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Abstract
The World Health Organization in 2017 named 12 pathogens that pose a 

threat to human health. Estimates of foodborne illnesses in 2011 by the Centers 
for Disease Control and Prevention and a summary report on foodborne outbreaks 
in 2015 by the European Food Safety Authority identified certain pathogens 
as a threat to human health. The pathogens described include the following: 
Pseudomonas aeruginosa, Enterococcus faecium, Staphylococcus aureus, Campylobacter, 
Salmonella, Shiga toxin-producing Escherichia coli O157 (O157 STECs), and 
non-O157 STECs. Researchers have suggested that new strategies must be 
developed to control foodborne pathogens, and the mechanism(s) of bacterial 
inhibition by organic acids (OAs) must be identified. This review focuses on eight 
major pathogens, C. jejuni, C. coli, Salmonella spp., E. coli O157:H7, non-O157 
STECs, Ps. aeruginosa, vancomycin-resistant E. faecium (VRE), and S. aureus and 
their interactions with OAs. In the studies reviewed the pH was measured at the 
molar MICs (MICMs), and the concentrations of undissociated and dissociated 
OAs were calculated at the MICMs using the Henderson-Hasselbalch equation. 
The inhibition of bacterial strains was not solely dependent on pH or on the 
concentration of undissociated OAs, but inhibition was clearly correlated with 
the dissociated OA concentration. These studies show a dissociated OA level of 
acetic, formic, propionic, citric, l-lactic, and butyric acids at 21.83, 19.81, 18.18, 
20.39, 22.23, and 22.56 mM, respectively, needed to inhibit 100% of the bacterial 
strains studied. It was further observed when a bacterium utilizes an OA for 
energy production, the concentration of that OA will require a significant increase 
to cause inhibition of the bacterium.

Keywords
Acetic acid, butyric acid, citric acid, formic acid, l-lactic acid, organic acids, 

propionic acid, foodborne pathogens

Abbreviations
[A–]: molar concentration of the dissociated weak acid; BWL: body weight 

loss; CDC: Centers for Disease Control and Prevention; EFSA: European Food 
Safety Authority; FDH: formate dehydrogenase; [HA]: molar concentration of 
the undissociated weak acid; LDH: lactate dehydrogenase; l-iLDH: l-lactate 
dehydrogenase; MIC: minimum inhibitory concentration; MICM: molar 
minimum inhibitory concentration; NAD: nicotinamide adenine dinucleotide; 
O157 STEC: Shiga toxin-producing Escherichia coli O157; OA: organic acid; 
LPS: lipopolysaccharide; pKa: –log10 of the acid dissociation constant (Ka); SA: 
staphyloferrin A; SB: staphyloferrin B; VRE: vancomycin-resistant Enterococcus 
faecium; WHO: World Health Organization

Journal of 
Food Chemistry & Nanotechnology



Interactions and Inhibition of Pathogenic Foodborne Bacteria with Individual Dissociated Organic 
Acid Species: A Review

5Journal of Food Chemistry and Nanotechnology | Volume 6 Issue 4, 2020

Beier.

Introduction
The World Health Organization (WHO) named 12 

pathogenic bacteria in 2017 that pose the greatest threat to 
human health [1, 2]. This was based on their pathogenicity 
to humans and propensity to become resistant to antibiotics. 
The bacteria were listed according to their priority: critical, 
high, and medium priority. Pseudomonas aeruginosa was in the 
critical priority group, and Enterococcus faecium, Staphylococcus 
aureus, Campylobacter, and Salmonella were listed in the 
high priority group [1, 2]. In a summary report on zoonotic 
agents and foodborne outbreaks in 2015 by the European 
Food Safety Authority (EFSA) and the European Centre for 
Disease Prevention and Control, Campylobacter was the most 
often reported human gastrointestinal pathogen, followed 
by Salmonella, and listed at number four were the STEC 
infections [3]. In 2011, the Centers for Disease Control 
and Prevention (CDC) published estimates of foodborne 
illnesses based on data from surveillance programs listing the 
31 major pathogens in the United States [4]. Campylobacter 
spp. and nontyphoidal Salmonella spp. were number 1 and 2, 
respectively, in frequency causing gastrointestinal foodborne 
illness. Also listed in the report was Shiga toxin-producing 
Escherichia coli O157 (O157 STEC), non-O157 STEC, and 
S. aureus causing foodborne illness [4]. Ps. aeruginosa is an 
opportunistic pathogen [5] that generally causes infections 
in the blood, lungs, or in the tissues following surgeries [6]. 
S. aureus also is an opportunistic pathogen [5] that causes 
endocarditis, meningitis, sepsis, and skin diseases [7, 8]. An 
outbreak of foodborne MRSA caused septicemia [9]. Both 
Ps. aeruginosa and S. aureus can cause intestinal disease [5]. 
Gastrointestinal illness can be caused by Ps. aeruginosa [10, 11] 
and by foodborne S. aureus and MRSA [12, 13]. Eight major 
pathogens and their interactions with organic acids (OAs) are 
the focus of this review, C. jejuni [14], C. coli [15], Salmonella 
spp. [16], E. coli O157:H7 [17], non-O157 STECs [18], Ps. 
aeruginosa [19], vancomycin-resistant E. faecium (VRE) [20], 
and S. aureus [21]. 

