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Sporostatic, Sporicidal, and Heat-Sensitizing Action of Maleic
Acid against Spores of Proteolytic Clostridium botulinum
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ABSTRACT

The antibotulinal potential of maleic acid was investigated in
an uncured turkey product and model systems. There was a
dose-related delay in neurotoxin detection, with no toxin develop-
ing after 40 days at 28°C with 500 or 1,500 Clostridium botulinum
spores per g and 2% maleic acid. Anaerobic and aerobic microflora
were suppressed by maleic acid, and pH remained constant during
the incubation period. Sporicidal and sporostatic concentrations
were 19.5 and 2.4 mM, respectively, in broth. The 8-day sporostatic
levels were >5 and 2 mM for canned chicken and beef broths,
respectively. Dipicolinic acid release was reduced by 50% with
0.25 mM maleic acid. Maleic acid also lowered spore thermal
resistance at 80°C. These data indicate that maleic acid inactivates
C. botulinum spores, delays spore outgrowth, and reduces thermal
resistance.
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Although rare, botulism produced the second highest
death-to-case ratio (192/1,000) among foodborne illnesses
occurring in the U.S. between 1973 and 1987 (3). Soil and
sediments harboring Clostridium.botulinum spores are the
principal routes for entry into the food chain. While commer-
cial sterilization destroys the thermotolerant spores, combi-
nations of sublethal preservation techniques, such as refrig-
eration and acidification, are used frequently to inhibit spore
germination. C. botulinum intoxication usually involves
consumption of either improperly prepared home-processed
foods or temperature-abused commercial products. Re-
cently, however, there have been some outbreaks from
consumption of ethnic foods or those that were manufac-
tured using new technologies (11, 20, 28, 36, 38).

Uncured ready-to-eat turkey products, now common
retail items, are moderately heat-processed, low-salt, nitrite-
free, vacuum-packaged products with an excellent safety
record. Since there is no additional growth barrier, product
safety depends upon good manufacturing practices and
proper refrigeration. Additional measures are necessary to

prevent pathogen growth or toxigenesis if such products are
temperature abused.

Organic acids and their corresponding salts are promis-
ing antibacterial agents because they are generally inexpen-
sive and enjoy consumer acceptance. We observed recently
(23) that among a series of four-carbon dicarboxylic acids,
including the naturally occurring compounds fumaric, aspar-
tic, malic, succinic, tartaric, and maleic acids, only maleic
acid had inhibitory activity toward proteolytic strains of C.
botulinum. Earlier Huhtanen et al. (14) showed that maleic
acid inhibited gas production by C. botulinum in cans of
comminuted, nitrite-free temperature-abused bacon. Using
structure-activity relationships, Dymicky et al. (9) demon-
strated that mono-C;3 ;3 alkyl maleates had maximum
antibotulinal activity.

Maleic acid (1,2-ethylenedicarboxylic acid, EW. 116.07),
the cis isomer of fumaric acid, is manufactured synthetically
by the hydrolysis of maleic anhydride. Its reactivity stems
from the conjugation to the ethylene backbone with the oxo
functions of the two carboxyl groups, making maleic acid
bifunctionally reactive. Maleic acid can undergo reactions
including amidation of primary and secondary amines,
decarboxylation, and electrophilic or nucleophilic addition
(18). Maleic acid is found in fruits and fermented foods and
was shown to be an effective preservative (1, 26). Limited
toxicity data exists and was reported previously (23). Thus,
the previously reported functional and preservative activity
of this unique four-carbon unsaturated dicarboxylic acid in
foods prompted us to investigate further the antibotulinal
properties of maleic acid.

