella, that usually grow in nutrient-rich environments, 

including the vegetable products (Björkroth and Holzapfi, 2006). Leuconostocaceae cells are 

mostly ellipsoidal to spherical, often elongated, except Weissella cells that are either short rods 

with rounded tapered ends or ovoid and occur in pairs or in short chains. Leuconostocaceae grow 

in glucose medium and appear morphologically closer to lactobacilli than to streptococci. Some 

strains may produce additional acetate instead of ethanol in the presence of oxygen (Holzapfel 

and others, 2009). Leuconostoc spp. are known to be non-acidophilic and prefer to grow at pH 

6.5, even though their growth may proceed at pH 4.5. These species are also sensitive to NaCl 

concentrations at/or slightly below 6.5% (deVos and others 2009; De Bruyne and others, 2007). 

A previous study by Zhai and others (2019a) correlated the indigenous 

Enterobacteriaceae, Leuconostocaceae and Lactobacillaceae to cucumber fermentation with 

CO2 production and bloater index. The study demonstrated that bloater defect occurs in 

cucumber fermentations as early as day 2 in the presence of Enterobacteriaceae and 

Leuconostocaceae. The dominance of Lactobacillaceae later in the fermentation further 

increases CO2 production and increases bloater defect (Zhai and others, 2019a).  
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This study aims at understanding the role of Leuconostocaceae in bloater defect. The 

ability of Leuconostocaceae to grow and produce CO2 in cucumber juice medium, a model 

system for the fermentation of the fruit, was tested. Selected Leuconostocaceae were used as 

starter cultures for cucumber fermentation to understand their ability to contribute CO2 and cause 

bloater defect. Acidified fermentations with an adjusted pH of 5.9 ± 0.4 were also inoculated 

with Leuconostocaceae to define the potential to cause bloater defect in a habitat with reduced 

microbial competition.  

 

6.3. Materials and Methods  

6.3.1 Bacterial cultures and cucumber juice medium preparation 

Cucumber juice medium (CJM) was prepared from blending size 3B (1.75 to 2.0” 

diameter) fresh pickling cucumbers for 60 seconds at maximum strength using a commercial 

blender assembly (Waring Co., Torrington, CT). The blended slurries were filter-sterilized using 

a 0.2 µm filtration unit (Nalgene®-Rapid Flow™, Thermo Scientific, Santa Clara, CA). The 

Leuconostocaceae cultures used in this study are listed in Figure 6.1. These cultures were 

isolated from colonies that were selected from Lactobacilli deMan, Rogosa and Sharpe (MRS) 

plates inoculated with commercial fermentation cover brine samples. Such fermentations were 

brined with 6% NaCl. The cultures were identified as described by Pérez-Díaz and others (2017). 

The cultures were transferred from frozen species to MRS agar (catalog no. 288130; DifcoTM, 

Becton Dickinson and Co., Franklin Lakes, NJ, U.S.A.) prior to the inoculation of the 

experimental CJM. MRS agar plates were incubated for 48 hours at 30 °C under static 

conditions. The colonies grown on MRS plates were inoculated into MRS broth for 24 hours. 

The inocula were re-suspended in 0.85% sodium chloride (NaCl) solution after centrifugation at 
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10,000 rpm for 10 min at room temperature (Eppendorf Centrifuge 5810R, Fisher Scientific, 

Fremont, CA).  

6.3.2 Growth of Leuconostocaceae in cucumber juice medium (CJM) 

A 96-well plate format was used to conduct this experiment. Aliquots of 20 µL of the inocula at 

an estimated concentration of 103 CFU/mL, were added to 180 µL of CJM for a total of 200 µL 

per well to achieve an inoculation level of 102 CFU/mL. Absorbance was monitored using a 

tungsten halogen light source from a photodiode detector during incubation using an ELx808 

Absorbance Microplate Reader (BioTek, Winooski, VT). The plate was incubated at 30 °C for 

96 hs (4 days). The optical density at 630 nm was measured for each well every h to obtain 

bacterial growth curves and determine the log and stationary phases of growth (Figure 6.1).  

6.3.3 Production of CO2 by Leuconostocaceae in CJM 

The ability of the five selected cultures of Leuconostocaceae to produce CO2 was 

observed in CJM contained in vacutainers (BD, Franklin Lakes, NJ). The Leuconostocaceae 

were inoculated in 4 mL of sterile CJM to 2.5 ± 0.2 log CFU/mL using aseptic techniques. The 

cultures were incubated at 30 °C for 36 hours under static conditions. The incubation length and 

sampling times of 9, 12, 14, 18, 24 and 36 hours were selected based on the growth curves 

shown in Figure 6.1. The cultures were transferred from MRS agar plates to MRS broth prior to 

inoculating the CJM. The MRS broth cultures were incubated at 30 °C for 24 hours under static 

conditions. The MRS broth cultures were subjected to centrifugation to discard the supernatant 

and resuspension in the same CJM that was used in the vacutainers. Each culture was diluted as 

needed to inoculate the CJM contained in a vacutainer to 2.5 ± 0.2 log CFU/mL. One mL liquid 

samples were taken through the Hemogard closure of the vacutainer (Pulmolab, 10 ml, BD 



 

 
 

209 

#366643, Northridge, CA) using a sterile syringe equipped with a Luer-Lok Tip and BD 

PrecisionGlide needle (BD, Franklin Lakes, NJ) for pH and HPLC measurements at each 

sampling time (Tables 6.1 and 6.2). The pH for each collected liquid sample was measured with 

an Accumet pH meter (cat. 13-636-AR25B, Accumet™ AR25 pH/mV/°C/ISE, Fisher 

Scientific™, Hampton, NH) equipped with a thin gel filled probe (cat. 13-620-290, Fisher 

Scientific™, Hampton, NH), prior to storage at -20 °C for further HPLC analysis. The 

supernatants of the samples for HPLC analysis were obtained by centrifuging at 12,000 rpm for 

10 min (Brushless Microcentrifuge, Denville 260D, Denville Scientific, Inc., Holliston, MA) at 

22 °C. The method for HPLC analysis is described below. An additional 1 mL sample was 

collected from each vacutainer for determining colony counts on Lactobacilli deMan, Rogosa 

and Sharpe agar (MRS) agar plates (Figure 6.2). The amount of CO2 formed in each vacutainer 

was measured from the remaining 2 mL of culture in each vacutainer as described by Zhai and 

others (2017). CO2 concentrations were recorded in percent (%) and were converted to mM in 

Table 6.1 using the unit conversion curve as described by Zhai and others (2019a; Figure 4.1). 

The total number of vacutainers including duplicates with the same experimental lot of CJM for 

the 5 culture treatments and 1 uninoculated control was 72. One vacutainer inoculated with each 

culture was sacrificed at each of the 6 sampling times.   