Wachsmuth and coworkers suggested that new strategies 
must be developed to control foodborne pathogens that 
cause human illnesses [22], and successful new strategies may 
include biocides, disinfectants, and OAs. OAs are currently 
used on the farm and in the processing plant. During poultry 
production OAs, such as butyric, formic and l-lactic acids are 
often used to treat the feed [23-26] and the drinking water [27, 
28] to reduce pathogens carried by the birds. Evaluations of 
OA treatments in the poultry industry to reduce body weight 
loss (BWL) while improving meat quality characteristics 
was successful, and OA treatments may be a way to improve 
animal welfare and economic concerns [29]. Enhanced growth 
performance has been observed in weaned pigs following 
treatment with citric, formic and propionic acids [30-32]. 
Also, dietary acidifiers, like the OAs, can improve both growth 
rate and feed efficiency in pigs [33]. Lactic acid sprays are 
used to remove Campylobacter spp. and Salmonella spp. from 
pork carcasses [34, 35]. Feedlot cattle may experience a grain 
overload resulting in ruminal acidosis, which can result in 
reduced performance and production efficiency. However, 

when OAs were used to replace antimicrobial compounds in 
the feed (like monensin), they were effective in controlling 
ruminal acidosis in beef cattle [36]. Acetic and lactic acids are 
used as warm surface rinses to treat beef and lamb carcasses 
post slaughter for the removal of surface bacteria [37], and 
OA sprays are also used to remove carcass surface bacteria 
[35, 38, 39]. Citric and lactic acid applications applied to 
beef shoulder clods used for ground beef can remove E. coli 
O157:H7 and other STEC contamination [40], and studies 
have been conducted using OAs for marinating meat to 
remove foodborne pathogens [41]. Food processing plants in 
the United States commonly use acetic [39, 43-47], formic 
[37, 44], propionic [44-46], citric [39, 46] and lactic acid [34, 
35, 37-39, 44-47] to remove bacteria from the hides, carcasses 
and meats, and these treatments are fast, cost efficient, and 
effective [42]. Also, short chain OAs like butyric acid are 
fed to broiler chickens to help maintain carcass quality and 
performance [48, 49]. After meat processing, the bacteria not 
removed by the OA washes remains on the meat and can be 
found in the final meat products. A thorough understanding of 
the mechanism(s) by which OAs inhibit pathogenic bacteria 
will allow the food processor to incorporate this information 
into their disinfection strategy to enhance their ability to 
mitigate foodborne pathogen contamination. The studies 
reviewed here evaluated some or all of the six OAs: acetic, 
butyric, citric, formic, l-lactic, and propionic acids along with 
eight foodborne pathogens.

The historical traditional assumption for OA inhibition of 
bacteria

As early as 1929 and through the first half of the 1900’s 
researchers observing weak acid effects on microorganisms 
felt there was a clear pH-dependency on bacterial inhibition, 
because weak acids were less effective as the pH increased 
[50-52]. In a symposium it was discussed how these 
earlier researchers had not calculated the concentration of 
undissociated acid present at the point of inhibition of the 
microorganisms [53]. It appears researchers at that time 
assumed OAs used as food preservatives were active in the 
undissociated form [54, 55]. This point of view also suggests 
that the inhibition of microorganisms is primarily pH-
dependent [56]. However, some researchers did not agree 
with the pH dependency theory because they noticed trends 
of inhibition by weak acids that were not dependent on pH 
changes [57-60]. Quantification of the undissociated and 
dissociated forms of sorbic acid was investigated, and the 
results suggested that the dissociated acid may also have 
antimicrobial activity [57]. Others calculated the undissociated 
and dissociated forms of sorbic acid [56], and benzoic and 
propionic acids [61], showing that both the undissociated 
and dissociated acids caused inhibition. However, the final 
formula used by these researchers was flawed; therefore, the 
results are suspect. Since those earlier times researchers have 
continued to assume that the undissociated forms of OAs 
are the form that enters bacterial cells and result in causing 
bacterial inhibition [46, 62-69]. However, there appears to be 
no definitive study showing that the undissociated OA form 
is the active form of the OAs that enters the bacterial cell 
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and causes inhibition, and the actual mechanism(s) that are 
involved in OA caused bacterial inhibition remains unknown 
[21, 70-73]. It is however, relatively clear that intracellular 
accumulation of anions is a primary reason for inhibition of 
bacteria by OAs [46, 71, 74, 75].

Bacterial utilization of OAs for energy or for metabolic 
products

We have observed that when a bacterium utilizes an 
OA as an energy source it will significantly increase the 
susceptibility values of that bacterium against that same OA 
[15]. Researchers have observed S. aureus utilizing citrate in 
two different siderophores for iron sequestration [76, 77], 
and our laboratory has observed that high concentrations of 
dissociated citric acid were required for inhibition of S. aureus 
[21]. Bacterial utilization of OAs (with some bacteria–OA 
combinations) is an important limitation on the application of 
OAs used for removal of bacteria. Therefore, the utilization of 
OAs by the eight pathogenic bacteria and the 6 OAs reviewed 
here are discussed below.

Campylobacter jejuni utilization of OAs
C. jejuni utilizes the following five OAs: acetic, butyric, 

formic, propionic, and l-lactic acid [5]. Formic and l-lactic 
acid are the most readily utilized OAs. C. jejuni metabolizes 
formate using a multi-subunit formate dehydrogenase (FDH) 
[78]. The metabolism of formate leads to chemoattraction 
of formate and results in further bacterial respiration using 
formate; therefore, formic acid is used as a primary energy 
source for C. jejuni [79, 80]. C. jejuni also utilizes acetic [79, 
81], butyric [79, 81], propionic [81], and l-lactic acid [81, 
82] as energy sources. C. jejuni utilization of l-lactate is 
mediated through two nicotinamide adenine dinucleotide 
(NAD)-independent l-lactate dehydrogenases (l-LDHs), in 
which one l-LDH enzyme contains a non-flavin iron-sulfur 
containing a three-subunit membrane-associated enzyme 
and the other l-LDH contains both a flavin and iron-sulfur 
containing membrane-associated oxidoreductase [82]. Formic 
and l-lactic acid were observed to be the most utilized OA 
energy sources for C. jejuni, as revealed by the high dissociated 
acid concentrations at the molar minimum inhibitory 
concentrations (MICMs) of the bacteria for these two OAs 
[14]. Molar units were used for the MIC concentrations to 
give an accurate presentation of the MICs of bacteria against 
OAs having differing molecular weights [17].

Campylobacter coli utilization of OAs
C. coli has been shown to utilize the three OAs: formic, 

lactic, and propionic acid [83]. In a study by Elharrif and 
Mégraud, C. coli wild type strains did not utilize butyrate, and 
they did not uniformly utilize citric acid [84]. In the swine 
study, 13.5% of the C. coli strains studied utilized acetate [84]. 
In our study of 111 C. coli swine strains, it was concluded that 
l-lactic acid was not utilized by the C. coli swine strains based 
on the concentration of dissociated acid at the MICMs [15]. 
However, it was clear that 83/111 (75%) of the C. coli swine 
strains tested may utilize acetic acid [15].