MATERIALS AND METHODS

Spore cultures

A spore mixture containing three type A (33, 62A, 69) and
three type B (999, 169, ATCC 7949) proteolytic C. botulinum
strains was used throughout the study. Strains were from the culture
collection at the USDA, Eastern Regional Research Center. Indi-
vidual strain spore suspensions were prepared by culturing in
botulinal assay medium without thioglycollate (BAM) at pH 7.0
(13) for up to 21 days as described previously (5, 6, 24). Equal
numbers of the six individually prepared and then heat-shocked
(80°C for 10 min) strains were pooled to yield a final concentration



of 5.7 log number of spores per ml. Spores were characterized, as
described previously, and stored at 4°C in sterile distilled water.
Viability and germination rate were tested initially on individual
strains. Before each experiment spore mixtures were enumerated
after surface plating onto BAM agar plates and incubating anaero-
bically in a flexible chamber (Coy Industries, Ann Arbor, MI) for
48 h at 37°C. The atmosphere consisted of 90% nitrogen and 10%
hydrogen. Residual oxygen was converted to water vapor by use of
a palladium catalyst.

Maleic acid

Maleic acid purchased from Sigma Chemical Company (St.
Louis, MO) was used without further purification. For food
challenge studies maleic acid was freshly diluted in sterile deion-
ized and distilled water. For other experiments a 5.0 M stock
solution was prepared in 95% ethanol and stored at 5°C. Final
ethanol concentrations in testing treatments were below those
reported to be inhibitory (15, 19).

Product formulation and treatment

Turkey breast meat was obtained, formulated inoculated, and
incubated as described previously (23, 24). Briefly, 500-g batches
of ground turkey were prepared with 1.4% (7 g, wt/wt) sodium
chloride, 0.3% (1.5 g, wt/wt) sodium pyrophosphate, and 0 to 3%
maleic acid (0 to 0.26 M. 0 to 15 g, wt/wt). The pH levels of the
turkey formulations were adjusted with hydrochloric acid or
sodium hydroxide to 6.0 and blended in a food processor. A
positive control containing botulinal spores and no maleic acid, and
a negative control, containing neither spores nor maleic acid, was
included in each experimental trial.

Two inoculum levels were tested. Formulations were placed
into heat-sealable plastic bags and weighed, and either 500 or 1,500
spores per g were inoculated into all but the negative control
samples by adding approximately 5 ml of an appropriately diluted
suspension of the spore mixture. Spores were mixed into the turkey
formulations by systematic hand kneading. After mixing, 10 *
0.1-g samples were weighed into filter Stomacher bags (Tekmar,
Cincinnati, OH). Stomacher bags were folded and placed into
high-oxygen-barrier bags, with an O, transmission rate of 3.5
cm?/100 in%24 h, at 24°C and 75% RH, as defined by the
manufacturer (Koch Supplies, Inc., Kansas City, MO). Bags were
vacuum sealed at —950 mbar in a Multivac A300/16 packaging
machine (Sepp Haggenmiiller, West Germany), heated immersed
for 20 min in 75°C water, cooled in crushed ice, and incubated at
28°C for O to 40 days. Preliminary heating trials on uninoculated
turkey formulations indicated that the samples reached final
temperature within 5 min after immersion. At the end of each
incubation period, samples were removed, frozen, and stored at
—18°C until tested. Three replicate samples per treatment were
tested at each sampling time. Duplicate trials were performed.

Product evaluation

Products were evaluated periodically for pH, aerobic and
anaerobic/facultative bacterial load, neurotoxin, and sensory charac-
teristics. Neurotoxin mouse bioassays (8), pH determinations, and

sensory evaluations were described in detail previously (23, 24).

Bioassays were conducted on duplicate Swiss-Weber laboratory
mice that were observed for typical botulism symptoms for 72 h.
For bacteriological evaluation, treated or control samples
were removed from opened vacuum pouches, diluted using 20 ml
of 0.1% peptone (Difco Laboratories, Detroit, MI) to yield a 1:3
dilution, and blended for 2 min using a Model 400 Stomacher
(Tekmar). Each filtrate was serially diluted in 0.1% peptone water
and plated onto nutrient agar and Lactobacillus MRS plates (Difco)

using a spiral plating instrument (Model D, Spiral Systems,
Cincinnati, OH). Nutrient agar plates were incubated in a forced-air
incubator, while the MRS dishes were incubated in a Coy anaerobic
chamber. Both sets of Petri dishes were incubated at 37° for 48 h.
Quantification was performed by manual counting. Bacterial
assays were performed through the 40-day sampling, until a
toxigenic response was obtained by the neurotoxin assay, or until
the cells reached the stationary phase of the growth cycle.

