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Abstract: Clostridia are anaerobic spore-forming bacteria, which degrade carbohydrates to butyric
acid, carbon dioxide, hydrogen and other compounds. These bacteria are commonly found in feces
of ruminants, from where they can enter to udders and milk via manure or fodder. This study
was done to find a sustainable sanitation method to control the resistant clostridial spores as they
are difficult to control in the food processing industry. Clostridia spoil cheeses and other dairy
products, and thereby increase the carbon footprint of products and cause economical losses in
the dairy industry. The efficacy of two organic peroxides; peracetic acid (PAA) and performic acid
(PFA) was tested against 30 clostridia strains isolated from cattle slurry, silage, or spoiled cheeses.
PAA, at a concentration of 220 mg L−1, only eliminated 6/30 clostridia strains, whereas PFA totally
eliminated 26/30 clostridia strains at a concentration of 120 mg L−1. PFA therefore seems to be a
more potent disinfectant than the more commonly used PAA. PFA is an effective disinfectant against
Clostridium tyrobutyricum and other resistant clostridia at 120 mg L−1 for 5–10 min contact time at
room temperature.

Keywords: cheese spoiling; dairy industry; disinfection; peracids; spore-forming bacteria; sustainable
sanitation

1. Introduction

Clostridium tyrobutyricum and related spore-forming bacteria live in soils, slurry and intestines
of humans and other animals. These bacteria can also spoil silage, which reduces its nutritional
value [1] and thus causes economic losses for farmers. The spoilage process of silage can be controlled
by preservation compounds such as formic acid or acetic acid [2] or by favoring lactic acid bacteria
fermentation [3]. In addition, ruminants can get vegetative cells and spores of Cl. tyrobutyricum from
soiled grass and the animals can then transmit these bacteria to feces, which can contaminate teats.
The careful cleaning of cow teats before milking reduces up to 99% of Cl. tyrobutyricum or Bacillus
cereus numbers and thus, these spore-forming bacteria can contaminate cow milk [4] or ewe milk [5]
and pose a genuine problem in milk processing [6].

Vegetative clostridia and their spores can contaminate tanks, pipes, valves and other surfaces
in the dairy industry. The controlling of clostridia in dairy is difficult because clostridia enter via
milk and their spores survive during the pasteurization process. The risk of spoilage is even greater
when manufacturing hard or semi hard cheeses, due to a long ripening time. During this process,
clostridia can grow and produce vomit-smelling butyric acid, acetic acid, hydrogen and carbon dioxide.
These gases break down the structure of cheese by so-called late blowing and thereby spoil it totally,
which causes enormous economic losses for the dairy industry [7] and may even inflict sustained
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damage upon the value of a certain brand of dairy products. Due to the vomit smell, there is no
use for such spoiled cheese. Thus, this spoilage means wasted natural resources, remembering that
each kg of cheese may need more than 10 L of milk, depending on their protein, fat and dry matter
contents. Life cycle assessment analysis has shown that the environmental impact could be reduced by
minimizing the wastage of cheese during manufacturing [8].

Lactobacilli and some related bacteria inhibit the growth of Cl. tyrobutyricum in milk by producing
different antibiotic compounds [9–11]. Similarly, nitrite salts and lysozyme enzyme can reduce or inhibit
the growth of clostridia. They are therefore used in specific cheese processes [11–13]. These inhibitory
compounds also have potential disadvantages. Spoiled cheese mass can contain many different
microorganisms. For instance, nitrate-reducing bacteria can degrade added nitrate to nitrite and
nitrosoamines, which increase the risk of gastric cancer [14]. The microorganisms present can also
reduce the concentrations of added lysozyme or antibiotic compounds produced by lactic acid
bacteria [13]. On the other hand, the residual concentrations of lysozyme isolated from eggs may
cause allergenic reactions among egg-allergic persons [13]. It is also important to notice that there are
traditional cheese makers who do not allow the addition of any enzymes, nitrate or bacteria in their
“protected designation of origin” cheeses [15]. The sterilization of milk would reduce the spore-forming
bacteria but this is not done because heat changes the chemical composition of milk and it is expensive.
Thus, it is important to find new sustainable sanitation methods to control these bacteria in dairy
industrial sites if there has been contamination caused by butyric acid producing clostridia.