Salmonella spp. utilization of OAs
Salmonella must penetrate the lining of the intestinal 

wall to cause infection, and this invasion requires formate 
to act as a Salmonella inducing signal [85]. However, since 
this type of formate utilization is not connected to energy 
or growth production it would not be expected to affect the 
susceptibility of Salmonella to formic acid as an inhibitor. 
When Salmonella enterica serovar Typhimurium is invading 
a host, host inflammation drives the host cell metabolism to 
release l-lactate [86]. Salmonella then utilizes this l-lactate 
along with oxygen as an electron acceptor to allow further 
colonization of the host [86]. Since this utilization, again, 
is not directly funneled into energy or growth production it 
most likely would not affect the susceptibility of Salmonella 
to inhibition by l-lactic acid. We have previously studied 
the effects of four OAs (acetic, citric, l-lactic, and propionic 
acid) on 145 strains of Salmonella spp. [16]. An effect on 
the concentrations of l-lactic acid needed to inhibit the 
Salmonella spp. was not observed, which is in agreement with 
the hypothesis that the utilization of l-lactate by Salmonella is 
not funneled into energy or growth production, therefore, no 
increase of susceptibility should be produced.

E. coli O157:H7 utilization of OAs
An E. coli protective effect was observed when low 

concentrations (5 mM) of acetic, malic, or l-lactic acid were 
added to an acidic medium containing the bacterium [87]. 
However, when these OAs were added at higher concentrations 
no protective effect was observed [87]. When E.  coli were 
grown in Koser’s medium the bacteria utilized citrate (Koser’s 
citrate test) [88-90], and it is known that E. coli will utilize 
citrate under certain growth conditions [91, 92]. In a long-
term study of E. coli evolution, the most interesting adaptation 
was the evolution of aerobic growth on citrate [93, 94]. In our 
studies with E. coli O157:H7, the MICMs for dissociated citric 
acid were observed at high enough concentrations suggesting 
citrate was utilized by the bacterial strains isolated from cattle 
[17].

Non-O157 STEC utilization of OAs
The literature has no information about non-O157 

STECs utilizing OAs, and our studies against the four OAs 
tested (acetic, citric, l-lactic, and propionic acid) show no 
potential utilization of these acids by the different non-O157 
STEC strains tested [18].

Ps. aeruginosa utilization of OAs
It is described in the literature that Ps. aeruginosa does 

utilize lactate [95, 96]. It was further proposed that an NAD-
independent l-lactate dehydrogenase (l-iLDH) purified from 
the membrane of Ps. stutzeri SDM played an indispensable 
role by catalyzing the conversion of l-lactate into pyruvate 
[97]. It was then later demonstrated that Ps. aeruginosa has 
two l-lactate utilization dehydrogenases, l-iLDH encoded 
by lldD and a flavin-containing membrane-bound l-iLDH 
encoded by lldA [98]. A lldD and lldA double mutant was 
not able to grow in a medium when the sole carbon source 



Journal of Food Chemistry & Nanotechnology  |   Volume 7 Issue 1, 2020 7

Interactions and Inhibition of Pathogenic Foodborne Bacteria with Individual Dissociated Organic 
Acid Species: A Review Beier.

was l-lactate [98]. l-Lactate utilization by Ps. aeruginosa 
was confirmed in our study of evaluating the interactions of 
OAs against Ps. aeruginosa [19], which showed that elevated 
levels of dissociated l-lactic acid were required to inhibit the 
bacteria.

Vancomycin-resistant E. faecium utilization of OAs
The metabolism of citrate was studied in E. faecalis 

FAIR-E 229 in both a glucose medium and as a sole carbon 
source, and the results supported the idea that enterococcal 
strains have the ability to metabolize citrate [99]. Citrate 
metabolism was studied in Enterococcus faecium ET C9 and 
in Enterococcus durans Ov 421, and both strains were shown 
to utilize citrate as a sole carbon source to produce energy 
[100]. Also, co-metabolism of citrate and lactose was observed 
in a study of citrate metabolism of E. faecium FAIR-E 198, 
and in anaerobic conditions the yield of ethanol from citrate 
metabolism increased [101]. However, our study of 50 VRE 
isolated from human wastewater effluents demonstrated that 
the VRE tested showed no utilization of citrate for energy 
production or growth [20].

S. aureus utilization of OAs
A biochemical test used for identification of S. aureus 

demonstrated that the bacterium utilized citrate [102], and 
plasma coagulation by S. aureus was caused by the utilization 
of citrate by the bacterium [103]. S. aureus has evolved multiple 
iron transport systems to assure the supply of iron from host 
sources [104]. S. aureus utilizes citrate to produce two iron 
siderophores, staphyloferrin A (SA) and staphyloferrin B (SB) 
[76, 77]. The siderophore SA contains two molecules of citrate 
[105, 106], and SB contains one molecule of citrate [107]. 
l-Lactate can be efficiently utilized by S. aureus for growth 
[108-111]. S. aureus can efficiently convert l-lactate to acetate, 
and both l-lactate and glucose can be simultaneously utilized 
for growth [109, 112]. Also, when glucose concentrations 
become limiting, S. aureus can still maintain exponential 
growth by switching over to total aerobic metabolism where it 
can only utilize l-lactate [109, 112]. Our lab has demonstrated 
that the levels of both citric and l-lactic acid and dissociated 
citric and l-lactic acid are elevated when inhibiting S. aureus 
[21].

Table 1 presents a summary of the pathogenic bacteria 
reviewed here and the organic acids/anions utilized by those 
bacteria. Where possible, the enzyme systems involved are 
listed.