Spore inhibitory concentrations

Maleic acid was serially diluted from 2,500 mM (23%) to
extinction in BAM broth, without pH adjustment, and then
inoculated with 0.1 ml of culture containing 4.7 log heat-shocked
(80°C for 10 min) spores. The pH range of the final solutions
ranged from 3.0 to 7.0. After anaerobic exposure for 6 h at 32°C,
0.1 ml from the broth tubes was subcultured to each of 5 replicate
thioglycollate (TG) broth tubes, before and after a 10-min, 80°C
heat treatment, to destroy germinated spores or outgrown vegeta-
tive cells. Tubes were incubated for 48 h at 32°C and then
examined visually for turbidity. Sporicidal activity was defined as
no visible growth in =4 tubes containing non-heat-shocked maleic
acid-exposed cultures. Sporostatic activity was defined as growth
in <4 tubes containing heat-shocked maleic acid-exposed cultures.

Anti-outgrowth potential of maleic acid was also assessed
using commercial canned chicken and beef broths, as described
previously (7). Briefly, 2 to 5 mM maleic acid, without pH
adjustment, was added to the commercial products along with 4.7
log heat-shocked C. botulinum spores per 0.1 ml. The pH values of
the final mixtures ranged from 6.0 to 7.0. The broths were
incubated anaerobically at 25°C and visually examined for turbid-
ity. Controls included both inoculated and uninoculated commer-
cial broths.

Dipicolinic acid (DPA) release

DPA analysis was modified from the colorimetric assay of
Janssen et al. as described by Bowles and Miller (5, 6). Maleic acid
levels of 0.5 to 5 mM were added to 4.7 log heat-shocked spores in
0.1 ml and incubated for 9 h anaerobically at 32°C. The chromo-
genic reagent was added, optical density was measured at 440 nm,
and DPA content was calculated from a standard curve that was
determined for each experiment.

Effect on spore thermal resistance

C. botulinum spores (7 log spores per ml) were aerobically
exposed to 0 or 100 mM (1.2%) maleic acid for 30 min at 25°C,
then transferred to an 80°C water bath. The samples, in 5.0 ml glass
vials, reached equilibrium temperature in 95 s. Spore thermal
resistance was evaluated by comparing the population densities of
maleic acid-treated and untreated samples by anaerobic plating on
BAM agar and incubation for 48 h at 37°C. To separate heating
from maleic -acid effects, a control was performed for each
experiment consisting of spores incubated 50 min at 25°C in 100
mM maleic acid.

RESULTS

Turkey product evaluation

Changes in the turkey product pH levels were slight
during the 40-day trial (data not shown). Control samples,
containing neither spores nor maleic acid, exhibited in-
creased pH levels, from 6.4 to 7 during the 28°C incubation.
Control samples inoculated with spores had slightly higher
initial pH levels (6.5), then increased further to 6.7 within 5



days, while the pH values of maleic acid-containing samples
dropped only 0.1 pH unit during the incubation period,
regardless of ingoing acid concentration and spore challenge
load.

The results from the total aerobic plate counts from the
500 spores per g of turkey samples are presented in Fig. 1a.
For Fig. 1a and b data are presented that show only the lag,
growth, and early stationary phases of the growth cycle.
Control samples that received no maleic acid, or spores that
were incubated at 28°C, reached a maximum population
density of 6.2 log CFU/g by -10 days. Similarly, positive
(spore-only) controls reached a maximum population den-
sity of 5.4 log CFU/g by 10 days. There was an inverse
relationship between increased maleic acid levels and the
growth rate of aerobic bacteria. At 10 days, for example,
aerobic bacteria levels in the experimental samples were 4.5,
3.5, and 1.8 log CFU/g for 1 (86 mM), 2 (115 mM), and 3%
(258 mM) maleic acid, respectively. Maximum population
densities were observed at 10 days for the 1 and 2% maleic
acid-treated samples, while 3% maleic acid samples reached
a maximum population density of 4.1 log CFU/g at 20 days,
demonstrating further the growth-suppressing effect of ma-
leic acid on total aerobic bacterial load. Increasing spore
concentrations to 1,500/g resulted in shorter lag duration
periods (data not shown)..

