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A B S T R A C T

Background: Bloated cucumber defect, resulting from the accumulation of the biologically produced carbon
dioxide (CO2) in the fruit, reduces yield and economic gains for the pickling industry worldwide. It was the aim
of this review to identify commonalities among effective strategies to reduce bloater defect and determine the
theoretical viability of commercial cucumber fermentations without bloater defect and/or purging.
Scope and approach: This article summarizes the known causes of fermented cucumber bloating defect, including
sources of CO2, and the strategies developed to mitigate the production of the carbonic gas such as controlled
fermentation, inoculation of selected starter cultures, cover brine acidification and reformulation and the ap-
plication of air or nitrogen purging.
Key findings and conclusions: It was understood that microbial activity during fermentation, cucumber tissue
respiration, as well as the pressure in the fruits and fermentation tanks, ambient temperature and cover brine
composition, impact the levels of dissolved CO2 in the system. Although the biological conversion of oxygen to
CO2 reduces the cucumbers internal gas pressure, the dissipation of the gas from the tissue is reduced by brining.
Once the gas accumulates in the cucumber tissue in concentrations high enough to displace it, the irreversible
formation of hollow cavities or bloaters occurs. Residual CO2 is produced by acid-preserved cucumbers, pre-
sumably by tissue respiration, which results in the absence of bloating. Thus, microbial activity seems to con-
tribute most of the CO2 needed for cucumbers to bloat. It is speculated that colonization of the internal cucumber
tissue by indigenous microbes, in particular aerobic gram-negative bacteria, results in the localized production of
CO2 causing bloating defect early in the fermentation. It is concluded that effective manipulation of the mi-
crobiota, reduction of dissolved oxygen levels and the use of adequately selected starter cultures may enable
cucumber fermentations of acceptable quality without purging.

1. Introduction

The formation of gas pockets in fermented cucumbers mesocarp and
endocarp or seed cavity results in bloater defect, which causes relevant
yield and economic losses for the pickling industry worldwide
(Fleming, 1979; Fleming, Thompson, Etchells, Kelling, & Bell, 1973b;
Jones, Etchells, Veerhoff, & Veldhuis, 1941). 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 bloated fermented cucumbers for the manufacture of

chips, which are characterized by undesirable holes and appearance,
occasionally resembling a half moon.

Fig. 1 describes the acuteness of the injuries (slight, medium and
severe) and type of tissue disruption (honeycomb, lens or balloon) that
may be observed in bloated fermented cucumbers (Wehner & Fleming,
1984). All possible combinations of injury acuteness and type of tissue
disruption have been documented. The extent of cucumber tissue da-
mage caused by bloating is measured by the bloater index. The bloater
index for batches of fermented cucumbers is calculated from the nu-
merical percentage of bloaters adjusted by the degree of severity and
tissue disruption type as defined by the weighted damage values pro-
posed by Fleming and colleagues (Fleming, Thompson, Bell, & Monroe,
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1977; Fleming, Thompson, & Monroe, 1978b). In general, larger size
cucumbers, such as 3A (3.8–5.1 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, Thompson, Etchells, Kelling, & Bell,
1973a).

Although the formation of hollow cavities in fermented cucumbers
is associated with an elevated concentration of CO2 accumulated in-
ternally, the level of dissolved carbon dioxide (dCO2) in fermentation
cover brine is not linearly correlated with bloater index. Corey, Pharr,
and Fleming (1983a) determined that cucumbers brined with 2M
(11.7%) NaCl, representative of the typical un-equilibrated fermenta-
tion cover brine, creates a vacuum in the fruits mesocarp and endocarp
increasing the resistance to gases mass flow. Although conversion of O2

to CO2 enables the flow of liquid into cucumbers, the dissipation of CO2

is limited (Corey, Pharr, & Fleming, 1983b). Thus, measurement of CO2

levels within brined cucumbers likely has more predictive value as
compared to dCO2 in fermentation cover brines.