Overview for calculating ratios of the undissociated/
dissociated OAs

The calculation of the undissociated/dissociated acid ratio 
for the OAs can be achieved when the pH is known by using 
the Henderson-Hasselbalch equation [114]:

pH = pKa + log ([A–]/[HA])

The pKa = –log10 of the acid dissociation constant (Ka), the 
variables in the equation are ([A–]): the molar concentration 
of the conjugate base (or dissociated weak acid), and ([HA]): 

the molar concentration of the undissociated weak acid [114]. 
Upon rearrangement of the Henderson-Hasselbalch equation 

Table 1: Compilation of pathogenic bacteria and organic acids/anions 
utilized by the bacteria, enzymes used, and references.

Bacteria
Utilization of 
Organic acids/
Anions

Enzymes 
involved References

Campylobacter 
jejuni

acetic, butyric, 
formic, 
propionic, 
l-lactic

14

formate formate 
dehydrogenase 78

l-lactate

2 NAD-
independent 
l-lactate 
dehydrogenases

82

Campylobacter 
coli

formic, lactic, 
propionic 83

did not utilize 
lactic 15

(some strains 
may use acetate) 15, 84

Salmonella None —

Escherichia coli citrate 88-90

Escherichia coli 
O157:H7 citrate 17

Non-O157 
STECs None —

Pseudomonas 
aeruginosa

lactate 19, 95, 96

lactate → 
pyruvate

NAD-
independent 
l-lactate 
dehydrogenase 
(l-iLDH)

97

lactate → 
pyruvate

flavin-containing 
l-iLDH 98

Enterococcus 
faecalis FAIR-E 
229

citrate 99

E. faecium 
ET C9 and 
E. durans Ov 
421

citrate 100

Vancomycin-
resistant 
Enterococcus 
faecium

did not utilize 
citrate 20

Staphylococcus 
aureus

citrate 102, 108-
111

uses citrate to 
produce two iron 
siderophores

76, 77

l-lactate → 
acetate

lactate 
dehydrogenase 
(LDH)

109, 112

(S. aureus 
resistance to 
nitrosative 
stress)

pyruvate → 
α-acetolactate

α-acetolactate 
synthase 113
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the ratio of undissociated acid to the dissociated acid can be 
calculated [64]:

Ratio = [HA]/[A–] = 1/10pH–pKa

Therefore, when the pKa of the OA in question and the 
pH of the solution are known, the ratio of the undissociated to 
the dissociated acid can be calculated. The published pKa’s for 
the OAs are as follows: acetic, butyric, citric, formic, l-lactic, 
and propionic acid are 4.75, 4.75, 3.14, 3.75, 3.86 and 4.87, 
respectively. There are three pKas for citric acid, 3.14, 4.77, 
and 6.39; in all of the work reported here the first pKa = 3.14 
was used for the citric acid calculations since the work is only 
dependent upon the dissociation of any one OH group. With 
measurement of the pH at all the bacterial MICs and since 
the molar concentrations of the OAs are known at the MICs, 
then the molar concentrations of the undissociated acids and 
dissociated acids at each MIC can be calculated by using the 
ratios of the undissociated/dissociated OA [14-21].

Overview of a study evaluating Salmonella interactions 
against OAs

With permission granted from the Journal of Food 
Chemistry & Nanotechnology the following three figures, figure 
1 to figure 3, from the study of OAs against Salmonella strains 
from feedlot water-sprinkled cattle [16] will be used as an 
example to view the typical type of data that has been generated 
for the following eight different pathogenic bacteria discussed 
in this review: C. jejuni [14], C. coli [15], Salmonella spp. [16], 
E. coli O157:H7 [17], non-O157 STEC [18], Ps. aeruginosa 
[19], vancomycin-resistant E. faecium (VRE) [20], and S. 
aureus [21]. Mueller-Hinton broth was used in all studies to 
determine the susceptibilities of the microorganisms against 
the OAs tested, and in a previous study Mueller-Hinton broth 
was determined to not influence the results of bactericidal 
tests with disinfectants [115].

pH at the Salmonella MICs against the four OAs, acetic, 
citric, l-lactic and propionic acid

Figure 1 displays the graphical presentation of the pH 
data observed at the MICMs of 145 Salmonella strains isolated 
from feedlot water-sprinkled cattle [16]. The pH data for 
Salmonella [16] are typical of the data obtained for all eight of 
the pathogenic bacteria discussed here. The number of strains 
at each MICM is listed next to each data point. The MICMs 
occurred for 97.2% of the Salmonella strains against acetic acid 
at pH 5.15 and the MICMs occurred for 100% of the Salmonella 
strains against propionic acid at pH 4.86 [16]. However, the 
MICMs for 100% of the Salmonella strains against citric and 
l-lactic acid occurred at pH 4.06 and 4.25, respectively [16]. 
The difference between the pH values at the MICMs for the 
same Salmonella strains against acetic and propionic acid 
compared with citric and l-lactic acid is almost a whole pH 
unit. This difference in pH values at the MICMs for the same 
strains against two different OA groups shows that bacterial 
inhibition is not dependent on the pH at the MICMs, as others 
have suggested [64, 70], but most likely is dependent on some 
other aspect of these OAs [116]. If bacterial inhibition was 
primarily caused by pH, then the same pH values would be 

expected to be observed at the MICs for the same bacteria 
against different OAs, but that is not what we have observed 
in experiments with eight different pathogenic bacteria [14-
21]. Also, if pH is the only important aspect of OA inhibition 
of bacteria, then acid resistant pathogenic bacteria [117-120] 
would be an important health threat in OA acidified foods 
[66]. However, OA acidified food products have been safely 
made and used for very many years [121].