Similar results were obtained for facultative/anaerobic
bacteria in the 500-spores per g turkey samples that were
observed on lactobacillus MRS agar, permitting growth of
organisms including lactic acid bacteria (Fig. 1b). Negative
and positive control samples reached a maximum population
density of 5.7 log CFU/g in 10 days. There was a dose-
related suppressing effect on the growth of facultative/
anaerobic bacteria when maleic acid was added to the turkey
product. The 1,500-spores-per-g products (data not shown)
had shorter lag duration periods at each maleic acid level,
compared to the lower inoculum size samples.

The mouse bioassay was employed to qualitatively
assess botulinum neurotoxin detection in uncured turkey
product that was challenged with two levels of C. botulinum
spores and incubated at 28°C. Results are summarized in

.
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TABLE 1. Time to detection of neurotoxin as measured by mouse
bioassay in vacuum-packaged uncured turkey inoculated with
spores of proteolytic C. botulinum and treated with maleic acid;
incubation at 28°C

Days to neurotoxin detection

Inoculum Maleic acid, % (mM)
(spores/g
of turkey) 0 0.5 (43) 1.0 (86) 1.5 (115) 2.0(172)
500 3 4 5 20 >40
1,500 2 2 4 8 >40

Table 1. At the 500 spores per g challenge level, turkey
samples contained neurotoxin at 4, 5, and 20 days in the
presence of 0.5, 1, and 1.5% maleic acid, respectively. The
time to neurotoxin detection. decreased when the spore
inoculum was elevated threefold, to 1,500 spores per g. No
neurotoxin was detected at 40 days in samples containing
2% maleic acid, regardless of spore inoculation level.

Off odors or abnormal texture or color were inadequate
warnings for neurotoxin presence in the product (data not
shown). Only the positive control (no maleic acid) and 0.5%
maleic acid-treated turkey samples, at the 500-spores-per-g
level, exhibited obvious evidence of spoilage. Conversely,
the 1.5% maleic acid samples exhibited neurotoxin at least 1
day prior to a noticeable product change. The poor correla-
tion between neurotoxin development and obvious product
changes was also evident in the 1,500-spores-per-g samples.
Although the positive control samples exhibited off odors at
2 days, coinciding with neurotoxin detection, there were no
textural, color, or olfactory clues from the observation of the
product that would suggest neurotoxin presence in any
maleic acid-treated sample.

Spore inhibitory concentration

The sporostatic concentration was 2.4 mM maleic acid
for C. botulinum spores in BAM broth at 32°C (data not
shown). Nonviable spores were produced with 19.5 mM
maleic acid (data not shown). C. botulinum spores were
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FIGURE 1. (a) Aerobic bacterial growth on nutrient agar of uncured turkey product containing 0 to 3% maleic acid and inoculated with
spores of proteolytic C. botulinum; incubation at 28°C. (b) Anaerobic/facultative bacterial growth on MRS lactobacillus agar of uncured
turkey product containing 0 to 3% maleic acid and inoculated with spores of proteolytic C. botulinum; incubation at 28°C.
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FIGURE 2. Level of DPA released into surrounding medium after
exposure of spores of proteolytic C. botulinum to 0 to 5 mM maleic
acid for 9 h at 32°C.

inhibited from outgrowth in beef broth containing 2 mM
maleic acid, as measured by comparing visual turbidity in
the experimental tubes to the controls, for up to 8 days.
Outgrowth was inhibited in chicken broth, but the concentra-
tion required varied with end-point time. For example, 2, 4,
>5, and >5 mM maleic acid was required to prevent
outgrowth for 2, 4, 6, and 8 days, respectively.