6.3.4 Enhancement of CO2 production and bloater defect in cucumber fermentation by 
Leuconostocaceae 

Cucumbers were fermented in closed and sterilized jars with a cover brine containing 25 

mM calcium chloride (CaCl2), 20.2 mM calcium hydroxide (Ca(OH)2) and 6 mM potassium 

sorbate, at equilibrium, with an initial adjusted pH of 6.0 ± 0.1 in a 50:50 pack-out ratio (w/w). 

The pH was adjusted with 20% acetic acid as vinegar. The amount of acetic acid needed for pH 
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adjustment were determined by titrating 100 mL of cucumber slurries from the same 

experimental cucumber lot and 100 mL of the experimental cover brine. Potassium sorbate was 

included in the cover brine formulation to prevent the growth of yeasts indigenous to cucumber 

fermentations (Etchells and others, 1968) and eliminate the production of CO2 by the eukaryotes. 

Leuconostocaceae were inoculated to 105 CFU/mL to simulate the intrinsic levels in fresh 

cucumbers. They were transferred to cucumber juice from MRS agar plates prior to the 

inoculation of the jar for pre-adaptation. The cultures were incubated in MRS broth at 30 °C for 

24 hours, and were subjected to centrifugation and suspended in CJM prior to inoculation to 

cucumber fermentations. The fermentation jars were incubated at 30 °C and samples were 

collected after 18 and 36 hours of incubation. Six jars with three independent lots of cucumbers 

were packed per treatment so that 3 jars could be sacrificed at each sampling time. CO2 was 

measured from the headspace at each sampling time by inserting the sampling needle of the 

Map-Pak Combi Gas Analyzer (AGC Instruments, Co., Clare, Ireland) through the rubber septa 

installed on the jar lid and initiating the detection on the instrument (Table 6.4 and Figure 6.3). 

Cucumbers were aseptically cut longitudinally to assess bloater defect at each sampling time as 

described by Zhai and Pérez-Díaz (2017) (Table 6.3). Cucumber slurries were prepared without 

the cover brine for microbiological and chemical analysis. The cucumbers were aseptically 

blended using a commercial blender assembly for 60 seconds at maximum strength (Waring Co., 

Torrington, CT). The blended cucumbers were homogenized at medium strength for 30 seconds 

using a Stomacher 400 (Tekmar Company, Cincinnati, OH) and filtered for sampling using a 

filtered homogenization bag equipped with a side filter of 250 µm porosity (Interscience 

Laboratories Inc, Woburn, MA). The colony counts for presumptive Lactobacilli, yeasts and 

molds, Enterobacteriaceae and total viable and culturable microbes were determined for fresh 
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and fermented cucumber samples by plating on Lactobacilli deMan, Rogosa and Sharpe agar 

(MRS) supplemented with 10 mL cycloheximide (0.1% solution) (SRO222C, Oxoid Ltd, 

Basingstoke, Hants, England) per 1 L MRS, Yeasts and Molds agar with Antibiotics (0.04% 

chloramphenicol and 0.04% chlortetracycline) (YMA), Violet Red Bile Glucose agar (VRBG) 

and Brain Heart infusion agar (BHI), respectively using an Eddy Jet 2W spiral plater (IUL 

Instruments, Barcelona, Spain). The MRS agar plates were supplemented with cycloheximide to 

exclude the growth of yeasts and molds under the aerobiosis. The VRBG plates were incubated 

at 37 °C for 24 hours, while the YMA and MRS plates were incubated at 30 °C for 48 hours and 

the BHI at 30 °C for 24 hours prior to enumerating colonies. Colonies were enumerated using a 

Flash & Go Automated Colony counter (Neutec Group, Inc., Barcelona, Spain) (Table 6.3).  

The pH was measured from homogenized samples as described above. Samples collected 

for HPLC analysis were frozen at -20 °C and completely thawed at 22 °C for at least 4 hours. 

Two freeze-thaw cycles were applied to the samples to enable the equilibration of metabolites 

between the plant material and the juice. The supernatants of samples for HPLC analysis were 

obtained by centrifuging at 12,000 rpm for 10 min (Brushless Microcentrifuge, Denville 260D, 

Denville Scientific, Inc., Holliston, MA) at 22 °C. Quantification of organic acid and sugars were 

done using the HPLC method published by McFeeters and Barish (2003) using an Aminex 300 x 

7.8 mm HPX-87H resin column (Bio-Rad Laboratories, Hercules, CA) for the separation of 

components with some modifications. The operating conditions of the system included a column 

temperature of 65 °C and a 0.01 N H2SO4 eluent set to flow at 0.9 mL/min. A SPD- 20A UV-vis 

detector (Shimadzu Corporation, Canby, OR) was set at 210 nm at a rate of 1 Hz to quantify 

malic acid and succinic acid. A RID-10A refractive index detector (Shimadzu Corporation) 

connected in series with the diode array detector was used to measure lactic, acetic acid, glucose, 
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fructose and ethanol. The external standardization of the detectors was done using 8 gradient 

concentrations of the standard compounds (data not shown). The compound concentration for the 

samples was calculated based on the height peak of each compound in the chromatograph as 

compared to the corresponding compounds on the standard curves at specific retention times 

using the LabSolutions workstation (Shimadzu Corporation, Canby, OR).  

6.3.5 Bloater defect and CO2 production by Leuconostoc lactis 1.2.28 in controlled 
cucumber fermentations 

Size 2B (1.25 to 1.5” diameter) cucumbers of 3 lots were used for these fermentations. 

Fresh cucumbers were blended as described above upon receiving and plated on MRS (with 10 

mL 0.1% cycloheximide per liter), Yeasts and Molds agar with Antibiotics (0.04% 

chloramphenicol and 0.04% chlortetracycline) (YMA) and VRBG to obtain the initial colony 

counts for LAB, yeasts and molds, and Enterobacteriaceae, respectively. Plating and colony 

enumeration were done as described above. Cucumbers were packed in jars (16 cucumbers in 

each jar) with a cover brine formulated to contain 25mM CaCl2 and 6 mM potassium sorbate at 

equilibrium. The cover brine also contained enough acetic acid added as 20% vinegar to adjust 

the initial pH to 3.3 to 3.3 ± 0.1. The amount of acetic acid needed was determined by scaling up 

proportionally the amount of acetic acid needed to titrate 100 mL of cucumber slurries from the 

same experimental cucumber lot and 100 mL of the experimental cover brine. 553.10 ± 28.70 

mM acetic acid (calculated from the average of all jars) was added to each jar at equilibrium on 

day 4 after packing the jars for pH adjustment. The initial pH was adjusted to 3.3 ± 0.1 to inhibit 

and eliminate the indigenous acid-sensitive microbiota in the fresh cucumbers (Franco and 

Pérez-Díaz, 2013). The final pH in a cucumber fermentation is usually at 3.3 to 3.5, indicating 

the die-off of most microbes including the acid-tolerant Lactobacillus plantarum (Zhai and 
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others 2018). The jars were vacuum sealed with metal lug lids that were boiled for 15 seconds to 

prevent leakage of the gas to be produced. The center of the jar lid was hole-punched and 

equipped with a 12 mm rubber septa that fitted in the hole, for sampling using a syringe equipped 

with a Luer-Lok Tip and BD PrecisionGlide needle (BD, Franklin Lakes, NJ). Jars were 

incubated at 30 °C for 3 days to enable the equilibration of the cucumber and cover brine 

components to pH 3.3. During the equilibration period, additional cucumbers were blended and 

mixed with the fermentation cover brine to conduct titrations with Ca(OH)2 and determine the 

amount needed to raise the pH back to 5.9, so that Leuconostocaceae could proliferate upon 

inoculation. Leuconostoc mesenteroides is more acid sensitive than Lactobacillus plantarum and 

stops growing at an intracellular pH of 5.4 to 5.7 (McDonald and others 1990). Therefore, a 

fermentation pH slightly above 5.4 was expected to permit the growth of Leuconostoc species. 