Other researchers have shown that acetic acid and HCL 
inhibited enterohemorrhagic E. coli at different pH values, 
namely 5.5 and 4.25 pH, respectively, for a  ∆ = 1.25 pH unit 
difference between these two acids [122]. Our laboratory 
observed a 1.1 pH unit difference at the MICMs for 50 VRE 
strains against six OAs [20]. A difference of 0.98 pH unit was 
observed at their MICMs for 175 Ps. aeruginosa [19], and 98% 
of 344 E. coli O157:H7 strains showed a difference of 0.56 
pH unit at their MICMs against three OAs [17]. A difference 
of 0.99 pH unit was observed for 138 non-O157 STEC 
strains at their MICMs against four OAs [18], and 95% of 
145 Salmonella strains had a difference of 1.1 pH unit at their 
MICMs against four OAs [16]. A difference of 1.76 pH units 
was observed for 111 C. coli strains at their MICMs against six 
OAs [15], and 97% of 96 C. jejuni strains had a difference of 
1.34 pH units at their MICMs against six OAs [21]. In the 
studies of all eight pathogenic bacteria, the lowest pH observed 
at bacterial inhibition was with S. aureus, at a pH of 3.07 [21], 
and the highest pH observed at bacterial inhibition was with 
C.  jejuni, at a pH of 7.31 [15]. These data demonstrate that 
inhibition of bacteria by OAs is not dependent on pH, as had 
been suggested by other researchers [64, 70, 123]. Therefore, 
inhibition of bacteria by OAs must rely on some other aspect 
of OAs [21, 116].

The calculated molar concentrations of undissociated OAs 
at the Salmonella MICMs

The undissociated OA data calculated using the 

Figure 1: pH at the MICMs of the 145 Salmonella strains in acetic, citric, 
lactic and propionic acids. The error bars represent the  standard deviation 
of three pH measurements. The Journal of Food Chemistry & Nanotechnology 
granted permission to use this figure on 29 August 2020, which is found in 
reference [16].
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Henderson-Hasselbalch equation at the Salmonella MICMs 
[16] are typical of the type of data generated for all eight 
studies of pathogenic bacteria against OAs [14-21]. Figure 2 
shows the molar undissociated concentrations of acetic, citric, 
l-lactic, and propionic acids at the MICMs for 145 Salmonella 
strains. The number of strains at each MICM is shown next to 
each data point. An undissociated acetic acid concentration 
of 19.0 mM is sufficient to inhibit all 145 Salmonella strains. 
However, an undissociated citric acid concentration of only 
2.29 mM is required to inhibit these same Salmonella strains. 
The shaded band in Figure 2 indicates the difference for 
inhibiting the same 145 Salmonella strains by undissociated 
acetic and undissociated citric acid for a difference of ∆ = 
16.71 mM OA. Figure 2 shows no correlation between the 
Salmonella MICMs and the different undissociated OAs. These 
results are consistent with the other seven studies of pathogenic 
bacteria against OAs [14, 15, 17-21]. For the MICMs of 98.3% 
of 344 E. coli O157:H7 strains the difference in undissociated 
acetic and citric acid was ∆ = 47.77 mM [17]. For the MICMs 
of 98.6% of 138 non-O157 STEC strains the difference in 
undissociated acetic and citric acids was ∆ = 14.07 mM [18]. 
For the MICMs of 100% of 175 Ps. aeruginosa strains the 
difference in undissociated acetic (21.65 mM) and citric (2.53 
mM) acids was ∆ = 19.12 mM [19]. For the MICMs of 100% of 
50 VRE strains the difference in undissociated propionic and 
citric acids was ∆ = 35.21 mM [20]. For the MICMs of 100% 
of 111 C. coli strains the difference in undissociated acetic and 
citric acids was ∆ = 39.91 mM [15]. For the MICMs of 96 
C. jejuni strains the difference in undissociated l-lactic and 
citric acid levels was ∆ = 50.78 mM [14]. For the MICMs of 
164 S. aureus strains the difference in undissociated acetic and 
formic acid levels was ∆ = 44.72 mM [21]. In the studies of 
all eight pathogenic bacteria, the lowest level of undissociated 
OA observed at bacterial inhibition was with S. aureus, at a 
concentration of 0.00006 mM [21], and the highest level of 

undissociated OA observed at bacterial inhibition was with 
E. coli O157:H7, at a concentration of 114.59 mM [17]. The 
undissociated OA levels required to inhibit these pathogenic 
bacteria are extremely variable, high and low, and there are 
no consistent values of undissociated OAs that are associated 
with bacterial inhibition. The extremely low undissociated 
OA levels are not considered reasonable concentrations for 
inhibiting bacteria.

The calculated molar concentrations of dissociated OAs at 
the Salmonella MICMs

The dissociated OA data calculated using the Henderson-
Hasselbalch equation at the Salmonella MICMs [16] are 
typical of the type of data generated for all eight studies of 
pathogenic bacteria against OAs [14-21]. The dissociated 
OA concentrations for acetic, citric, l-lactic and propionic 
acids were calculated at the MICMs of 145 Salmonella strains 
and the graphical presentation of the interactions of these 
dissociated OAs against Salmonella are shown in figure 3. 
The number of strains at each MICM is shown next to each 
data point. The shaded band in figure 3 shows the dissociated 
OA concentrations necessary to cause the MICMs of 100% 
of the 145 Salmonella strains by all four OAs tested. Only a 
∆ = 5.36 mM concentration difference in dissociated acetic, 
citric, l-lactic, and propionic acids was observed to cause the 
MICMs of all Salmonella strains. There is only a ∆ = 1.43 mM 
concentration difference in the MICMs from dissociated acetic 
and dissociated propionic acids for 100% of the Salmonella 
strains [16]. This narrow range of dissociated OAs needed 
to inhibit these 145 Salmonella strains is in stark contrast to 
the extreme variability, high and low concentration values 
having no consistency as seen with the undissociated OAs for 
inhibition of these same bacterial strains, and the wide range 
of pH values.