This article documents cucumber bloater defect to gain insights
regarding the viability of purging-free commercial cucumber fermen-
tations. It includes the causes of bloater defect, sources of CO2 con-
ducive to bloating, strategies to mitigate the production of such gas in
fermentations and the application of air or nitrogen (N2) purging to
reduce bloater index in commercial operations. Application of N2 pur-
ging in commercial cucumber fermentations increases production cost.
Although air purging is a more economical solution to minimize
bloating defect, it incorporates oxygen in the system triggering che-
mical oxidation, growth of undesired aerobic microbes, cucumber
tissue softening and other side effects. A solution to effectively manage
fermented cucumber bloater defect is still needed.

2. Sources of CO2 in cucumber fermentation that influence bloater
index

CO2 is produced by cucumber tissue respiration or the microbiota
metabolic activity, which includes that from 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 & Jones, 1941). The gas contained in cu-
cumbers hollow cavities, either CO2 or a mixture of CO2 and hydrogen
(H2) (Jones et al., 1941; Veldhuis & Etchells, 1939), matches the
composition of the gas dissolved in fermentation cover brines. The
production of such gases corresponds to the presence Enterobacter spp.
in combination with yeasts and selected lactic acid bacteria (LAB)
(Etchells, 1941; Etchells, Borg, & Bell, 1968; 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. However, it was demonstrated that the incidence of bloaters

in fermented cucumbers remained unchanged in batches where yeast
growth was suppressed by supplementing with up to 0.1% potassium
sorbate or sorbic acid, a yeast inhibitor (Etchells et al., 1968). En-
terobacteriaceae, such as, Enterobacter aerogenes, and Escherichia coli,
and halophilic bacteria can produce H2 and CO2, possibly inducing
bloater defect (Etchells et al., 1968; Veldhuis & Etchells, 1939). How-
ever, such microbes are known to be sensitive to the acidic pH that
develops as the result of fermentation, reaching undetectable levels by
the third day of the process (Etchells et al., 1968). Microorganisms that
have been implicated in the formation of bloaters include hetero-
fermenter, facultative heterofermenter and homofermenter LAB, in
particular those able to decarboxylate malic acid (Etchells & Bell, 1950;
Etchells et al., 1968; Fleming et al., 1973b, 1973a; McFeeters, Fleming,
& Daeschel, 1984; McFeeters, Fleming, & Thompson, 1982). The het-
erofermenter LAB, Lactobacillus brevis, have been isolated from defec-
tive commercial batches and found able to produce sufficient CO2

during fermentation to cause cucumber bloating (Etchells et al., 1968).
Additionally, it is estimated that the malic acid decarboxylating activity
of selected facultative heterofermenter LAB, such as L. plantarum, can
generate 84mg of CO2 per 100 g of cucumbers in a fermentation, which
is sufficient to cause bloaters (Daeschel, McFeeters, & Fleming, 1985).

Given the influence of the microbial activity on the incidence of
bloaters, 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,
Etinger-Tulczynska, & Bick, 1957) also influence bloater incidence.
While supplementation of cucumber fermentations with lactic acid,
vinegar or sugar induces a significant increase in bloaters, a reduction
in salinity (0–30° Salometer) has the opposite effect (Jones et al., 1941).
Larger amounts of gases are measured in 40–80% saturated cover
brines than in the 20 and 30% counterparts, likely due to lower gas
solubility in the high salt solutions (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 atmo-
spheric CO2 in the fermentation system. Thus, cucumber size, cultiva-
tion conditions, and variety have also been identified as factors influ-
encing the extent of bloating, due in part to their role in tissue
respiration (Fleming et al., 1973b). Cucumber 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
becomes a substrate for cucumber tissue respiration. The CO2 produced
by tissue respiration is trapped in bloaters, in particular in the brined
fruits. When pasteurized cucumber jars were examined for CO2 levels, it
was found that about 7% of the gas still formed in the absence of mi-
crobial activity (Fleming et al., 1973a). This observation suggested that
tissue respiration contributes to CO2 production. The contribution of
tissue respiration to the total amount of CO2 varies depending on the

Fig. 1. Description of types of bloater defect injuries for quantification and evaluation purposes. All combinations of acuteness and injury type have been docu-
mented.
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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 also influence respiration rate (Fleming et al., 1973a).
Differences in resistance to bloating has been observed among cu-
cumber varieties (Wehner & Fleming, 1984).