One cucumber and the equivalent weight of cover brine were retrieved from each jar using 

aseptic techniques to determine microbial counts after equilibration on Day 4 of post-packing to 

confirm the inhibition or elimination of the indigenous microbiota. The brined cucumbers and 

cover brine were blended and homogenized prior to plating on VRBG, MRS, YMA and BHI 

media as described above. Ca(OH)2 was added to each jar to the pre-determined concentrations 

and the jars were incubated for 3 additional days to enable equilibration at 30 °C before 

inoculation. Leuconostoc lactis 1.2.28 was grown in MRS broth for 24 hours at 30 °C to 

approximately 108 CFU/mL prior to centrifugation, suspension in CJM for the inocula 

preparation. The inocula were diluted accordingly with CJM and inoculated to 105 CFU/mL in 

the 3 treatment jars, each containing an independent lot of cucumbers. No cultures were 

inoculated into the control jars. An additional 50 mL, 110 mL and 105 mL of 3.33 mol/L acetic 

acid were added to the inoculated jars containing cucumbers from Lots 1, 2 and 3, respectively in 
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order to re-adjust the pH to 5.9 due to the insolubility of Ca(OH)2 in the cover brine. Similarly, 

an additional 50 and 78 mL of 3.33 mol/L acetic acid were added to the non-inoculated control 

jars packed with cucumbers from Lots 1 and 3 for pH re-adjustment, respectively. All jars were 

re-capped with lids equipped with a 12 mm rubber septa to enable sampling with a syringe and 

needle assembly as described above. Daily CO2 measurements were obtained from the headspace 

of the jars using the Map-Pak Combi Gas Analyzer. The cucumber fermentations were stopped 

on Day 7 after inoculation, to collect samples for biochemical and microbiological analyses and 

assess bloater defect, when no more CO2 production increase was detected from the headspace 

measurements (Table 6.5). Cover brine samples were collected through the rubber septa on the 

lids with a syringe and needle assembly (BD, Franklin Lakes, NJ) and transferred to vacutainers 

for CO2 measurements using the method as described above (Zhai and Pérez-Díaz 2017). The 15 

fruits left in each jar were aseptically cut longitudinally for bloater defect assessment. The 

samples of the cut cucumbers and cover brine (in a 1:1 ratio w/w) were collected from each 

treatment for blending, homogenizing and plating on VRBG, MRS, YMA and BHI plates as 

described above. pH measurement was made from the homogenate of the cucumber and cover 

brine slurries for each sample and stored at -20 °C until HPLC analysis conducted as described 

above. The HPLC data were processed as described above. The final acetic acid production 

presented in Table 6.5 was calculated by deducting the total amount of the acetic acid added for 

pH adjustment.  

6.3.6 Statistical analysis 

The significant differences among the treatments were determined by LSMeans Tukey 

HSD using JMP Pro 12 (SAS Institute, Inc., Cary, NC). A difference between treatments based 

on date was considered and the interactions between treatments and sampling times were 



 

 
 

215 

assessed. For all data sets, means denoted by different letters are statistically significantly 

different P	 ≤ 0.05 (ANOVA).  

6.4. Results and Discussion 

6.4.1 Growth of Leuconostocaceae in CJM and CO2 production 

Most Leuconostocaceae reached maximum cell densities in CJM by 12 to 20 hours, with 

maximum cell densities at ODλ630 ranging from 0.8 to 1.8 (Figure 6.1). Five representative 

cultures with different growth patterns were selected for assessment of CO2 production in CJM 

contained in vacutainers. Leuconostoc lactis 1.2.28 and Leuconostoc holzapfelii 3.8.12 produced 

over 40% (equivalent to 100 mM) CO2 in CJM (Figure 6.2 and Table 6.1). The remaining three 

Leuconostocaceae, Weissella cibaria 3.8.44, Leuconostoc fallax 1.2.22 and Leuconostoc 

mesenteroides 1.2.47 produced an average of 30% (estimated at 61 mM) CO2 (Table 6.1 and 

Figure 6.2). The amount of CO2 produced by the Leuconostocaceae in CJM are 2 to 3 times the 

amount needed to cause bloater defect. Bloater defect occurs when 12% (estimated at 28 mM) 

CO2 is present in the jars (Zhai and others, 2019a). No significant differences among cultures 

were observed by the end of the fermentation in CJM in terms of the pH and colony counts from 

MRS agar plates (Tables 6.1 and 6.2, Figure 6.2). Table 6.1 shows that most Leuconostoc species 

ceased growing at an average pH of 3.9 ± 0.1, while Weissella cibaria stopped at a pH of 4.3. 

These observations are in line with those made by De Bruyne and others (2007) in respect to Lc. 

holzapfelii growing to pH 3.9.  

Table 6.2 shows the biochemistry of the fermentation by Leuconoctocaceae in CJM. 

Most of the cultures utilized malic acid, except Leuconostoc fallax 1.2.22. Malic acid 

degradation protects LAB, particularly Lactobacillus plantarum, from low pH stress (Garcia and 

others 1992). Leuconostoc lactis 1.2.28 and Leuconostoc holzapfelii 3.8.12 produced the highest 
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amount of lactic acid at 43.9 ± 2.7 mM. An average of 28.1 ± 1.5 mM acetic acid was produced 

by Leuconostoc holzapfelii 3.8.12 and Leuconostoc mesenteroides 1.2.47 in CJM (Table 6.2). 

Leuconostoc lactis 1.2.28, Leuconostoc holzapfelii 3.8.12 and Leuconostoc mesenteroides 1.2.47 

exhausted the glucose; Leuconostoc lactis 1.2.28 had about 22 mM of fructose left while 

Leuconostoc fallax 1.2.22 used more fructose than glucose (Table 6.2). While Weissella cibaria 

3.8.44 produced 20 mM ethanol, it did not complete the fermentation in CJM in 36 hours. 