The narrow range of dissociated OAs needed to inhibit 
100% of the Salmonella strains is very similar to the inhibition 
ranges observed for the other seven pathogenic bacteria against 
OAs [14, 15, 17-21]. A difference of ∆ = 5.44 mM dissociated 
OAs was observed at the MICMs of 98.3% of the 344 E. coli 
O157:H7 strains against acetic, citric, l-lactic, and propionic 
acid [17]. A difference of ∆ = 6.19 mM dissociated OAs was 
observed at the MICMs of 100% of 138 non-O157 STEC 
strains against acetic, citric, l-lactic, and propionic acids [18]. 
A difference of ∆ = 6.34 mM dissociated acetic and citric acids 
was observed at the MICMs of 100% of 175 Ps. aeruginosa 
strains [19]. Only a difference of ∆ = 3.1 mM dissociated OAs 
was observed at the MICMs of 100% of 50 VRE strains against 
acetic, butyric, citric, formic, l-lactic, and propionic acids [20]. 
A difference of ∆ = 11.92 mM dissociated butyric, citric, and 
l-lactic acids was observed at the MICMs of 100% of 111 
C. coli strains [15]. A difference of ∆ = 4.47 mM dissociated 
acetic, butyric, citric, and propionic acids was observed at the 
MICMs of 97–100% of 96 C. jejuni strains [14]. A difference of 
∆ = 6.11 mM OAs was observed at the MICMs of 100% of 164 
S. aureus strains against acetic, butyric, formic, and propionic 
acids [21]. The narrow ranges of dissociated OAs observed for 
bacterial inhibition are consistent for both Gram-positive and 
Gram-negative pathogens.

Figure 2: Concentrations of the undissociated acetic, citric, lactic and 
propionic acids at the MICMs of the 145 Salmonella strains. The grey band 
shows a difference of 16.71 mM between the four undissociated organic 
acids required for inhibition of 100% of the Salmonella strains. The Journal 
of Food Chemistry & Nanotechnology granted permission to use this figure on 
29 August 2020, which is found in reference [16].
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Comparison of dissociated OA inhibition among all eight 
pathogens

In this section we will look at each individual OA’s 
effects on all the pathogens studied against that OA. The 
graphical presentation of the interactions of six OAs (acetic, 
formic, propionic, citric, l-lactic, and butyric acids) against 
the pathogenic bacteria studied are shown in figures 4-9. 
These figures were generated by analyzing and combining 
the data presented in papers published on OA inhibition of 
each individual organism, C. jejuni, C. coli, Salmonella, E.  coli 
O157:H7, non-O157 STECs, Ps. aeruginosa, VRE, and S. aureus 
[14-21]. These figures showing the comparison of interactions 
of pathogens with OAs have not been previously published.

Dissociated acetic acid inhibition of pathogenic bacteria
The interactions of various dissociated acetic acid 

concentrations at the MICMs of the pathogenic bacteria, E. 
coli O157:H7 [17], Ps. aeruginosa [19], non-O157 STECs 
[18], Salmonella [16], C. coli [15], C. jejuni [14], VRE [20], and 
S. aureus [21] are presented graphically in figure 4. The number 
of strains at each MICM is shown next to each data point. 
Acetate is utilized by both C. coli and C. jejuni, thereby forcing 
the elevation of the acetic acid levels required to inhibit these 
two bacteria. The red arrows in figure 4 indicate that these two 
bacteria utilize acetate. In a study by Elharrif and Mégraud, 
13.5% of the C. coli swine strains studied utilized acetate [84]. 
But in a study at our laboratory, it was clear that 83/111 C. coli 
swine strains (75%) may be utilizing acetate [15]. C. jejuni uses 
acetate as an energy source [79, 81]. Dissociated acetic acid 
causes the inhibition of 100% of the other six pathogens that 
reside within the highlighted box in figure 4 from 12.45 mM 
against Ps. aeruginosa to 21.83 mM against E. coli O157:H7. 
Therefore, a concentration of 21.83 mM dissociated acetic 
acid will inhibit the six bacteria as seen in figure 4, but not the 
two bacteria that utilize acetate, C. coli and C. jejuni.

Dissociated formic acid inhibition of pathogenic bacteria
We have evaluated the interactions of formic acid against 

the following four different pathogenic bacteria: C. coli [15], 
C. jejuni [14], VRE [20], and S. aureus [21]. The interactions 
of dissociated formic acid with these four bacteria are shown 
in figure 5. The number of strains at each MICM is shown 
next to each data point. It is clear that 100% of the 50 VRE 
strains studied were inhibited at the dissociated formic acid 
concentration of 19.76 mM [20], and 100% of the 164 S. 
aureus strains studied were inhibited by 19.81 mM dissociated 
formic acid [21]. However, both C. coli and C.  jejuni show 
high levels of dissociated formic acid necessary for inhibition 

Figure 3: Concentrations of the dissociated acetic, citric, lactic and propionic 
acids at the MICMs of the 145 Salmonella strains. The grey band shows a 
difference of 5.36 mM between the levels of all dissociated organic acids, 
acetic, citric, lactic and propionic acids required for disinfection of 100% 
of the Salmonella strains. The Journal of Food Chemistry & Nanotechnology 
granted permission to use this figure on 29 August 2020, which is found 
in reference [16].

Figure 4: The dissociated acetic acid concentrations are shown at the 
MICMs for all pathogenic bacteria studied with the bacterial inhibition of 
100% of the strains for Escherichia coli O157:H7, Pseudomonas aeruginosa, 
non-O157 STECs, Salmonella, VRE, and Staphylococcus aureus occurring 
between 12.45 and 21.83 mM, ∆ = 9.38 mM dissociated organic acids. A 
red arrow is pointing to the bacteria that utilize acetic acid; C. coli and C. 
jejuni.

Figure 5: The dissociated formic acid concentrations are shown at the 
MICMs for the pathogenic bacteria studied with the bacterial inhibition of 
100% of the strains VRE and Staphylococcus aureus occurring between 19.76 
and 19.81 mM, respectively, which is a ∆ = 0.05 mM dissociated organic 
acids. A red arrow is pointing to the bacteria that utilize formic acid; C. coli 
and C. jejuni.
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of the bacteria. These two bacteria utilize formic acid. Wagley 
and coworkers demonstrated that C. coli utilizes formic acid 
[83], and we confirmed that high levels of formic acid were 
needed to inhibit C. coli in a study of C. coli against OAs 
[15]. C. jejuni uses a multi-subunit formate dehydrogenase 
to metabolize formate [78]. This formate metabolism leads to 
chemoattraction by C. jejuni for formate and then respiration; 
therefore, C. jejuni uses formate as a primary energy source 
[79, 80]. The two bacteria (VRE [20] and S. aureus [21]) that 
do not utilize formate are inhibited by a concentration of 
19.81 mM dissociated formic acid.