Peracid disinfectants are safer than chlorine to the environment because their degradation
products are just water and oxygen. The mode of action of peracids, such as peracetic acid (PAA)
and performic acid (PFA) is based on their high oxidation ability. These acids have been found to be
effective against many microbial groups including different Cl. perfringens strains and related bacteria
in wastewater [16–18] or on laboratory instruments [19,20]. All organic, dirty material possibly present
in food industrial tanks, valves or pipes after process, may consume peracids. Therefore, the amount of
sanitation compound must be high enough because even one clostridial cell can serve as an inoculum
for a new contamination in industry. Generally, the disinfection efficiency of PFA is higher than that
of PAA. It has been reported that the proportion of enteric clostridia increases when PAA is used
as a disinfectant in wastewater treatment, as PAA sensitive non-spore forming microorganisms are
destroyed by PAA, but PAA resistant clostridial spores can survive in these conditions [21].

We do not know of any papers where the disinfection efficiency of PAA or PFA has been studied
against Cl. tyrobutyricum or other resistant clostridia, which are difficult to control in the food processing
industry. Therefore, the aim of this work was to study whether PAA or PFA can efficiently control
Cl. tyrobutyricum and other clostridia so that these compounds could be used in dairy and other food
processing industries to disinfect production machines and areas.

2. Materials and Methods

Clostridial cultures used were obtained from DSM (Deutsche Sammlung von Mikroorganismen,
Germany) or NCIMB (National Collection of Industrial, Marine and Food Bacteria, UK) collections
or were isolated by us. The collection strains had been isolated from spoiled cheeses and our
own isolates from silage grass or cattle slurry [22]. Ten collection strains and one of our own
isolates were characterised as Cl. tyrobutyricum, seven isolates as Cl. propionicum like, four isolates as
Cl. malenominatum, and eight isolates were unidentified strains [23]. Clostridial cultures were cultivated
in Reinforced Clostridia Medium (RCM, Difco) containing 33 g organic compounds and 5 g NaCl per
liter. The RCM tubes were heated before use to destroy the residual oxygen. Incubations were carried
out in anaerobic jars (Oxoid jars with Oxoid reagents) at 37 ◦C for 14 days and then stored at 4 ◦C for
two or three months.

Peracetic acid (PAA) was obtained from Kemira, Oulu, Finland as either 34% or 40% solutions.
The exposure dilutions of PAA were 30 mg L−1, 60 mg L−1, 110 mg L−1 and 220 mg L−1 in sterile water.
Unstable performic acid (PFA) was synthesized for each experiment separately as an approximately
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1% solution by mixing equal volumes of ice-cold 15% (w/v) formic acid, and 35% (w/v) hydrogen
peroxide (both from Kemira, Finland). These were mixed for 17–18 h in an ice bath kept in a fume
hood. The PFA concentration was determined by ceric sulphate titration for hydrogen peroxide and by
iodometric thiosulphate titration for peroxy acids as described earlier [17]. The exposure dilutions of
PFA were 30 mg L−1, 60 mg L−1 and 120 mg L−1 in sterile water.

The final dilutions for both PAA and PFA were done less than one hour before each experiment.
The control experiments were done with sterile water without peracids. The exposure peracid solutions
and the controls (5 mL) were pipetted into sterile test tubes and then inoculated with 0.1 mL of bacterial
suspensions. All 30 strains were exposed to both peracids for 5 min at 20 ± 1 ◦C. Four Cl. tyrobutyricum
and six other clostridia strains were also exposed for 10 min because these strains had some resistance
against PFA in a 5 min exposure time. Both the 2–3 month, and 14 day old cultures contained both
vegetative cells and spores [22,23]. The exposures were stopped and disinfection efficiencies were
confirmed by inoculating 0.1 mL of the exposed bacterial suspensions to 10 mL of Reinforced Clostridia
Medium in test tubes, assuming that the rich organic matter of the medium would soon consume the
possible residues of PFA or PAA. The inoculated test tubes were incubated at 37 ◦C for 14 days in
anaerobic jars.