Leuconostoc lactis 1.2.28, was the only other ethanol producer and did not produce acetic acid 

above 10 mM. This observation is similar to the nominal production of acetic acid and ethanol in 

cucumber fermentations (Zhai and others, 2019a). The fact that Leuconostocaceae can produce 

no more than 28 mM acetic acid and 25 mM ethanol in CJM suggests that these microbes are 

likely minimally contributing these compounds to the fermentation. Heterofermentation by 

Leuconostocaceae is likely limited by the medium acidification to 3.9 from the acid production, 

which prohibits growth. Leuconostoaceae show no preference for glucose or fructose utilization 

from the CJM to produce succinic acid, lactic acid and acetic acid (Table 6.2). 

Weissella cibaria 3.8.44, Leuconostoc holzapfelii 3.8.12 and Leuconostoc mesenteroides 

1.2.47 produced from 7 to 13 mM succinic acid (Table 6.2). Succinate is produced via the 

reductive tricarboxylic acid (TCA) cycle which is affected by pH, temperature, the concentration 

of H2, CO2, carbon, nitrogen sources and the metal ions available in the growth medium 

(Andriani and others 2019, Agarwal and others 2007). Although the production of succinic acid 

is nominal, it seems likely that Leuconotoc species can ferment the glucose and fructose 

naturally present in cucumbers to a mixture of formate, acetate, lactate and succinate, 

anaerobically, by converting the central intermediate phosphoenolpyruvate (PEP) into 

oxaloacetate. As a lower pH reduces the CO2 solubility and succinic acid production is a CO2 



 

 
 

217 

fixing pathway, the production of succinic acid would favorably reduce the CO2 concentrations 

contributed by Leuconostocaceae (Zeikus and Jain, 1999; Samuelov and others 1991).  

6.4.2 Enhancement of CO2 production and bloater defect in cucumber fermentation by 
Leuconostocaceae 

Two Leuconostocaceae cultures, Leuconostoc lactis 1.2.28 and Leuconostoc fallax 

1.2.22, were selected for this experiment based on the biochemistry profile of fermentation in 

CJM (Table 6.2). The inoculation of both Leuconostocaceae in cucumber fermentations to 5 log 

CFU/mL resulted in no significant differences in bloater defect, colony counts or fermentation 

biochemistry, suggesting an inability of the inoculated species to dominate in such system 

(Tables 6.3 and 6.4). The jars inoculated with the Leuconostocaceae had slightly higher CO2 

production to 66.9 ± 3.5% (estimated at 136.81 ± 6.81 mM) as compared to the non-inoculated 

controls at 57.7 ± 3.1% (estimated at 118.72 ± 6.08 mM) measured from the headspace (Table 

6.4 and Figure 6.3). 10 to 13 mM glucose and 7 to 12 mM fructose were fermented after 18 

hours of incubation and half of the glucose and fructose was utilized after 36 hours at a pH of 5.0 

± 0.1 (Table 6.4 and Figure 6.3). Heterofermentation occurred as indicated by the production of 

19.98 ± 2.18 mM ethanol in all treatments at 36 hours of fermentation (Table 6.4). An increase in 

CO2 concentration in the headspace occurred between 18 and 36 hours. The estimation of acetic 

acid production in these cucumber fermentations is complicated by the lack of equilibration after 

36 hours of incubation. 37.5 mM, 32.5 mM and 29.5 mM acetic acid was added into jars packed 

with cucumbers from Lots 1, 2 and 3, respectively, as part of the acidification treatment. The 

amount of acetic acid measured by HPLC analysis (31.82 mM, 21.92 mM and 23.48 mM for jars 

inoculated with Leuconostoc lactis 1.2.28; 33.23 mM, 25.32 mM and 20.52 mM for Leuconostoc 

fallax 1.2.22; 33.10 mM, 28.85 mM and 20.43 mM for non-inoculated control jars from Lots 1, 
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2, and 3, respectively) is lower than that added initially for acidification (Table 6.4). These 

observations implicate that the system was not equilibrated by 36 hours. Thus, it is possible that 

the production of acetic acid and lactic acid documented in Table 6.4 are an underestimate or that 

the acetic acid was converted to ethanol.  

6.4.3 Bloater defect and CO2 production by Leuconostoc lactis 1.2.28 in cucumber 
fermentations sanitized by acidification 

An acidified cucumber fermentation was considered as an alternative strategy to observe the 

influence of Leuconostocaceae in bloater defect, due to the inability of a Leuconostocaceae 

starter culture to prevail in a cucumber fermentation. Acidification of the fermentation to pH 3.3 

± 0.1 was applied to reduce the indigenous microbiota. Leuconostoc lactis was inoculated after 

re-adjusting the pH to 5.9 ± 0.4. The effectiveness of the initial acidification is demonstrated by 

the fact that colony count on BHI and MRS plates from the homogenized samples of the 

cucumber and cover brine were at 103 CFU/mL and 102 CFU/mL, respectively, on Day 4 after 

packing the jars (data not shown). These colony counts represent 1000X reduction in the 

microbial counts from the fresh cucumbers at 106 CFU/g on BHI plates and 105 CFU/mL on 

MRS and VRBG plates (data not shown). The colony counts did not increase 4 days after adding 

Ca(OH)2 for the pH adjustment (data not shown). Table 6.5 shows that the total colony counts 

from BHI were reduced to 6.9 ± 0.4 log CFU/mL in the non-inoculated control as compared to 

9.1 ± 0.3 in the jars inoculated with Leuconostoc lactis 1.2.28, the isolate that produced the most 

CO2 in CJM (Tables 6.1 and 6.5). The colony counts from MRS were also significantly higher in 

the jars inoculated with the heterofermentor than the non-inoulcated jars by almost 1 log 

CFU/mL (Table 6.5). The presumptive LAB from MRS plates reached cell densities of 109 

CFU/mL in inoculated jars after 7 days of culture inoculation (Table 6.5). Colony counts for 
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presumptive Enterobacteriaceae and yeasts and molds from VRBG and YMA agar plates were 

too few to count by the end of the incubation (data not shown). Together these observations 

suggest that the experimental approach effectively controlled for acid sensitive gram-negative 

bacteria and that some LAB tolerant to pH 3.3 ± 0.1 still retained viability. Leuconostoc 

mesenteroides is known to survive in acidic conditions as long as its internal pH is above 5.4 to 

5.7, while Lactobacillus plantarum can tolerate an internal pH of 4.6 to 4.8 (McDonald and 

others 1990). Thus, it is likely that the indigenous lactobacilli grew in the acidified fermentations 

after the pH was raised. This is supported by the colony counts from MRS plates and the 

formation of lactic acid in the non-inoculated jars (Table 6.5). The possibility that the native 

Leuconostocaceae proliferated in the control jars cannot be excluded given that ethanol and 

acetic acid were also formed (Table 6.5). However, the inoculation of the acidified cucumber 

fermentations with Leuconostoc lactis 1.2.28 resulted in a CO2 production of 13.60 ± 3.48 % 

(estimated at 32.09 ± 6.85 mM) with a bloater index of 21.3 ± 6.4 (Table 6.5),  This observation 

contrasted with a production of 8.57 ± 0.8 % CO2 (estimated at 22.19 ± 1.58) in the non-

inoculated jars with a bloater index of 5.2 ± 5.9 (Table 6.5 It has been observed that 12% CO2 is 

needed in a cucumber fermentation to cause bloater defect (Zhai and others, 2019a). This 

observation also signifies that Leuconostocaceae would need to utilize 28 mM of the glucose or 

fructose naturally present in the cucumbers to cause bloater defect from the previous observation 

(Zhai and others, 2019a). Thus, these observations suggest that the inoculation of L. lactis 1.2.28 

in the fermentations brought the CO2 level to just above the amount needed to cause bloater.  