Dissociated propionic acid inhibition of pathogenic bacteria
The interactions of dissociated propionic acid concentrations 

at the MICMs of the pathogenic bacteria, E. coli O157:H7 
[17], non-O157 STECs [18], Salmonella [16], C. coli [15], C. 
jejuni [14], VRE [20], and S. aureus [21] were obtained from 
each of these studies and are graphically compared in figure 6. 
The number of strains at each MICM is shown next to each 
data point. Dissociated propionic acid inhibited 100% of the 
five pathogenic bacteria, E. coli O157:H7, non-O157 STECs, 
Salmonella, VRE, and S. aureus against OAs within a narrow 
concentration range from 13.67 mM (Salmonella [16]) to 
18.18 mM (VRE [20]). Therefore, a dissociated propionic acid 
concentration of 18.18 mM will inhibit 100% of the E. coli 
O157:H7, non-O157 STECs, Salmonella, VRE, and S. aureus 
strains. The remaining two bacteria, C. coli [15] and C. jejuni 
[14], required high levels of propionic acid for inhibition of these 
bacteria (figure 6). These two pathogens utilize propionic acid, 
and the red arrows in figure 6 indicate that these two bacteria 
utilize propionate. Wagley and coworkers demonstrated that 
C. coli utilizes propionic acid [83], and we confirmed that high 
levels of propionic acid were needed to inhibit C. coli in the 
study of C. coli against OAs [15]. It was demonstrated that C. 
jejuni utilizes propionic acid as an energy source [81]. Based on 
the high levels of propionic acid required to inhibit C. jejuni in a 

study of C. jejuni against OAs, it was hypothesized that C. jejuni 
must utilize propionic acid [14].

Dissociated citric acid inhibition of pathogenic bacteria
Figure 7 shows the interactions of dissociated citric 

acid concentrations at the MICMs of the eight pathogenic 
bacteria, E. coli O157:H7 [17], Ps. aeruginosa [19], non-O157 
STECs [18], Salmonella [16], C. coli [15], C. jejuni [14], VRE 
[20], and S. aureus [21] from eight different bacterial studies 
against OAs. The number of strains at each MICM is shown 
next to each data point. The shaded area from 10.64 mM 
(C. coli [15]) to 20.39 mM (C. jejuni [14]) or ∆ = 9.75 mM 
dissociated OAs is the difference in dissociated OAs required 
to inhibit the six bacteria known to not utilize OAs in some 
way. However, five of these bacteria, Ps. aeruginosa, non-O157 
STECs, Salmonella, C. jejuni, and VRE were inhibited 
by the interaction of dissociated citric acid over a narrow 
concentration range from 18.79 mM (Ps. aeruginosa [19]) to 
20.39 mM (C. jejuni [14]) or ∆ = 1.6 mM. It is discussed in 
the literature that Enterococcus faecalis FAIR-E 229 [99] and 
E. faecium ET C9 and E. durans Ov 421 [100] can utilize 
citrate as a sole energy source. However, our VRE data shown 
in figure 7 suggests that VRE most likely do not utilize citrate 
[20]. The data in figure 7 clearly show, in general, the bacteria 
that do not utilize citric acid are inhibited very uniformly and 
consistently by dissociated citric acid. The red arrows in figure 
7 indicate that S aureus utilizes citrate and that some strains of 
E. coli O157:H7 also may utilize citrate.

It is known that E. coli will utilize citrate under certain 
growth conditions [91, 92], and an interesting result from 
an evolutionary study showed that E. coli could evolve to use 
citrate under aerobic growth conditions [93, 94]. In a study of 

Figure 6: The dissociated propionic acid concentrations are shown at 
the MICMs for pathogenic bacteria studied with the bacterial inhibition 
of 100% of the strains, Escherichia coli O157:H7, non-O157 STECs, 
Salmonella, VRE, and Staphylococcus aureus occurring between 13.67 and 
18.18 mM, ∆ = 4.51 mM dissociated organic acids. A red arrow is pointing 
to the bacteria that utilize propionic acid; C. coli and C. jejuni.

Figure 7: The dissociated citric acid concentrations are shown at the 
MICMs for all pathogenic bacteria studied with the bacterial inhibition of 
100% of the strains, Pseudomonas aeruginosa, non-O157 STECs, Salmonella, 
Campylobacter coli, C. jejuni, and VRE occurring between 10.64 and 20.39 
mM, ∆ = 9.75 mM dissociated organic acids. However, a 100% of Ps. 
aeruginosa, non-O157 STEC, Salmonella, C. jejuni, and VRE were inhibited 
between the dissociated organic acid concentrations of 18.79 and 20.39 
mM, ∆ = 1.6 mM. A red arrow is pointing to the bacteria that utilize citric 
acid; Staphylococcus aureus, and this data suggests Escherichia coli O157:H7 
utilizes citrate.



Journal of Food Chemistry & Nanotechnology  |   Volume 7 Issue 1, 2020 12

Interactions and Inhibition of Pathogenic Foodborne Bacteria with Individual Dissociated Organic 
Acid Species: A Review Beier.

E. coli O157:H7 against OAs, the dissociated citric acid levels 
needed to inhibit some strains appeared high and suggest that 
E. coli O157:H7 may utilize citric acid in some way [17].

A biochemical test used for the identification of S. aureus 
demonstrated that this bacterium utilized citrate [102]. 
Multiple iron transport systems have evolved in S. aureus to 
allow the bacteria to obtain iron from a host [104]. Citrate is 
utilized by S. aureus to produce two different iron chelating 
siderophores, staphyloferrin A (SA) and staphyloferrin B 
(SB) [76, 77]. Two molecules of citrate are contained in the 
siderophore SA [105, 106], and one molecule is contained in 
siderophore SB [107].

