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Information on the potential for acquired reduced susceptibility of bacteria to poultry decontaminants oc-
curring is lacking. Minimal Inhibitory Concentrations (MICs) were established for assessing the initial sus-
ceptibility and the adaptative and cross-adaptative responses of four bacterial strains (Listeria monocyto-
genes serovar 1/2a, L. monocytogenes serovar 4b, Salmonella enterica serotype Typhimurium, and S. enterica
serotype Enteritidis) to four poultry decontaminants (trisodium phosphate, acidified sodium chlorite -ASC-,
citric acid, and peroxyacetic acid). The initial susceptibility was observed to differ among species (all de-
contaminants) and between Salmonella strains (ASC). These inter- and intra-specific variations highlight
(1) the need for strict monitoring of decontaminant concentrations to inactivate all target pathogens of
concern, and (2) the importance of selecting adequate test strains in decontamination studies. MICs of
ASC (0.17£0.02 to 0.21+0.02 mg/ml) were higher than the U.S. authorized concentration when applied as
a pre-chiller or chiller solution (0.05 to 0.15 mg/ml). Progressively increasing decontaminant concentrations
resulted in reduced susceptibility of strains. The highest increase in MIC was 1.88 to 2.71-fold (ASC). All
decontaminants were shown to cause cross-adaptation of strains between both related and unrelated com-
pounds, the highest increase in MIC being 1.82-fold (ASC). Our results suggest that the in-use concen-
trations of ASC could, in certain conditions, be ineffective against Listeria and Salmonella strains. The
adaptative and cross-adaptative responses of strains tested to poultry decontaminants are of minor
concern. However, the observations being presented here are based on in vitro studies, and further re-
search into practical applications are needed in order to confirm these findings.
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Poultry consumption has increased considerably over the
last few years. At present, approximately 30% of the world’s
total meat consumption is poultry, only exceeded by pork
(FAOSTAT, 2006). This high consumption of poultry adds
to concerns for marketing a product safe for consumers.
However, poultry is often a vector for pathogenic micro-
organisms, and is frequently implicated in foodborne dis-
eases (Sofos, 2008).

In the European Union, the report of trends and sources
of zoonoses, zoonotic agents, antimicrobial resistance, and
food-borne outbreaks shows that in 2006 salmonellosis was
the second most common zoonosis, after campylobacteriosis,
accounting for 160,649 confirmed human cases, with poultry
being among the main foodstuffs where Salmonella was
detected. Listeriosis is also an important food-borne zoo-
nosis, due to the severity of the disease and the high mor-
tality rate related to it. The number of listeriosis cases has
increased significantly in the EU in recent years, and in
2006 a total of 1,583 human cases were reported. Ready-to-
eat products of meat origin (including broiler meat) are
among the main sources of human listeriosis (EFSA, 2007).

Strict and continuous adherence to good hygiene practices
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(GHP) throughout the food chain, in association with the
application of Hazard Analysis and Critical Control Point
(HACCP) principles, is the basis for controlling microbial
contamination in meat and poultry. Moreover, the micro-
biological status of carcasses can be improved substantially
by the application of carcass decontamination technologies
(Del Rio et al., 2007a, 2007b). For many years, European
legislation (Directives 71/118/EEC, 92/116/EEC, and 97/79/
EEC) limited the use of substances, other than clean water,
for the removal of microbial surface contamination of pro-
ducts of animal origin. Currently, article 3 (2) of the Regu-
lation (EC) N° 853/2004 of the European Parliament and
of the Council, laying down specific hygiene rules for food
of animal origin (OJEC, 2004) provides a legal basis for the
use of chemical substances for decontamination purposes,
provided they are approved in accordance with the proce-
dure referred to in the said Regulation. The European Food
Safety Authority is responsible for scientific evaluation of
the safety and efficacy of substances used for the removal of
microbial surface contamination of foods of animal origin,
and a guidance document for the submission of data has
been developed (EFSA, 2006). According to this document,
available scientific information on the potential for acquired
reduced susceptibility of bacteria to the substances occur-
ring is one of the criteria given in the guidance document
on the submission of data for the evaluation of decontami-
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nant safety and efficacy. Four chemicals (trisodium phos-
phate, acidified sodium chlorite, chlorine dioxide and per-
oxyacids) have been currently revised for final approval by
the EU authorities as poultry decontaminants. In a recent
report, the EFSA concluded that there are currently no
published data which would enable an assessment of whether
the application of the four abovementioned antimicrobials
could lead to the occurrence of acquired reduced suscepti-
bility to these substances, and encouraged further research
on the likelihood of the emergence of bacteria adaptation
to poultry decontaminants (EFSA, 2008).