The fact that malic acid was not utilized in the acidified fermentations indicates that most 

of the acid tolerant LAB indigenous to cucumbers are deficient in malic acid decarboxylation, 

and that there is no CO2 contribution from malic acid decarboxylation to bloater defect (Table 
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6.5). Thus, the main metabolic activity contributing to CO2 production is the utilization of sugars 

and the production of ethanol and acetic acid by heterofermentation or by respiration by the 

Enterobacteriaceae indigenous to cucumbers.  

Together the data collected demonstrate that Leuconostocaceae can produce enough CO2 

to cause bloater defect in a cucumber fermentation. However, it seems likely that the 

Leuconosctocaceae are not the only or main contributor of CO2 in cucumber fermentations as it 

can be outcompeted by other indigenous lactic acid bacteria.   

6.5. Conclusion 

It is apparent that Leuconostocaceae can produce CO2 from sugar catabolism in 

cucumber fermentations brined with 25 mM CaCl2 and 6 mM potassium sorbate and contribute 

to bloater defect. Leuconostocaceae have the ability to produce up to 50% CO2 in CJM. 

Although, the inoculation of Leuconostocaceae in cucumber fermentations to 105 CFU/mL does 

not exacerbate bloater defect after 36 hs of incubation at pH 5.0, they can contribute to CO2 

production by mixed-acid fermentation and induce the formation of hollow cavities in acidified 

cucumber fermentations, depicted of the acid resistant indigenous microbiota. Further studies are 

needed to develop strategies for the control of Leuconostocaceae in cucumber fermentations and 

prevent bloater defect.  
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Table 6.1: Changes in pH and CO2 concentrations in cultures of selected Leuconostocaceae 

inoculated in Cucumber Juice medium (CJM) aliquoted in vacutainers and incubated at 

30 °C for 36 hours.  

The data shown represents the averages and standard deviations of technical duplicates within 

the same lot of size 3B (1.75 to 2.0” diameter) cucumber juice. Levels not connected by the same 

letter are significantly different.  

 

 

 

 

 

 

 

 

 

 

 

 

  

Inoculated Species and Genus  
Bacterial culture ID 

Final CJM pH 
Estimated mM of Dissolved 

CO2  

None (Positive Control) 6.0 ± 0.4 6.33 ± 0.14 
 Weissella cibaria 3.8.44 4.3 ± 0.0A 56.66 ± 14.88B 
Leuconostoc lactis 1.2.28 3.9 ± 0.2AB 103.16 ± 1.11A 

Leuconostoc holzapfelii 3.8.12 3.8 ± 0.0B 92.05 ± 10.70A 
Leuconostoc fallax 1.2.22 3.8 ± 0.1B 56.66 ± 7.37B 

Leuconostoc mesenteroides 1.2.47 3.9 ± 0.1AB 78.49 ± 0.97AB 
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Table 6.2: Metabolites of fermentation by Leuconostocaceae in CJM incubated at 30 °C for 36 hours.  

The concentrations of malic acid, glucose and fructose in CJM were 14.90 mM, 42.54 mM and 53.43 mM, respectively. The data 

presented represent the averages and standard deviations of technical duplicates within the same lot of size 3B (1.75 to 2.0” diameter) 

cucumber juice. Levels not connected by the same letter are significantly different.  

 

Inocula 
Residual 

Malic Acid 
(mM) 

Substrates Utilized 
(mM) Metabolic Products (mM) 

Glucose Fructose Succinic 
Acid 

Acetic 
Acid 

Lactic 
Acid 

Ethano
l 

None (Positive Control) 14.9 ± 4.0 42.5 ± 0.4 53.4 ± 5.5 2.4 ± 0.3 BDL 1.3 ± 1.8 BDL 

 Weissella cibaria 3.8.44 BDLE 29.6 ± 0.0BC 9.0 ± 0.8A 13.0 ± 
0.8B 8.0 ± 0.6C 25.3 ± 3.5B 19.4 ± 

3.3A 

Leuconostoc lactis 1.2.28 BDLE 40.7 ± 0.2C 30.6 ± 7.1B 1.1 ± 0.5B 10.0 ± 
2.3C 44.1 ± 4.4A 25.8 ± 

2.8A 

Leuconostoc holzapfelii 3.8.12 BDLE 38.4 ± 0.0BC 50.4 ± 0.2C 8.6 ± 
1.10B 

29.1 ± 
0.8A 43.7 ± 1.6A BDLB 

Leuconostoc fallax 1.2.22 15.6 ± 2.8ABC 29.2 ± 0.1B 48.5 ± 0.3C 0.8 ± 0.1A 20.4 ± 
1.3B 

28.6 ± 
6.8AB BDLB 

Leuconostoc mesenteroides 1.2.47 BDLE 37.7 ± 0.1C 50.7 ± 0.1C 7.4 ± 1.1B 27.2 ± 
1.4A 

38.7 ± 
3.2AB BDLB 
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Table 6.3: Bloater index and colony counts for presumptive Enterobacteriaceae, yeasts and molds and lactic acid bacteria from 

Violet Red Bile agar plus Glucose (VRBG) and Brain Heart Infusion agar (BHI) media, Yeasts and Molds with Antibiotics 

(YMA) media and deMan, Rogosa and Sharpe agar (MRS), respectively.  

The culture media were inoculated with a 36-hour old cucumber fermentation homogenate. The cucumber fermentations were 

inoculated with Leuconostocaceae. Fresh cucumbers were brined with 25 mM calcium chloride (CaCl2), 6 mM potassium sorbate and 

20.2 mM calcium hydroxide (Ca(OH)2). The initial fermentation pH was adjusted to 6.0 with 20% vinegar (acetic acid). The data 

shown represents the averages and standard deviations of triplicates with 3 independent lots of size 2B (1.25 to 1.5” diameter) 

cucumbers. Levels not connected by the same letter are significantly different. 

 
 
  Inocula Inoculation Level 

(Log CFU/mL) 
Colony Counts (Log CFU/mL) Bloater Index 

VRBG MRS YMA BHI 18h 36 h 
Leuconostoc lactis 1.2.28 5 5.3 ± 0.4A 7.6 ± 0.1A 1.8 ± 0.6AB 7.6 ± 0.2A 0B 1.8 ± 0.8A 
Leuconostoc fallax 1.2.22 5 5.5 ± 0.7A 7.7 ± 0.2A 1.8 ± 0.2AB 7.7 ± 0.2A 0B 1.3 ± 1AB 
None (Positive Control) N/A 5.5 ± 0.7A 7.6 ± 0.3A 1.7 ± 0.4B 7.7 ± 0.3A 0B 1.8 ± 0.8A 
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Table 6.4: Metabolites detected from fermented cucumbers collected from jars inoculated with selected Leuconostocaceae to 105 

CFU/mL.  