The turbidity developed during incubation was recorded as growth, meaning that the peracid
exposure had not destroyed all clostridia in the corresponding tube. Clear, non-turbid medium (like
non-inoculated medium) was recorded as total inhibition, meaning that peracid had destroyed all cells.
All tests were done in four replicate tubes so that the results could be between 0–4, where 0 means
turbid growth in all four replicate test tubes i.e., the growth was not inhibited in any tubes, and 4
means no growth in any of the replicate tubes i.e., total inhibition of growth. In some cases, the possible
turbidity was very weak, yielding an ambiguous result. The experiment was then repeated.

Statistical analyses were conducted using IBM SPSS Statistic 21. A non-parametric Kruskal–Wallis
test with a pairwise comparison was used to assess the statistically significant differences among
the inhibitory effects (no growth) of disinfectants with tested concentrations (p < 0.05). All species
were tested together and one by one. The differences between species in their sensitivity to PAA or
PFA was tested with the same non-parametric test with a pairwise comparison. A Related-Samples
Wilcoxon Signed Rank Test was used to test the statistically significant differences between 5 and 10 min
treatment times on the growth of clostridia after treatment with different PAA and PFA concentrations
(p < 0.05). If the growth test was done twice, the average result was used in the statistical analysis.

3. Results

All Clostridium strains showed growth with rich turbidity and precipitation in all four control
tubes. Thus, the inoculum of all strains had contained enough vegetative cells for all tests. Peracetic
acid (PAA) and performic acid (PFA) had very different disinfection abilities, as can be seen from
Table 1, which shows the efficacy of peracids in the four replicate test tubes (4 = no growth in any tube
and 0 = growth in all tubes). The inhibition of growth caused by 30, 60 and 120 mg L−1 PFA were
significantly higher than those caused by 30, 60, 110 or 220 mg L−1 PAA (p < 0.05 in Kruskal–Wallis
test with pairwise comparison). The statistically significant difference in sensitivity is shown with
different letters in Table 1 within the Clostridium types of Cl. tyrobutyricum, Cl. propionicum like,
Cl. malenominatum and unidentified clostridia.

Table 1 shows that 30 mg L−1 PAA did not inhibit any Clostridium strains tested, and only a few
strains were inhibited at 60, 110 or 220 mg L−1 PAA without any significant differences with those of
30 mg L−1 PAA in the pairwise comparisons (p > 0.05). All Cl. tyrobutyricum strains were resistant to
all PAA concentrations tested up to 220 mg L−1. One Cl. propionicum like, three Cl. malenominatum,
and two unidentified clostridia showed some sensitivity to concentrations of 60–220 mg L−1 PAA,
although the differences between PAA concentrations were not significant in the pairwise comparison
(p > 0.05, Table 1). The PAA-resistance of Cl. tyrobutyricum strains were significantly higher than those
of Cl. propionicum likes, Cl. malenominatum, or unidentified clostridia (p < 0.05).



Sustainability 2018, 10, 4116 4 of 8

On the contrary, even 30 mg L−1 of PFA inhibited, at least partly, 24 of 30 Clostridium strains
but the remaining six strains were resistant to this concentration (Table 1). When the concentrations
of PFA increased there was more sensitivity to PFA. In addition, all 30 strains showed at least some
sensitivity to 120 mg L−1 of PFA, and the disinfection caused by this concentration was significantly
higher than those caused by lower PFA concentrations (p < 0.05). The strains of Cl. malenominatum
were significantly more sensitive to PFA than the strains of Cl. tyrobutyricum or the unidentified
clostridia (p < 0.05). However, there were no significant differences in PFA sensitivity between
Cl. propionicum like and the other Clostridium types (p > 0.05). Even 30 mg L−1 of PFA was effective
against Cl. malenominatum and Cl. propionicum like, and there were no significant differences between
PFA concentrations (p > 0.05, Table 1). In other Clostridium types tested, the higher PFA concentrations
inhibited the growth significantly better than the lower concentrations.

Table 1. Number of test tubes out of 4 without clostridial growth (totally disinfected) after exposed to
peracids for 5 min. The strains were 2–3 months old. Different letters indicate a statistically significant
difference (non-parametric Kruskal–Wallis test with pairwise comparison, p < 0.05) in the sensitivity to
disinfectant within different Clostridium types.