Other sources of fermented cucumber damage that may exacerbate
the quality issues associated with bloater defect include pre-harvest
fruits condition, tanking injuries of the fresh fruits and hydrostatic
pressure in tanks with more than 6 ft depth (Fleming et al., 1977). Fresh
cucumbers tanking injuries result from the deposition of the fruits into
the fermentation vessels filled with cover brines of low buoyancy force.
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).

The mechanism of bloater formation proposed by Etchells et al.
(1968) and modified by Fleming (1984) suggest that the CO2 produced
in the cover brine diffuses into the cucumbers as part of the equili-
bration 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 endocarp and/or seed cavity tissue towards the exocarp or skin,
forming hollow cavities or gas pockets within the fruit. Thus, bloater
defect initiates when 20–60mg of CO2 per 100mL of cover brine ac-
cumulates in the system, depending on brining conditions, such as salt
level and temperature, microbiota, initial sugars and malic acid content
in the cucumbers and variety of cultivar (Etchells & Jones, 1941;
Fleming, 1979, 1984; Fleming et al., 1973b, 1973a; 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 ne-
cessity for purging in commercial tanks (Wehner & Fleming, 1984).

3. Utilization of air or N2 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). N2 or air purging is most commonly used in the pickling industry
to reduce the incidence of bloaters. A review by Fleming (1979) is the
most comprehensive revision on the application of N2 purging to reduce
the incidence of bloaters. This concept proposes that a source of N2, 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
through the fermentation cover brine from the bottom of the tank to the
top, trapping CO2. This was based on the observation that the absorp-
tion of CO2 by N2 bubbles is faster than the surfacing of the mixed gas
bubbles. Fig. 2 describes some of the earliest systems proposed for N2

purging, in which bubbles of the gas are emitted at the bottom of
commercial tanks, through the holes made on plastic concentric or
spiral pipes.

It has been proposed that bloating incidence can be reduced if levels
of CO2 are maintained below 30% and 50% saturation at temperatures
above and below 75 °F, respectively (Fleming, 1979), in cover brines
with 25° salometer (10% NaCl). CO2 saturation is defined as the divi-
sion 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.,
1968; Fleming, Thompson, Bell, & Hontz, 1978a). Readers are en-
couraged to review Fig. 1 from Fleming, Etchells, Thompson, and Bell
(1975) for more details on the solubility of CO2 at variable tempera-
tures and salt concentrations.

Continuous purging has been proven to be more cost efficient as
compared to intermittent purging, typically applied for periods of 4 or
20 h, followed by a shutdown period of 4 h. Intermittent purging is
often needed at a higher flow rate to be as effective as continuous
purging (Fleming et al., 1975). Most publications in this area coincide
that a minimum N2 gas flow rate of 40 square cubic feet per hour
(SCFH) is needed to minimize the incidence of bloaters in commercial
tanks of 40,000 L capacity.

A subsequent proposal for purging to reduce the incidence of
bloaters pioneered by Costilow, Bedford, Mingus, and Black (1977) was
based on the observations that N2 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 N2 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 Fig. 3 was proposed by Costilow et al. (1977) to
overcome the challenges described above. The objective of both of the
systems shown in Fig. 3 is to concomitantly purge and circulate the
cover brine for a more efficient removal of gaseous CO2 from the fer-
mentation tanks. The application of one of such systems adds the ability
to mix-in ingredients for the adjustment of salometer, acidity or pre-
servative 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. Fig. 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 pro-
posed by Costilow et al. (1977). The main modification made was a
shorter head on the purging system located right at the interface be-
tween 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

Fig. 2. Schematic of a fermentation tank bottom equipped with N2 purging systems. Panel A shows 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 panel B was constructed with the same specifications.
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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 bloater formation.