DPA release

DPA levels were estimated colorimetrically after spores
were exposed to 0 to 5 mM maleic acid for 9 h at 32°C.
Results are presented in Fig. 2. Control samples, without any
maleic acid, released 80 pug of DPA/ml. When maleic acid
was added, however, an exponential decay relationship was
observed between inhibitor concentration and DPA release.
" Approximately 0.25 mM maleic acid was calculated as the
inhibitory concentration required to lower DPA release by
50%, while 2.0 mM maleic acid was experimentally deter-
mined to completely inhibit DPA release. This later value
coincides well with the experimentally derived sporostatic
levels.

TABLE 2. The effect of maleic acid on thermal resistance of spores
of proteolytic C. botulinum in BAM broth

logip CFU/ml
Maleic acid (mM)
Time* at 80°C
(min) 0 © 100
0 7.0 6.3
5 7.0 52
10 7.0 4.5
15 6.9 3.8
20 6.8 33

¢ Initial exposure was 30 min at 25°C. Experimental samples were
then transferred to an 80°C water bath. Controls were maintained
at 25°C and varied only between 6.8 and 6.0 log CFU/ml
throughout the heating trial.

Effects on spore thermal resistance

Maleic acid effects on thermal resistance of proteolytic
C. botulinum spores are shown in Table 2. Maleic acid (100
mM) controls were incubated for 50 min at 25°C, in parallel
with the experimental samples, which were exposed to 0 or
100 mM maleic acid for 30 min at 25°C, then heated for 0 to
20 min at 80°C. Results indicated that the maleic acid-
treated controls remained viable, as indicated by growth on
BAM agar, throughout the 50-min 25°C incubation. Like-
wise, spores that were unexposed to maleic acid (0 mM) but
received the 25°C incubation and 80°C thermal treatment
lost no viability. Spores levels exposed to 100 mM maleic
acid, however, decreased 1,000-fold after 20 min at 80°C.

DISCUSSION

Earlier reports demonstrating the antibotulinal efficacy
of maleic acid and its derivatives provided little information
about the mechanism of inhibition (9, 14, 23). The current
study further characterized the inhibitory potential of maleic
acid by demonstrating decreased total bacterial growth and a
dose-related delay in neurotoxin detection in a food product
at two spore inoculum levels. Moreover, the study deter-
mined sporicidal and sporostatic potential in a bacteriologi-
cal medium and in commercial soups, showed that maleic
acid inhibited DPA release in a concentration-dependent
manner, and provided evidence that maleic acid lowered
spore thermal resistance.

The lower pH values observed in the maleic acid-treated
turkey samples, compared to controls, indicated an ability to
overcome the tendency of the control samples to increase pH
levels, with respect to time. The use of maleic acid as a food
acidulant was demonstrated previously (26). It is unlikely
that the antibotulinal action of maleic acid, however, was
due to a direct acidifying effect, since C. botulinum growth
could occur at the pH values observed in all of the
experimental products. More likely, maleic acid retarded
spoilage organisms and pathogen growth, which could form
alkaline breakdown products, like ammonia, by proteolysis
of food components. This hypothesis is supported by the
decreased bacterial population growth that paralleled in-
creased maleic acid concentrations. Food preservation by
maleic acid was reported previously (39).

The observation that increased maleic acid levels low-
ered levels of aerobic and anaerobic bacteria in the turkey
product shows the general dose-related antimicrobial activ-
ity of this compound. Furthermore, the retarding of neuro-
toxin development in the turkey product was also concentra-
tion-dependent. The additional observation that time to
neurotoxin detection varied inversely with initial spore
levels is consistent with the report by Baker and Genigeorgis
(2). The lack of off odors or texture in the inoculated turkey
product underscores the potential consumer hazard associ-
ated with foods containing botulinal neurotoxin, since

_ contaminated products often lack either spoilage signs or gas

and swelling.

The present study also confirms the earlier observation
that higher levels of C. botulinum inhibitors are required to
impart a sporicidal effect than for sporostasis (5, 6, 7). The



DPA data further show inhibitory potential above 2 mM
maleic acid, a level consistent with the experimentally
determined inhibitory levels in BAM broth and the two
commercial soups.