Clostridium Types Strains

Peracetic Acid (PAA)
mg L−1

Performic Acid (PFA)
mg L−1

30 60 110 220 30 60 120

Cl. tyrobutyricum

a a a a b b c
DSM-663 0 0 0 0 3 3 3

DSM-1460 nt 1 0 0 0 0 2 4
DSM-2637 nt 0 0 0 4 3 4

NICMB-701790 0 0 0 0 2 4 3
NICMB-701715 nt 0 0 0 2 0 4
NICMB-701753 0 0 0 0 1 4 3
NICMB-701754 nt 0 0 0 1 1 4
NICMB-701755 0 0 0 0 0 0 4
NICMB-701756 0 0 0 0 2 3 4
NICMB-701757 0 0 0 0 4 3 4

HA-56 0 0 0 0 4 4 nt

Cl. propionicum like

a a a a ab b b
PP-1 nt 0 0 0 2 4 4

HL-17 nt 0 0 0 1 2 3
KI-12 0 0 0 0 0 2 3
KA-4 nt 0 0 0 3 4 4

HA-13 0 0 0 0 2 3 3
HA-18 2 nt nt 0 0 3 3 4
HA-19 nt 4 4 4 4 4 4

Cl. malenominatum

a a ab abc bc c c
222-IIIa 0 0 0 3 4 4 4
222-IIIb 0 0 2 4 4 4 4
HL-54 0 0 0 0 2 4 4
HL-55 nt 0 3 2 3 4 4

Unidentified clostridia

a a a a ab bc c
HL-27 nt 0 0 0 0 0 (2) 3 4
HL-22 0 0 0 0 0 4 4
HL-56 nt 0 0 0 2 3 4
NU-7 0 0 0 0 0 1 (2) 3 4
PP-51 0 0 0 0 3 3 (2) 3 4
Pt-25 nt 0 0 0 3 3 4

HA-14 nt nt 1 4 3 3 4
PP-24 nt 3 4 4 4 4 4

1 nt = not tested. 2 HA-18 was a fresh (one day old) inoculum. 3 Test was done twice, and the second results are in
parenthesis. The average values (1 for HL-27, 1.5 for NU-7 and 2.5 for PP-51) were used in the statistical analysis.
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The disinfection efficiency of PFA was higher with 10 min than with 5 min exposure time (Table 2).
This effect was significant in all cases at 30 or 60 mg L−1 PFA concentrations (p < 0.05 Table 2) except
for Cl. malenominatum, which already was highly inhibited at 5 min exposure time (p > 0.05, Table 2).
Only one strain out of 10 tested strains (Cl. malenominatum 222-IIIa) was inhibited with PAA more if
the exposure time was 10 min instead of 5 min, showing a significant difference only at 110 mg L−1

PAA concentration (p < 0.05).

Table 2. Number of test tubes out of 4 without clostridial growth (totally disinfected) after being
exposed to PAA or PFA for 5 and 10 min. The strains were 14 days old. The test was not done for the
20 strains found to be sensitive to PFA. Results of 30 mg L−1 are not given if 60 mg L−1 in 5 min had
growth i.e., no disinfection effect.

Peracid Clostridium Type Strains Concentration mg L−1
Exposure Time

5 min 10 min

PAA

Cl. tyrobutyricum DSM-1460, NCIMB-701715,
-701754 and -701755 60, 110 and 220 0 0

Cl. propionicum like PP-1, HL-17 and KA-4 60, 110 and 220 0 0

Cl. malenominatum 222-IIIa

60 0 2

110 0 4

220 3 4

Unidentified clostridia HL-27 and HL-22 60, 110 and 220 0 0

PFA

Cl. tyrobutyricum

DSM-1460 60 2 3

120 4 4

NCIMB-701715 60 0 3

120 4 4

NCIMB-701754
30 1 4

60 1 4

120 4 4

NCIMB-701755
30 0 2

60 0 4

120 4 4

Cl. propionicum like

PP-1 30 2 3

60 and 120 4 4

HL-17

30 1 4

60 2 4

120 3 4

KA-4 60 and 120 4 4

Cl. malenominatum 222-IIIa 30, 60 and 120 4 4

Unidentified clostridia

HL-27
30 0 4

60 0 (2) 1 4

120 4 4

HL-22 60 2 4

120 4 4
1 Test was done twice, and the second results are in parenthesis. The average value (1 for HL-27) was used in
statistical analysis.