Two species Leuconostoc lactis 1.2.28 and Leuconostoc fallax 1.2.22 were inoculated in cucumber fermentations. Cucumber samples 

were collected from 18 h and 36 h old cucumber fermentations. Cucumbers were brined with 25mM calcium chloride (CaCl2), 6 mM 

potassium sorbate, 20.2 mM calcium hydroxide (Ca(OH)2). The initial fermentation pH was adjusted to 6.0 using 20% vinegar (acetic 

acid). The concentration of malic acid, glucose and fructose in the fresh cucumbers were 14.94 mM, 59.80 mM and 64.90 mM, 

respectively. The data presented represent the averages and standard deviations of triplicates with 3 independent lots of size 2B (1.25 

to 1.5”) cucumbers. Levels not connected by same letter are significantly different. 

Inocula 

Substrates Utilized (mM) Products Formed (mM) Estimated CO2 
in the 

headspace 
(mM) 

Malic Acid Glucose Fructose Lactic 
Acid Acetic Acid Ethanol 

Initial concentration from 
fresh cucumber slurries 14.9 ± 0.6 59.8 ± 1.8 64.9 ± 1.6 2.2 ± 0.6 0 0 N/A 

18 h old cucumber fermentation 
Leuconostoc lactis 1.2.28 1.9 ± 1.7A 11.3 ± 2.2A 7.6 ± 2.2A 3.3 ± 0.0B 12.1 ± 2.7B 21.4 ± 0.7A 56.7 ± 3.5C 
Leuconostoc fallax 1.2.22 4.1 ± 1.2AB 14.1 ± 4.5A 11.9 ± 4.3A 3.3 ± 0.7B 12.2 ± 3.7B 19.3 ± 1.4A 54.8 ± 8.6C 

None 3.3 ± 1.2A 14.8 ± 6.4A 12.2 ± 6.4A 3.6 ± 1.4B 13.7 ± 6.0AB 19.7 ± 2.5A 59.0 ± 1.9C 
36 h old cucumber fermentation 

Leuconostoc lactis 1.2.28 7.6 ± 0.4C 29.2 ± 4.2B 27.4 ± 5.0B 16.0 ± 2.3A 25.7 ± 5.3AB 19.3 ± 2.0A 134.5 ± 5.8AB 
Leuconostoc fallax 1.2.22 6.8 ± 1.0BC 29.5 ± 5.7B 27.9 ± 5.8B 15.4 ± 2.0A 26.4 ± 6.4AB 21.5 ± 2.2A 139.1 ± 8.1A 

None 7.5 ± 0.6C 32.1 ± 3.7B 29.8 ± 4.2B 17.6 ± 2.1A 27.5 ± 6.5A 19.1 ± 2.3A 118.7 ± 6.1B 
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Table 6.5: Fermentation biochemistry and microbial colony counts from acidified cucumber 

fermentation homogenates.  

The samples were collected on Day 4 after packing the jars and on Day 7 after the cucumbers in 

jars were inoculated with Leuconostoc lactis 1.2.28. The colony counts from Violet Red Bile 

agar plus Glucose (VRBG) and Yeasts and Molds agar supplemented with antibiotics (YMA) 

were below detection limit (BDL). The concentration of malic acid, glucose and fructose in the 

fresh cucumbers were 12.56 mM, 50.95 mM and 55.42 mM, respectively. The data presented 

represent the averages and standard deviations of triplicates with 3 independent lots of size 2B 

(1.25 to 1.5” diameter) cucumbers. Levels not connected by the same letter are significantly 

different. 

  

Measurement Non-Inoculated 
Control 

Inoculated with 
Leuconostoc lactis 1.2.28 

Day 4 after packing the jars (pH equilibrated to 3.3 ± 0.1) 
Residual Malic Acid (mM) 7.75 ± 1.68A 10.25 ± 3.58A 
Glucose Utilized (mM) 24.83 ± 5.52A 27.81 ± 2.84A 
Fructose Utilized (mM) 27.59 ± 5.80A 30.39 ± 2.41A 
Estimated Acetic Acid Formed (mM) BDL BDL 
Ethanol Formed (mM) 19.51 ± 2.46B 18.90 ± 1.05B 
Lactic Acid Formed (mM) 0C 0C 

Day 7 after culture inoculation (14 days post-packing) 
Final Fermentation pH 5.95 ± 0.55A 5.88 ± 0.15A 
Colony counts (Log CFU/mL) 

BHI 6.9 ± 0.4B 9.1 ± 0.3A 
MRS 8.0 ± 0.3B 9.2 ± 0.2A 

Dissolved CO2 (%) 8.57 ± 0.8A 13.60 ± 3.48A 
Estimated CO2 in mM converted from % 22.19 ± 1.58A 32.09 ± 6.85A 
Bloater Index 5.2 ± 5.9B 21.3 ± 6.4A 
Residual Malic Acid (mM) 12.70 ± 2.15A 12.73 ± 2.76A 
Glucose Utilized (mM) 45.72 ± 2.80B 50.61± 0.59B 
Fructose Utilized (mM) 48.63 ± 3.14B 49.42 ± 1.27B 
Estimated Acetic Acid Formed (mM) 47.33 ± 17.01A 54.67 ± 5.51A 
Ethanol Formed (mM) 26.65 ± 1.54A 28.35 ± 2.47A 
Lactic Acid Formed (mM) 60.22 ± 14.76B 88.30 ± 6.88A 
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Figure 6.1: Growth of selected Leuconostocaceae in Cucumber Juice medium (CJM) 

prepared from size 3B (1.75 to 2.0” diameter) cucumbers and incubated at 30 °C using a 

96-well plate. The data shown are the averages and standard deviations of technical duplicates 

within the same lot of size 3B (1.75 to 2.0” diameter) cucumber juice. The left panel shows the 

growth curves for cultures with maximum optical densities between 2 and 1.5; while the right 

panel shows the cultures that grew to an optical density of less than 1.5. 
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Figure 6.2: Carbon dioxide (CO2) production and colony counts from cultures of 

Leuconostocaceae in Cucumber Juice medium (CJM) inoculated 2.5 ± 0.2 Log CFU/mL 

marked in the horizontal black line (־).  Control;  Weissella cibaria;  Leuconostoc lactis;   

Leuconostoc holzapfelii;  Leuconostoc fallax;  Leuconostoc mesenteroides. The data shown 

are the averages and standard deviations of technical duplicates within same lot of size 3B (1.75 

to 2.0” diameter) cucumber juice. 
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Figure 6.3: pH and CO2 production of cucumber fermentation inoculated with 