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 remaining 50%
as gaseous CO2 (Harned & Bonner, 1945). Therefore, the application of
purging in a system with a pH of 5.94 or above would only eliminate

Fig. 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 tank to
hold a centric 4″ diameter pipe that serves as a case for a
ceramic N2 gas diffuser with 10 μm pores. The delivery
of N2 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 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 cir-
culation next to the tank wall as opposed to thru the
center of the tank.

Fig. 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 en-
cased in a 4″ PVC pipe, which is perforated at the
bottom to deliver N2 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 cir-
culation of the liquid through the center of the
system.
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50% or less of the total CO2. Remaining dissolved gas is consequently
available for the formation of bloaters. A reduction in pH, meaning
natural or artificial acidification, is the main consideration in increasing
the levels of gaseous CO2. A fermentation 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 bloaters and may also be effectively removed by purging. A
delay in the application of purging after filling up the tanks, can thus
result in high incidence of bloaters. Accumulation of enough CO2 in the
fermentation system is the only requirement for formation of bloaters
and its development is irreversible. Similarly, maintenance of an initial
pH of the fermentation at 5.0 or below benefits the conversion of the
pre-existing CO2 in the fermentation system to the gas 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, initially.

Costilow, Gates, and Bedford (1981) also proposed the most eco-
nomical air purging instead of N2 purging as an effective way to reduce
the incidence of bloaters without significantly sacrificing the quality of
the fermented stocks. Although this group did not observe significant
differences among air and N2 purged commercial fermentations, air
purging at high rates (100mL air/minute) in 1 gallon jar fermentations
were characterized by rapid and extensive cucumber softening (Gates &
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 6 ppm of dissolved oxygen may be present
in cucumber fermentations depending on salt concentration and tem-
perature. In continuously aerated cover brines, the dO2 levels increased
at the outset of the fermentations followed by a decrease and the de-
velopment of an O2 uptake demand and film yeasts growth (Potts &
Fleming, 1979). However, N2 purged fermentations presented a negli-
gible dissolved oxygen level and low O2 uptake, conducive to the
dominance of the desired LAB (Potts & Fleming, 1979). To date, air
purging has become the preferred method used within the pickling
industry to reduce the incidence of bloaters, given the low cost of ap-
plication. However, air purging 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 CO2 production
from aerobic biological processes including tissue respiration (Fleming,
1979; Zhou, McFeeters, & Fleming, 2000). Consequently, the utilization
of air purging to reduce the incidence of bloaters necessitates the
identification of strategies to minimize its impact on the quality of the
fermented cucumbers. The use of N2 purging for at least the first 2 d of
laboratory scale fermentations is known to prevent tissue softening and
improve the quality of fermented cucumbers (Gates & Costilow, 1981).

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

Controlled lactic acid fermentation of cucumbers was developed by
Etchells, Bell, Fleming, and Thompson (1976a) with the aim to reduce
the inconsistency on the salt-stock quality resulting from the hetero-
geneous 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 &
Fleming, 1984). Controlled fermentations are characterized by the steps
described in Fig. 5 (Etchells et al., 1976a; Etchells, Fleming, Bell, &
Thompson, 1976b). The blanching of cucumbers followed by inocula-
tion with a starter culture prior to fermentation, has also been effective
in reducing bloater index (Gates & Costilow, 1981). In essence, the
main objective of the steps recommended for controlled fermentation
aim at reducing the density of the cucumbers microbiota.

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

Preferred starter cultures for cucumber fermentations include the
facultative heterofermenter lactic acid bacteria (LAB), L. plantarum and
L. pentosus and the homofermenter LAB, Pediococcus spp. (Etchells et al.,
1976b, 1976a). Such LAB are known to dominate in cucumber fer-
mentations (Pérez-Díaz et al., 2016) and produced relatively low levels
of CO2 as compared to the heterofermenter LAB, L. brevis. Although
L. plantarum and L. pentosus prevail in cucumber fermentations produ-
cing 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 a starter LAB deficient in
malic acid decarboxylation has been suggested as an additional strategy
to reduce the incidence of bloaters in cucumber fermentations
(Daeschel, McFeeters, Fleming, Klaenhammer, & Sanozky, 1987).
However, cultures naturally deficient in malic acid decarboxylation,
such as L. plantarum FS965, isolated from cheddar cheese, and L. plan-
tarum WSO-M35 and MOP3-M6, derived from the chemical mutagen-
esis of a cucumber fermentation isolate, are unable to complete the
desired conversion of sugars to lactic acid (McDonald, Shieh, Fleming,
McFeeters, & Thompson, 1993; McFeeters et al., 1984). Cultures defi-
cient in malic acid decarboxylation also present longer growth lag
phases and generation times in cucumber juice (McDonald et al., 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 ves-
sels, 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 microbiota enables its prevalence (Breidt &
Fleming, 1992).