A comparison can be made between the sporostatic
efficacy of maleic acid and that of various other preserva-
tives, using the experimentally derived value of 2 mM (233
pg/ml) as a benchmark level. Reddy et al. (3/) inhibited
C. botulinum spore outgrowth in broth with 200 to 400
pg/ml BHA, BHT, and TBHQ. Sodium hypophosphite was
inhibitory to C. botulinum at 3,000 pg/g of bacon (30).
Winarno et al. (41) showed that EDTA inhibited germination
of C. botulinum 62A spores in a food product at 2.5 mM. The
level of nitrite approved for use in cure-pumped bacon, and
taken here as an antibotulinal level, is 120 pg/g of bacon.
From these studies it can be concluded that maleic acid
inhibits C. botulinum at concentrations comparable to other
antimicrobial agents.

The thermal challenge experiment showed that neither
mild heat treatment nor short maleic acid exposure, alone,
affected spore viability. Yet, their combined effects de-
creased viability, thus indicating a synergistic relationship.
Maleic acid appears to reduce the thermal resistance of C.
botulinum spores to heat, most likely in the dormant spores.
Pretreatment of C. botulinum spores by a variety of agents
can lower thermal resistance. Examples of previously re-
ported sensitizing agents include: ionizing irradiation, hypo-
chlorite, hydrogen peroxide, caffeic acid, and certain ali-
phatic and aromatic ketones and aldehydes (5, 6, 7, 17).

Our understanding of maleic .acid metabolism in C.
botulinum is poor, compared to information available on
other bacteria. For example, despite studies demonstrating
four-carbon dicarboxylate permeases that allow maleic acid
to move into vegetative bacteria (35), there is no information
regarding such transport systems in C. botulinum. Many
microorganisms can use maleate as a carbon and energy
source (29). Maleate also is an intermediate in the microbial
degradation of gentisate (12) and pyridine rings (4). Further-
more, a variety of microorganisms produce fumarate (29) or
D-malate (40) from maleate. Fumarate also can be incorpo-
rated into the citric acid cycle in aerobic microorganisms.
p-malate can be degraded to either pyruvate and CO, (10) or
to acetyl-coA and glyoxylate (37). ‘

Knowledge about the antimicrobial potential and the
mechanism of action of maleic acid and its close derivatives
in C. botulinum is, likewise, limited. Maleic acid blocked
nicotinic acid metabolism in C. barkeri by the competitive
inhibition of methyleneglutarate mutase (21). Maleic anhy-
dride, the synthetic precursor of maleic acid, was shown to
reduce the lethal hemolytic and platelet-aggregating activi-
ties and phospholipase C activity of C. perfringens a-toxin
(32). Similarly, Sakurai and Nagahama (33) demonstrated
that the lethal activity of C. perfringens e-prototoxin and
e-toxin was lost after treatment with 2,3-dimethylmaleic
anhydride. These reports indicate that maleic acid and its
derivatives can inhibit some clostridial species by disturbing
intermediary metabolism or by modifying the biological
activity of clostridial toxins. The present study supports the
notion that metabolism, as assessed by viability and growth

studies, is adversely affected by maleic acid. The potential
interference of maleic acid with the biological activity of
neurotoxin remains unclear.
In the present study maleic acid suppressed proteolytic
C. botulinum prior to the outgrowth stage in its life cycle.
More specifically, the sporicidal and sporostatic activity of
the compound, and the temperature-sensitizing effect, indi-
cate that it affects the spore in its dormant state. It is
uncertain if maleic acid inhibits C. botulinum by affecting
the spore coat or if its mode of action is on an internal
receptor. It is unlikely, however, that the inhibitory action
resulted from interference with an active transport system,
since dormant spores were affected.
~ Maleic acid occurs naturally in plants, and is produced
as a fermentation product in some foods (16, 22, 25). While
the compound is unapproved as a direct food additive,
maleic acid has been awarded food -application patents, was
tested in foods, and was efficacious for acidulation (26),
color enhancement (27, 42), shelf-life extension (39), and
odor reduction (I). Schroeder and Hoseney (34), moreover,
demonstrated that maleic acid reacted with free radicals in
gluten proteins. In view of these properties, as well as the
antibotulinal activity shown in the present study, further
studies need to be conducted to gain a fuller understanding
of the mechanism of action of this multifunctional compound.
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