The main objective of this study was to investigate the
incidence and magnitude of adaptative and cross-adaptative
responses of L. monocytogenes and S. enterica isolates to
four poultry decontaminants. A further aim was to explore
the inter- and intra-specific differences in susceptibility of
strains to chemicals.

Materials and Methods

Bacterial isolates

Four strains were used in this study: Listeria monocytogenes
serovar 1/2a (L1), Salmonella enterica serotype Typhimurium
(S1), Salmonella enterica serotype Enteritidis (S2) (poultry
isolates), and L. monocytogenes serovar 4a (L2) (obtained
from a sheep’s spinal cord). All strains were previously iso-
lated in our laboratory. Stock cultures were maintained
through monthly transfers onto tryptic soy agar (TSA, Oxoid)
plates and stored at 3=1°C.

Decontaminants

Four chemical decontaminants were included: trisodium
phosphate (TSP, Merck, Germany), sodium chlorite (Fluka,
Spain) acidified to pH 2.7 by adding citric acid (Panreac,
Spain) (acidified sodium chlorite; ASC), citric acid (CA),
and peroxyacetic acid (PA, Inspexx 100, Ecolab, USA). All
solutions were aseptically prepared in sterile distilled water.
Further dilutions were freshly prepared before each experi-
ment.

Minimum Inhibitory Concentrations (MICs)

The MIC values were established using a microdilution
broth method following the NCCLS Standard (Anonymous,
1999). Five colonies of each organism were taken from TSA
plates, inoculated into 10 ml of Mueller-Hinton (MH) broth
(Oxoid) and incubated at 37°C for 24 h. These bacterial
cultures contained approximately 10° CFU/ml. The decon-
taminants’ dilution range was prepared using sterilised dis-
tilled water and added to microwell plates to a final volume
of 20 ul, and each dilution was inoculated with 180 pl of
appropriate dilutions (in MH broth) of inocula in order to
give a final concentration in the well of 5x10° CFU/ml.
The inoculum concentration was confirmed by plating. The
microwell plates were incubated at 37°C, and the MIC was
established as the lowest decontaminant concentration ne-
cessary to prevent growth after 24 h of incubation. The ab-
sence of growth was determined by visual inspection and, if
necessary, confirmed by plating. Both positive (200 pl of in-
oculum 5x10° CFU/ml) and negative (180 ul of MH broth
+ 20 pl of chemical compound) controls were included in
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each experiment.

Adaptation and cross-adaptation to poultry deconta-
minants

Isolates were tested for their ability to adapt to chemical
decontaminants by exposing the strain to increasing concen-
trations of a compound. The test was performed in the same
manner as described for determining MIC. The decontami-
nant starting concentration was MIC/2. When growth was
observed, 20 pl of the suspension were aseptically transferred
to the next well, which contained 160 pul of MH broth and
20 pl of decontaminant solution. After the transfer, each well
contained a decontaminant concentration 1.5 times stronger
than the previous well. This procedure was continued until
no growth was observed after 3 days of incubation at 37°C.
The suspension in the last well with recorded growth was
centrifuged (8,600 rpm, 2 min), and the pellet was washed
with phosphate-buffered saline to remove the compound.
The pellet was re-suspended in 10 ml of MH broth and in-
cubated at 37°C for 24 h. Cultures were streaked on TSA
plates and stored (3+1°C) after incubation at 37°C for 48
h. MICs of all the four decontaminants were measured for
all the 16 adapted strains (four strains adapted to four
chemical compounds). The stability of adaptation to decon-
taminants was determined by measuring MICs of decon-
taminants for adapted strains after storage for three months
on TSA plates (3+1°C) with monthly transfers.

Statistical analysis

MIC values were evaluated using analysis of variance tech-
niques. Mean separations were obtained using Duncan’s
multiple range test. The level of significance was taken as
P=0.05. For statistical calculations, the Statistica® 6.0
(Statsoft Ltd., USA) software package was used.

Results

Decontaminant MIC values for all non-adapted (initial)
and adapted (after progressively increasing decontaminant
concentrations at 37°C) strains are shown in Tables 1~4.
The initial MICs (mg/ml) varied from 14.00+0.10 to 15.06
+0.25 (TSP), from 0.17+0.02 to 0.21+0.02 (ASC), from
0.95+0.01 to 3.62+0.02 (CA), and from 0.07+0.03 to 0.11
+0.01 (PA). MICs differed between species, with higher
values observed in Listeria than in Salmonella for TSP and
PA. By contrast, MICs of CA were significantly higher for
Salmonella strains than for Listeria strains. MICs of ASC
were higher for Salmonella Typhimurium than for all other
strains tested.