6. 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. 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 &
Earnshaw, 1997, p. 310). Two species, H2CO3 and HCO3

−, exist to 50%
each at an equilibrated pH of 6.35 (25 °C) (Greenwood & Earnshaw,
1997, p. 310). Thus, adjustment of the initial fermentation pH well
below 6.35 should shift the equilibration of the chemical species of CO2

towards the gaseous form, which is more readily removed from cover
brines by air or N2 purging.

Additionally, cover brine acidification with acetic acid to 0.16%
reduces gas production by the Enterobacteriaceae and molds naturally
present in the fresh cucumbers, as high hydrogen ion concentration in
solution inhibits microbial growth (McDonald, Fleming, & Daeschel,
1991). Molds are associated with cucumber tissue softening, char-
acterized by soft spots and skin blisters on cucumbers (Gates &
Costilow, 1981; Potts & Fleming, 1982). The population of En-
terobacteriaceae 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 Enterobacteriaceae fa-
mily 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 Enterobacteriaceae
steadily decline to below detectable levels 5 days after brining
(McDonald et al., 1991).
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7. Bloater defect in low salt cucumber fermentations

The typical cucumber fermentation process uses a minimum of 6%
NaCl (as equilibrated concentration) resulting in the generation of
waste waters from commercial operations with a significant content of
chlorides and organic matter (McFeeters & 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 eval-
uated by several researchers as of today with the aim of ameliorating
the environmental impact from commercial production (Etchells et al.,
1976b, 1976a; Fleming et al., 1995; Guillou, Floros, & Cousin, 1992;
Pérez-Díaz et al., 2015). The NaCl-free preservation of cucumbers by
acidification yields fruits of unacceptable quality due to excessive
bloater defect and the development of rising pH spoilage (Etchells et al.,
1976b, 1976a; Guillou et al., 1992). Laboratory scale NaCl-free cu-
cumber 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 fermenta-
tions without NaCl resulted in severely bloated fruits with significantly
compromised texture (Fleming et al., 1995). A fluctuating bloater in-
cidence, from undetectable to severe, was observed in cucumber fer-
mentations brined with reduced NaCl (2.7%) under anaerobic condi-
tions, which was localized at the top 3 ft of the tanks. This was
presumably due to a localized higher buoyancy pressure and lower
hydrostatic pressure (Fleming, McFeeters, Daeschel, Humphries, &
Thompson, 1988). Bloater damage was minimal in cucumber fermen-
tations brined with 4% NaCl using the Bag-in-Box fermentation tech-
nology proposed by Fleming et al. (2002). NaCl free cucumber fer-
mentations 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
bloaters as compared to fermentations brined with 6% NaCl (Fig. 6;
McMurtrie, 2016; personal communication with processors). Potential
causative factors for an increase incidence of bloaters 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). Faster microbial growth in cucumber fer-
mentations brined with 0% NaCl and 1.1% CaCl2 results in the accu-
mulation of higher levels of CO2 in the vessel early in the process
(Fig. 6). This situation contrasts with the slow production and gradual
release of CO2 and less bloater incidence that typically results from

fermentations brined with NaCl (Fig. 6).

8. Future trends and conclusions

Are commercial cucumber fermentations without air or N2 purging
viable?