Leuconostocaceae to 105 CFU/mL. Cucumbers were brined with 25mM calcium chloride 

(CaCl2), 6 mM potassium sorbate and 20.2 mM calcium hydroxide (Ca(OH)2). The initial 

fermentation pH was adjusted to 6.0 ± 0.1 using 20% vinegar (acetic acid). ( ) Leuconostoc 

lactis; ( ) Leuconostoc fallax; ( ) Non-inoculated control. The data presented represent the 

averages and standard deviations of triplicates from 3 independent lots of size 2B (1.25 to 1.5” 

diameter) cucumbers.  
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CHAPTER 7 

Conclusion and Future Directions 
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7.1. Conclusion 

Although production of CO2 by yeasts and molds in cucumber fermentations can be 

inhibited by the addition of potassium sorbate or sorbic acid in cover brines, the metabolic 

activity of the indigenous microbiota and certain starter cultures still generates CO2 in the 

bioconversions using either CaCl2 or NaCl as the primary salt. The inoculation of a Lactobacillus 

pentosus starter culture deficient in malic acid decarboxylation to 107 CFU/ mL reduces CO2 

production, but is unable to complete the fermentation. The reformulated brine containing CaCl2, 

Ca(OH)2 and acids can increase buffer capacity in a cucumber fermentation brined with CaCl2, 

so that a complete fermentation is achieved and more CO2 is released into the headspace, but it 

still insignificantly reduces bloater index. It was also learned that bloater defect occurs in the 

presence of Enterobacteriaceae and Leuconostocaceae in the early stage of cucumber 

fermentations. The microbial activity of these bacterial families can raise the CO2 concentration 

to a higher level even if a LAB starter culture predominates in the fermentation.  

The greater understanding of the contribution of Enterobacteriaceae and 

Leuconostocaceae to CO2 production in cucumber fermentations and bloater index provides the 

basis for the design of new strategies to control the defect. Enterobacteriaceae can putatively 

catalyze more decarboxylating reactions than LAB. Although supplementation of cover brines 

with acetic acid and potassium sorbate could help delay the proliferation of some 

Enterobacteriaceae, it is not sufficient to prevent their growth and CO2 production. 

Leuconostocaceae have the ability to produce up to 50.2 % CO2 when inoculated in a cucumber 

juice medium. They are more acid tolerant than Enterobacteriaceae and were demonstrated to be 

able to induce the formation of hollow cavities in acidified cucumber fermentations depicted of 

the acid resistant indigenous microbiota.  
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The occurrence of bloater defect in cucumber fermentation is not due to only one cause 

or source. Instead, it is the combination of multiple factors in which the presence of the 

indigenous Enterobacteriaceae and Leuconostocaceae and the indigenous or inoculated 

Lactobacillaceae can induce the defect at any point during the fermentation. It is certain that the 

cover brine formulation impacts the incidence of bloater defect by controlling the activity of 

certain microbes and by affecting the solubility of the CO2 produced during the fermentation. 

The selection of starter cultures with a robust performance in dominating the microbial 

population in a relatively short time and completing the bioconversion is crucial to control 

bloater defect. Thus, cover brine formulation and the choice of starter culture would be critical in 

achieving the reduction or prevention of bloater defect in cucumber fermentations.  

Future studies are to determine if the inhibition of the causative microbes, 

Enterobacteriaceae and Leuconostocaceae, will result in a reduction in bloater defect. Some of 

the directions of the studies are as follows. Eradication of bloater defect in fermentations brined 

with low salt represents a significant reduction in production cost for pickle processors.  

 

7.2. Future directions 

7.2.1 Use of Iron Chelators for inhibiting growth of Gram-negative bacteria, especially the 
Enterobacter 

The Enterobacteriaceae, which are a potential causative agent of bloater defect, are iron-

dependent. Cucumbers contain about 0.28 mg of iron per 100 g (2.8 !g/mL), which is sufficient 

to support growth of Enterobacteriaceae and Leuconostocaceae. Microorganisms require 

between 0.4 and 9.0 !M of iron for growth and metabolic activity (Lankford 1973, Neilands 
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1974, Messenger and Barclay 1983). Thus, the chelation of iron can be used to control such 

populations and eliminate their contribution to bloater defect.  

Iron has various and diverse functions in bacterial cells. Such functions are mostly 

catalytic, but also regulatory and include oxygen transport (as the cytochrome in oxidative 

metabolism), ATP generation, cell growth and detoxification, including the biological catalysis 

of certain pathways, and may be related to cell physiological alterations (Messenger and Barclay 

1983, Santos and others 2018). Iron also plays a role in intermediary metabolism like the 

tricarboxylic acid cycle, electron transport, nitrogen fixation and oxidative phosphorylation 

(Messenger and Barclay 1983). Some metabolic products such as porphyrins and toxin can be 

regulated by iron. Enzymes such as peroxidase, superoxide dismutase and cytochromes require 

iron as well (Marcelis and others 1978, Messenger and Barclay 1983). Iron is important in cell 

composition and in intermediary metabolism in Gram-negative bacteria such as E. coli. It is 

speculated that, limiting the amount of iron available for iron-dependent microbes in cucumber 

fermentation can potentially inhibit CO2 producing gram-negative bacteria and reduce bloater 

defect.  

The mechanism of iron transport into the cell is best understood in E. coli, which is 

different from the mechanism in the gram-positive bacteria, M. tuberculousis and several other 

pathogenic species, differ mostly in the membrane receptor proteins or iron binding compounds 

(Messenger and Barclay 1983). An iron assimilation system with high affinity has a siderophore 

and a cognate transport apparatus, such as ferrichrome and enterobactin (Neilands 1981). The 

low affinity iron assimilation system does not require a specific solubilization state or 

transporting compounds. Hydroxy acid can serve as the dissolving agent for ferric polymers for 

systems with low affinity. 
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Cellular siderophores serve to bind low molecular weight iron-containing compounds 

thus trapping iron from a solution (culture medium or any other extracellular environment). 

Siderophores are mostly virulence factors for pathogenic microbes in several models of infection 

to enable their own growth. The iron is released from the siderophore and becomes bioavailable 

to cells. Siderophores have high affinity for ferric ions but low affinity for ferrous iron. Low 

affinity for ferrous iron can be important in iron removal from siderophore. One of the structural 

groups in siderophore, phenolates (or catechols), has been found in E. coli, Salmonella 

tryphimurium and Klebsiella pneumoniae, while hydroxamates type siderophores are most 

common in fungi but also produced by some bacteria. Enterobactin (also called enterochelin) is 

the native siderophore in E. coli and it is fairly stable (Neilands 1981). Iron chelators of gram-

positive bacteria differ from gram-negative bacteria (Marcelis and others 1978). The ferric-

siderophores in gram-negative bacteria use outer membrane transporters due to their cell wall 

structure (Symeonidis and Marangos 2012).  