Dissociated l-lactic acid inhibition of pathogenic bacteria
The interactions of dissociated l-lactic acid concentrations 

at the MICMs of the pathogenic bacteria, E. coli O157:H7 
[17], Ps. aeruginosa [19], non-O157 STECs [18], Salmonella 
[16], C. coli [15], C. jejuni [14], VRE [20], and S. aureus [21] 
were obtained from each of these bacterial studies and are 
graphically compared in figure 8. The number of strains at each 
MICM is shown next to each data point. The five pathogens E. 
coli O157:H7, non-O157 STECs, Salmonella, C. coli, and VRE 
were inhibited by dissociated l-lactic acid over a concentration 
range from 12.93 mM (non-O157 STECs [18]) to 22.23 mM 
(E. coli O157:H7 [17]), or ∆ = 9.3 mM of dissociated OAs. 
Therefore, a dissociated l-lactic acid concentration of 22.23 
mM will inhibit all five of these bacteria, but this concentration 
would not be sufficient to inhibit the other three bacteria, Ps. 
aeruginosa, C. jejuni, and S. aureus, that utilize l-lactic acid. C. 
coli was shown by Wagley et al. to utilize lactic acid [83], but C. 
coli strains from swine shown in figure 8 did not utilize l-lactic 
acid in studies with OAs conducted in our laboratory [15].

Gao and coworkers demonstrated that Ps. aeruginosa 
utilizes lactate [95, 96]. It was shown that an NAD-
independent l-iLDH purified from Ps. stutzeri SDM 
catalyzed the conversion of l-lactate to pyruvate [97]. Wang 
and coworkers then discovered that Ps. aeruginosa has two 
dehydrogenases, an l-iLDH encoded by the gene lldD and 
a membrane bound dehydrogenase encoded by the gene lldA 
[98].

C. jejuni has been shown to utilize l-lactic acid as an 
energy source [81, 82]. This utilization is mediated through two 
NAD-independent l-LDHs. One l-LDH enzyme contains 
a non-iron-sulfur, and the other l-LDH enzyme contains a 
flavin and an iron-sulfur [82]. In our studies of OAs against C. 
jejuni, the elevated concentration of dissociated l-lactic acid 
needed for inhibition of the bacteria suggested that l-lactic 
acid was well utilized by C. jejuni [14].

S. aureus can efficiently convert l-lactate to acetate, and 
then both l-lactate and glucose can simultaneously be utilized 
for growth [109]. S. aureus can maintain an exponential 
growth phase when glucose concentrations become limiting by 
switching to total aerobic metabolism where it solely utilizes 
l-lactate [109]. In our OA studies against S. aureus, the levels 
of dissociated l-lactic acid needed to inhibit the bacteria were 
wide ranged as seen in figure 8 [21].

Dissociated butyric acid inhibition of pathogenic bacteria
The interaction of dissociated butyric acid concentrations 

at the MICMs of the four pathogenic bacteria, C. coli [15], C. 
jejuni [14], VRE [20], and S. aureus [21] were obtained from 
each of these bacterial studies and are graphically compared 
in figure 9. The number of strains at each MICM is shown 
next to each data point. The three pathogens C. coli, VRE, 
and S. aureus were inhibited by dissociated butyric acid over 
a concentration range from 18.75 mM (S. aureus [21]) to 
22.56 mM (C. coli [15]), or ∆ = 3.81 mM dissociated OAs 
as shown by the highlighted grey band in figure 9. Therefore, 

Figure 8: The dissociated l-lactic acid concentrations are shown at the 
MICMs for all pathogenic bacteria studied with the bacterial inhibition 
of 100% of the strains for Escherichia coli O157:H7, non-O157 STECs, 
Salmonella, Campylobacter coli, and VRE occurring between 12.93 and 22.23 
mM, ∆ = 9.3 mM dissociated organic acids. A red arrow is pointing to 
the bacteria that utilize l-lactic acid (l-lactate); Pseudomonas aeruginosa, C. 
jejuni, and Staphylococcus aureus.

Figure 9: The dissociated butyric acid concentrations are shown at the 
MICMs for the pathogenic bacteria studied with the bacterial inhibition of 
100% of the Staphylococcus aureus and Campylobacter coli strains occurring 
between 18.75 and 22.56 mM, respectively, which is a ∆ = 3.81 mM 
dissociated organic acids. A red arrow is pointing to C. jejuni, which utilizes 
butyric acid.
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a dissociated butyric acid concentration of 22.56 mM will 
inhibit C. coli, VRE, and S. aureus but would not be sufficient 
to inhibit C. jejuni strains, which have been shown to utilize 
butyric acid [79, 81].

Conclusion
It has been shown in eight studies of OAs against 

pathogenic bacteria that the inhibition of the bacterial strains 
studied were not solely dependent on pH or the concentration 
of undissociated organic acids [14-21]. However, both 
Gram-negative and Gram-positive bacteria were consistently 
inhibited by a narrow range of dissociated OA concentrations 
as observed in this review by the interactions of the dissociated 
OAs against these pathogenic bacteria. The reviewed studies 
were conducted from 2013-2020, and clearly show that 
a dissociated OA level of acetic, formic, propionic, citric, 
l-lactic, and butyric acids with dissociated acid levels of 21.83, 
19.81, 18.18, 20.39, 22.23, and 22.56 mM for a ∆ = 4.38 mM 
will inhibit 100% of the strains studied from all eight bacterial 
species studied in these reviewed works. Therefore, bacterial 
inhibition by dissociated OAs required only a narrow range 
of 4.38 mM in contrast to pH which required a range of 
3.07–7.31 pH units and undissociated OAs which required 
a range of 0.00006–114.59 mM. However, when a bacterium 
utilizes an OA, the levels of that OA will be required to be 
significantly increased to inhibit the bacterium. It has been 
abundantly clear by the research community that intracellular 
accumulation of anions is a primary reason for inhibition 
of bacteria by OAs. Until now, the mechanism of action of 
OAs has not been understood. Researchers have agreed that 
the inhibition of bacteria is not dependent on pH, and we 
have shown in the studies discussed in this review that both 
pH and the undissociated OAs do not correlate with the 
inhibition of bacteria [14-21]. However, the aspect of OAs 
that does correlate with inhibition is the concentrations of 
dissociated OAs at the MICMs, as has been clearly shown in 
this review [14-21]. Strategies to control foodborne pathogens 
on the farm and in the processing plant by OA applications 
should be planned in conjunction with utilizing the inhibitory 
dissociated OA concentrations.
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