Common to all strategies proposed to reduce bloater index in
commercial cucumber fermentations is the goal of reducing the density
of the 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 N2 purging are all hurdles for
microbial viability. Although reducing the microbiota, represents an
attractive and viable option in the task of reducing CO2 production and,
consequently, the incidence of bloaters, it hinders opportunities to use
the microbial diversity to impart unique characteristics to finished
products. Application of the aforementioned strategies, in particular
purging, represent extreme and costly approaches to control bloater
index in cucumber fermentations.

It is factual that Enterobacteriaceae and molds colonize the cucumber
tissue and influence the quality of the fermented food. Molds can in-
duce tissue softening. Enterobacteriaceae produce CO2 in the brine,
which is the primary cause of bloater formation. Together these ob-
servations suggest 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. With the current technological advances, it
should be possible to develop cost effective inhibitory systems, tar-
geting the causative agents of bloater.

A proactive approach to the reduction of bloater index in com-
mercial fermentations is, thus, envisioned as the ability to identify the
presence of causative agents in fresh cucumbers and at production sites,
using practical and rapid methods for microbial identification. Results
from the tests can provide the basis for a fresh cucumber fermentation
fitness standard, which would benefit growers and processors. Fresh
cucumber lots containing high loads of bloater-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 im-
proved understanding of the microbes directly involved in cucumber
bloater defect 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 & Pérez-Díaz, 2018); the exclusion of O2 as

Fig. 5. Description of controlled cucumber fermentation processed proposed by Etchells et al. (1976a, 1976b) and Fleming et al. (1978a).
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the precursor for CO2 and bloater formation seems to be an additional
effective approach to reduce the incidence of bloaters. The various
strategies discussed above suggest that elimination of O2 from the fer-
mentation system by N2 purging, results in low bloater index. Cu-
cumber fermentations in closed jars, with limited oxygen content,
brined with an acid, a buffer and 4% NaCl, results in a marginal bloater
index (Zhai & Pérez-Díaz, 2018). Additionally, it has been reported that
cucumbers exposed to a pure oxygen atmosphere in a close system (O2-
exchanged cucumbers) prior to brining are less prone to bloating, given
that the gas is converted to CO2, which has a lower internal pressure
(Corey et al., 1983b, 1983a; Fleming, 1984; Fleming, Humphries,
Brock, & Pharr, 1983; Fleming & Pharr, 1980; Fleming, Pharr, &
Thompson, 1980). Together these observations suggest decarboxylation
reactions by microbes in the absence of O2 may be insufficient to cause
severe bloating (Zhai & Pérez-Díaz, 2018) 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 instrumental in preventing the proliferation of aerobic mi-
crobes, tissue respiration and in reducing internal cucumber tissue
pressure. Although, utilization of chemical reduction to remove oxygen
from a fermentation system represents a theoretically viable alternative
to purging, such an approach may be cost inefficient and would gen-
erate reactive oxygen species that are inhibitory to lactic acid bacteria
and damaging for the cucumber tissue (Brooker, 2011; Hayyan,
Hashim, & Al Nashef, 2016). While it seems logical to consider that N2-
exchanged fresh cucumbers may serve the purpose of removing both
oxygen and carbon dioxide from the fresh fruit, such type of pre-
treatment prevents the internalization of a significant number of lactic
acid bacteria into the tissue upon brining (Daeschel & Fleming, 1981).

In enhancing the reduction of bloater index in cucumber fermen-
tations, it must be also considered that most bacteria, in particular LAB,
utilize a number of decarboxylating reactions to produce metabolic
energy (Poolman et al., 1991). Thus, the elimination of O2 from a fer-
mentation 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 malic acid dec-
arboxylase deficient starter cultures has been tested, its impact may be
overshadowed by the ability of LAB to decarboxylate phenolic com-
pounds and amino acids (Matthews et al., 2004; Pessione, 2012;
Wolken, Lucas, Lonvaud-Funel, & Lolkema, 2006). An exhaustive se-
lection of starter cultures for cucumber fermentations to identify can-
didates 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 bloaters. Ro-
bust starter cultures with a reduced decarboxylating potential and en-
hanced peroxidase activity would need to effectively outcompete the

natural microbiota.
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