Progressively increasing decontaminant concentrations re-
sulted in an increase in MICs of TSP and ASC in all strains
(Tables 1 and 2). Only some strains showed adaptation to
CA (strain L1) and PA (L2 and S1). The magnitude of the
adaptative response was greatest with ASC, where the in-
crease in MICs was observed to be from 1.88-fold (L2) to
2.71-fold (L1). Only marginal increases in the MICs (lower
than 1.72-fold) of TSP, CA, and PA agents were observed.

All chemicals were observed to cause cross-adaptation in
both L. monocytogenes and S. enterica strains to various
decontaminants. Cross-adaptative responses were greatest
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Table 1. Minimum inhibitory concentrations (MICs) of trisodium phosphate (mg/ml) before and after exposing four bacterial strains to in-

creasing concentrations of poultry decontaminants

Strain L1 S1 S2
Non-adapted 15.06+0.25%, 14.90+0.28", 14.10+0.00°, 14.33+0.05%,
Adapted to TSP 16.80+0.09% 17.07+0.05°% 16.63£0.10°% 16.97+0.05%
Adapted to ASC 17.000.09% 16.20+0.54°, 15.53+0.365 15.47+0.27°,
Adapted to CA 17.10£0.57% 16.93+0.43%, 16.27+0.14% 16.70+0.42",
Adapted to PA 15.90+0.54", 16.27+0.81% 15.40+0.18", 15.10%0.26%

L1, Listeria monocytogenes serovar 1/2a (poultry isolate); L2, L. monocytogenes serovar 4b (sheep’s spinal cord isolate); S1, S. enterica serotype Typhimurium
PT 193 (poultry isolate); S2, S. enterica serotype Enteritidis PT 1 (poultry isolate); TSP, trisodium phosphate; ASC, acidified sodium chlorite; CA, citric acid;
PA, peroxyacetic acid. Mean values (n=6) in the same row with no letters in common (superscript) are significantly different (P<0.05). Mean values (n=06)
in the same column with no letters in common (subscript) are significantly different (P<0.05). Strains with reduced susceptibility maintained after 90 days with

periodic transfers are underlined.

with ASC. Thus, up to a 1.82-fold increase in ASC MICs
was observed in strains adapted to different decontaminants
compared with initial strains. For most compounds and
strains, the MICs of decontaminants due to cross-adaptative
responses were similar to or smaller than the MICs of de-
contaminants resulting from adaptative responses.

The reduced susceptibility to ASC and CA obtained with
progressively increasing decontaminant concentrations was
shown to persist over three months for most strains. However,
the MIC values for TSP and PA in adapted strains returned
to those of non-adapted strains in most cases. The stability
of the reduced susceptibility to decontaminants as a result
of cross-adaptation varied among strains and chemical com-
pounds. In 36 out of 64 tested cases — 16 adapted strains
tested against four decontaminants — (56%) the reduced
susceptibility, acquired as a consequence of adaptation or
cross-adaptation response, remained stable throughout the
study period.

Discussion

As in the research being presented here, variations in the
susceptibility of different Listeria and Salmonella strains to
chemical biocides have been reported by other authors (Aase
et al., 2000; Charnock, 2003; Heir et al., 2004; Gradel et al.,
2005; Aarnisalo et al., 2007; Capita, 2007; EFSA, 2008).
The substantial differences in susceptibility to decontami-
nants between bacterial species observed for CA, with Sal-
monella having a 3-fold higher MICs than Listeria, support
previous observations, where CA showed higher activity
against Gram-positive than Gram-negative bacteria (Del
Rio et al., 2007a, 2007b). The variation in the structure and
chemical composition of the different bacterial strains could
explain the different responses to biocides. Intrinsic tolerance
of bacteria to biocides are related to penetration barriers

(membranes, cell wall peptidoglucan, number, and size of
porins) and cell capacity to reduce biocide accumulation (de-
gradation/modification, presence of efflux systems) (Russell,
2001; Charnock, 2003).