4. Discussion

The major finding of the study was that PFA is a significantly more powerful disinfectant than
PAA. In general, our results provide evidence of the increase of PFA efficacy at higher concentrations
and/or longer exposure times. Thus, our work confirms the earlier results of wastewater disinfection
experiments, where the exposure time for PFA could be less than 20 min in comparison with the 6 h
exposure time needed for PAA [24]. However, a high PFA concentration with a long exposure time
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may increase the risk of corrosion [25]. More studies of PFA should be done to evaluate its use in
the applications of different food processing industries with rather short time disinfections so that its
registration as a disinfectant compound would take place. PFA is already known to be effective in cold
temperatures [17], which is often needed in food processes.

The resistance of bacteria against peracids is known to be affected by temperature, peracid
concentrations and organic matter (as casein or peptone), as these factors increase the degradation of
peracids and thereby the formation of degradation products, such as peroxyls or hydroxyl radicals [26].
It has been found that the decay rate of PAA increases when the temperature increases from 20 to
30 ◦C and the concentration of organic matter in medium increases from 0 to 70 mg COD L−1 [27].
If we would have a higher exposure temperature, the disinfection efficiency of PAA and PFA in the
present work would possibly have been higher. The radicals formed in the decay process might have a
major role in improving the disinfection ability [28]. Since PFA is more labile than PAA, it will decay
more rapidly [25] and form more radicals. Therefore, PFA is a more powerful disinfectant than PAA.

The concentrations used in our study (30–220 mg L−1) for PAA and (30–120 mg L−1) for PFA
were so high that the results cannot be well compared to earlier disinfection works, where peracid
concentration was up to 10 mg L−1 in treated wastewater [26] or aquarium water [27]. Our inoculum
of 0.1 mL could have contained up to 3.3 mg organic matter, which was added to 5 mL of exposure
solution, meaning that the solution’s organic matter concentration was 660 mg L−1 if the organic
matter, which was consumed by clostridial growth before exposure tests, was ignored. We did not
measure the decay of PFA or PAA during the exposure of 5 or 10 min, but there must have been some
decay due to the high level of organic matter [26,27].

PFA has been estimated to be a cost-efficient option to replace PAA if the need for disinfectant is
getting higher due to the increasing capacity of industrial plants, although it needs to be produced
just before usage [29]. PFA, used in this study, was self-made with the reagent price around 15 € for
1 kg [24]. In our work, the production process work was rapid and trouble-free. However, it is highly
recommended that a protective mask is used during work and that the work is done in a fume hood.

If the need for PFA is high and daily, there is a commercial PFA production and dosing unit
available (i.e., Desinfix® Kemira, Finland with annual capital costs of 12,000 €), which decreases the
risk of occupational hazards, which must be considered when producing highly reactive PFA [24].
This kind of unit may enable the utilization of this environmentally friendly PFA disinfectant to
decrease economical losses caused by Clostridium tyrobutyricum and related spore-forming bacteria in
the dairy industry.

5. Conclusions

Performic acid can efficiently control butyric acid producing clostridia even within an exposure
time of 5–10 min at 20 ◦C when its concentration is 30–120 mg L−1. A longer time would be more
effective for PFA. On the contrary, although peracetic acid controlled within an exposure time of
5–10 min only a few of the clostridia strains studied even when its concentration was 220 mg L−1.

The use of PFA in the dairy industry could increase the sustainability of cheese production in
large areas where milk production is the only possibility for agriculture due to the climate or rocky
soils, since butyric acid producing bacteria can totally spoil hard and semi hard cheeses to harmful
wastes. This spoiling could lead to the total loss of the relatively high carbon footprint of cheeses.

It is recommended that PFA should be registered as a disinfectant in cases where clostridia or
other resistant organisms cause a serious risk, e.g., in food the processing industry.
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