Chelators for iron are small molecules that can bind very tightly to metal ions and make 

ions chemically inert and unavailable for use. They can be manufactured. Some examples of 

synthetic iron chelators are ethylene-diamine-tetra-acetic acid (EDTA), diethylene-triamine-

penta-acetic acid (DTPA) and proteins such as transferrin or enterochelin (Qiu and others 2011). 

Iron is more soluble at lower pH and transferrin is a poor iron-chelator below pH 7 (Messenger 

and Barclay 1983). The synthetic iron chelator ethylene diamine diorthohydroxyphenyl acetic 

acid (EDDA) inhibits growth of both gram-positive and gram-negative bacteria at pH 7 

(Marcelis and others 1978). 

Many LAB behave differently than other bacteria, as they do not contain heme 

compounds, cytochromes or peroxidases, although some other thought indicates LAB require 
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soluble iron and secrete it during growth (Messenger and Barclay 1983). Lactobacilli are one of 

the few gram-positive bacteria that do not show a requirement for iron (Neilands 1981, Knabel 

and others 1991). LAB require manganese and cobalt instead (Krewulak and Vogel 2008). The 

fact that iron is needed in most gram-negative bacteria but is not essential for growth of LAB 

allows for the use of an iron chelator for the selective inhibition of Enterobacter. Such strategy 

will not affect growth of LAB or the fermentation itself.  

High iron affinity compounds such as transferrin, ferritin, lactoferrin are used to make 

iron unavailable for undesirable bacteria in laboratory culture media (Messenger and Barclay 

1983). Lactoferrin is recognized as a high-affinity iron chelator protein of the transferrin family 

and is found in mammalian milk, in secretions, plasma and neutrophils (Masson and others, 

1966, 1969). Lactoferrin has a higher isoelectric point than transferrin and does not easily release 

iron at low pH. The mechanism of bacteriostasis is the sequestration of environmental iron from 

organisms (Finkelstein and others 1983). The iron-saturated lactoferrin has bacteriostatic effect 

to bacteria similar to EDTA, that damage the outer membrane by releasing LPS and increasing 

membrane permeability and thus susceptibility to lysozyme. Lactoferrin has bactericidal effect 

while lactoferrin-lysozyme is in use (Ellison and Giehl 1991). Lactoferrin shares a mechanism of 

action with the polycationic compounds and EDTA (Ellison 3rd and others 1990). Lactoferrin 

also has the serine protease activity, that reduces the bacterial pathogenic potential (Roseanu and 

others 2018). Thus, it brings out the interest to test the viability of the use of lactoferrin in 

inhibiting the growth of targeted gram-negative bacteria in fermentation. 

7.2.2 The use of bacteriocin to inhibit the growth of Leuconostocaceae 

It is reported that a bacteriocin called plantaricin SIK-83 from L. plantarum is effective in 

killing a broad range of LAB including Lactobacillus, Leuconostoc, Pediococcus and 
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Streptococcus by attaching to the cell surface and then lysing the cells or altering membrane 

permeability (Andersson and others 1988). The fact that the bacteriocin is specific and not 

targeted to the producer enables possibility of selecting for bacteriocin-producing LAB, so that 

the viability of undesirable sensitive cells is impaired in a fermentation.   

7.2.3 Investigation on ammonia production from Enterobacteriaceae in early stage of 
fermentation  

The production of ammonia by the Enterobacteriaceae indigenous to cucumber 

fermentation in CJM was studied using a biochemical kit (Figure 7.1). Although variations were 

observed among the two lots of cucumber fermentations studied, there were from 40 to 70 µg of 

NH3 per mL of CJM by Citrobacter freundii 1.2.3E, Enterobacter cancerogenus 3.2.13E, 

Enterobacter cloacae 3.2.8E. Those 3 cultures also show abundant growth in CJM and the 

ability to produce substantial amount of CO2 in the same medium. The concentrations of nitrate 

(NO3) and nitrite (NO2) decreased as a function of the formation of ammonia in the CJM (Figure 

7.1). Culture Leclercia adecarboxylata 3.2.10E was measured as a positive control with nominal 

ammonia production. These observations suggest that the gram-negative bacteria can produce 

gas from the nitrate indigenous to cucumbers as well as from sugar utilization.  

The amount of nitrate present in cucumbers is likely the substrate for microbial nitrogen 

reduction. Cucumber products have 21 mg/100g or less nitrate (NO3
-), on average (Ding and 

others 2018). 40 out of the 46 vegetable products studied by Ding and others (2018) had 

undetectable levels of nitrite; while the remaining 6 non-cucumber products contained very low 

levels at less than 1.5 mg/100 g (Ding and others, 2018). Other studies show that the nitrate 

content in pickling products are generally lower than the content in fresh fruits and vegetables 



   

 
 

241 

(Blekkenhorst and others 2017). This could be resulting from the dilution of finished products 

with brine during fermentation, but also very likely from the nitrate reduction by microbes.  

Anaerobic growth of E. aerogenes with glucose in a mineral medium is almost doubled 

when NO3
- serves as an electron acceptor (Hadjipetrou and Stouthamer 1965). ATP generation 

by the gram-negative bacteria Enterobacter aerogenes is coupled to the reduction of NO3
- to 

NH4
+, mostly during the stage of reduction from NO3

- to NO2
-, at a rate of 3 moles ATP per mole 

of NO3
- reduced. It is likely that ATP production is not related to the conversion of NO2

- to NH4
+ 

as no increases in biomass was observed during such stage. This observation was explained by 

the inhibition of growth by NO2
- (Hadjipetrou and Stouthamer 1965). The citric acid cycle of 

Aerobacter aerogenes (Enterobacter aerogenes) did not function in the presence of NO3
- under 

anaerobic conditions, which resulted in the decrease in production of hydrogen, ethanol and 

formic acid but the increase in acetic acid and CO2 formation (Hadjipetrou and Stouthamer 

1965). E. coli K12 can reduce nitrite when growing anaerobically, and the end product of the 

reaction is ammonia. This reaction was catalyzed by the NADPH-specific nitrite reductase with 

an unidentified gaseous end product (Zarowyn and Sanwal 1963). 

The fact that E. aerogenes and E. coli reduce nitrate to produce ATP as energy source 

supports the hypothesis of Enterobacteriaceae producing ammonia from the nitrate (NO3
-) 

naturally existing in the cucumber and contribute to gas production conducive to bloater defect. 

Thus, there is a need to further evaluate the production of ammonia in cucumber fermentations 

and its contribution to bloater defect.   
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Figure 7.1: Example of the production of ammonia and Nitrate/Nitrite concentration 

change in cucumber juice medium (CJM) inoculated with Enterobacteriaceae. Cultures are 

Citrobacter freundii 1.2.3E, Enterobacter cancerogenus 3.2.13E, Enterobacter cloacae 3.2.8E 

and Leclercia adecarboxylata 3.2.10E. The data presented represent the averages of technical 

duplicates with the same experimental lot of cucumber juice prepared from size 2B (1.25 to 1.5” 

diameter) cucumbers. 
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APPENDIX  
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