The inter- and intra-specific differences in bacteria suscep-
tibility to poultry decontaminants could influence the sur-
vival of strains on decontaminated carcasses, and highlight
the importance of using sufficiently highly concentrated com-
pounds in order to inactivate all target pathogens of concern.
The US authorized in-use concentrations (mg/ml) of poultry
decontaminants are: 80~120 (TSP), 15~25 (CA), and up to
0.22 (PA) (Del Rio et al., 2007b; EFSA, 2008). ASC is typi-
cally used in poultry processing waters, applied as a spray
or dip solution at concentrations of between 0.5 and 1.2
mg/ml and combined with a GRAS acid that achieves a pH
of between 2.3 and 2.9 in the solution. According to US
regulations, ASC may also be applied as a pre-chiller or
chiller solution at levels that result in sodium chlorite con-
centrations of between 0.05 and 0.15 mg/ml, in combination
with any acid considered GRAS at levels sufficient to ach-
ieve a pH of 2.8 to 3.2 (EFSA, 2008). Most of the MIC val-
ues were lower than those authorized. However, results in
Table 2 show that MICs of ASC, for both adapted and
non-adapted strains, are higher than the lowest authorized
concentrations, and data for adapted strains (0.32+.02 to
0.46+0.01 mg/ml) are at the minimum interval limit for au-
thorized concentrations in poultry processing waters. In
these cases, bacterial strains probably encounter suboptimal
concentrations of decontaminants that could provide se-
lective pressure for the increase and dissemination of natu-
rally tolerant strains. In such conditions it is possible that
the organism’s tolerance to the agent increases through
adaptative responses, which may also be followed by
cross-adaptation to other decontaminants. It is, however,
important to bear in mind that the MICs tests were per-

Table 2. Minimum inhibitory concentrations (MICs) of acidified sodium chlorite (mg/ml) before and after exposing four bacterial strains

to increasing concentrations of poultry decontaminants

Strain L1 S1 S2
Non-adapted 0.17%0.01% 0.17%0.02%, 0.21+0.02", 0.17x0.01%
Adapted to TSP 0.24+0.01% 0.22+0.01% 0.36+0.03" 0.22+0.01%
Adapted to ASC 0.46+0.01% 0.32:0.02° 0.45+0.02" 0.44x0.02%
Adapted to CA 0.26+0.01% 0.25+0.01% 0.25+0.02% 0.31%0.01%
Adapted to PA 0.28+0.01% 0.25+0.02% 0.31%0.01% 0.31x0.01%

For interpretation see Table 1
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Table 3. Minimum inhibitory concentrations (MICs) of citric acid (mg/ml) before and after exposing

Strain L1 1.2 S1 S2
Non-adapted 0.95+0.01%, 1.25+0.02°, 3.24%0.09¢ 3.62+0.02°%,
Adapted to TSP 1.130.02%, 1.31:0.04", 3.27+0.07" 3.59+0.05%
Adapted to ASC 1.090.01% 1.18+0.02" 3.21£0.00%, 3.57+0.01%.
Adapted to CA 1.24+0.09" 1.25+0.09%, 3.25+0.02", 3.27+0.02%
Adapted to PA 1.14%0.04% 1.26+0.01°, 3.22+0.02% 3.55+0.02°%

For interpretation see Table 1

formed in MH broth, which contains organic matter and
causes inactivation of the agents (Aarnisalo et al, 2007).
The MICs observed for ASC could be also influenced by
compound evaporation.

Sub-inhibitory concentrations of acid or alkaline com-
pounds have previously been shown to lead to adaptative
responses in various foodborne microorganisms (Lunden et
al., 2003; EFSA, 2008). Adaptation to oxidative stress and
to chlorous compounds has been also demonstrated (Farr
and Kogoma, 1991; Braoudaki and Hilton, 2004; Lear et
al., 2006). However, no specific studies of poultry deconta-
minants have been conducted so far. The final MICs of
TSP, CA, and PA for adapted bacteria are much lower than
the concentrations used in working solutions in poultry
slaughterhouses plants. Therefore, according to our results,
reduced susceptibility to these compounds due to adapta-
tion does not appear to be of major importance in the sur-
vival of Listeria and Salmonella cells when the decontaminant
treatment is performed adequately. Reduced susceptibility
could, however, be of concern when bacteria encounter sub-
optimal concentrations of decontaminants. These insufficient
concentrations could occur because of inadequate distribution
or dosage of disinfectants, or excessive amounts of organic
matter, known to inactivate disinfectants, in the dipping tank.

The main in vitro TSP action mechanism is related to the
solution’s high alkalinity, which causes the cells to leak in-
tracellular fluid through the disruption of fatty molecules in
the cell membrane. Moreover, ionic strength is high, which
can cause bacterial cell autolysis. ASC (its activity is mainly
derived from chlorous acid) and PA are oxiding biocides
which kill microorganisms through direct action on the cel-
lular membrane and disruption of fundamental cellular pro-
cesses. A secondary mechanism of these compounds is the
acidification of both the cell’s environment and the cell’s
cytoplasm. The bactericidal effect of CA is largely due to
the ability of this compound’s undissociated form to diffuse
through the cell membrane into the cytoplasm, where some
of the acid dissociates, tending to cause proton and anion
accumulation in cell cytoplasm (Capita et al., 2002; SCVPH,

2003; EFSA, 2008).

Strains were observed to undergo cross-adaptation to de-
contaminants with similar action mechanisms (e.g. oxiding
compounds). However, decontaminants with different action
mechanisms were also observed to cause cross-adaptation
(e.g. TSP and ASC), suggesting a non-specific resistance
mechanism such as increased impermeability due to outer
membrane adaptation. Similar findings have been reported by
other authors studying different chemical biocides (Braoudaki
and Hilton, 2004; Lear et al., 2006). These results imply
that rotation or combination of decontaminant agents with
different action mechanisms in slaughterhouses may not
have the desired effect.

As in the research being presented here, the mainten-
ance of reduced susceptibility to biocides after several
transfers in compound-free broth has been observed by other
authors (Lundén et al., 2003). These observations suggest
that cellular changes due to adaptation continue to have an
effect on tolerance to decontaminants some time after
exposure. According to Russell (2001), acquired reduced
susceptibility to biocides may occur when bacteria are
“trained” to grow in gradually increasing concentrations of
a biocide, although this reduced susceptibility is not always
stable. Temporary reduced susceptibility as a result of phe-
notypic adaptation has been known, but in general it is
thought that a non-genetic adaptative type of resistance is
unlikely to play an important role in determining the
long-term survival of bacteria to biocides. Changes in mem-
brane proteins and the presence of an active efflux system
could be involved in the development of stable phenotypic
tolerance to decontaminants.

To sum up, results in the present study show that the
susceptibility to decontaminants of different Listeria and
Salmonella strains differ, which may influence survival of
the strains. These findings highlight the importance of (1)
strictly monitoring the compound concentrations in order to
ensure an anti-microbial effect on all pathogens of concern;
(2) selecting adequate test strains when testing such com-
pounds on Listeria and Salmonella, and (3) identifying the

Table 4. Minimum inhibitory concentrations (MICs) of peroxyacetic acid (mg/ml) before and after exposing four bacterial strains to increas-

ing concentrations of poultry decontaminants

Strain L1 L2 S1 S2
Non-adapted 0.11x0.01% 0.10%0.02%, 0.07+0.03" 0.08+0.01%
Adapted to TSP 0.10+0.02%, 0.10+0.00% 0.07+0.02b", 0.08+0.01°%
Adapted to ASC 0.11+0.08", 0.090.02", 0.08£0.05% 0.10%0.02%
Adapted to CA 0.11+0.03% 0.11+0.01% 0.06+0.02% 0.08+0.01°%
Adapted to PA 0.11+0.01%, 0.11%0.02% 0.08+0.01% 0.08+0.02",

For interpretation see Table 1
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principal pathogenic bacteria of concern in a poultry plant
before choosing a decontamination procedure.

It appears that the adaptative responses are not of con-
cern when TSP, CA or PA are used at an authorized level,
which is higher than MICs. Moreover, the low magnitude
of adaptative responses found in these agents suggests that
there is no cause for concern when strains encounter sub-
optimal concentrations of decontaminant. However, an adap-
tative response towards ASC could have an influence on
the survival of Listeria and Salmonella strains when the
compound is applied as a pre-chiller or chiller solution
(authorized at lower concentrations than MICs obtained in
this research), or when ASC is inadequately used (at sub-
optimal concentrations) in poultry processing waters. Cross-
adaptative responses of strains were observed for all decon-
taminants tested, suggesting that tolerance to a decontami-
nant promotes the emergence of tolerance to other com-
pounds. It should be pointed out, however, that the magni-
tude of adaptative and cross-adaptative responses was low
(with maximum increase in MIC being 2.71-fold) suggesting
that these responses are of minor concern.

This study provides a starting point for research into bac-
terial adaptation and cross-adaptation responses to poultry
decontaminants. However, the findings presented here are
based on limited laboratory studies, and additional research
into practical applications would be needed to substantiate
these findings.
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