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Abstract

Transport cages used for live poultry constitute a major source of cross-contamination
in slaughterhouses, particularly regarding Salmonella spp. The aim of this study was to
evaluate the improvement of washing parameters—specifically temperature and detergent
conductivity—in reducing Salmonella contamination as well other microbial parameters in
turkey transport cages under industrial conditions. Six washing conditions were tested by
combining three temperatures (40, 45, and 60 °C) and different detergent conductivities
(04 mS/cm), using an alkaline chlorinated detergent. Microbiological analyses included
Salmonella spp. and indicators such as mesophilic aerobic bacteria and Enterobacteriaceae,
assessed before and after washing at three time points during the processing day. High
initial contamination levels were observed in all cases. Results demonstrated a clear syner-
gistic effect between temperature and detergent conductivity. The treatment at 60 °C and
2 mS/cm provided the most effective balance, achieving total elimination of Salmonella and
significant reductions in indicator microorganisms without the need for maximum deter-
gent concentration. Increasing conductivity beyond this level did not lead to substantial
improvements. These findings support the optimization of washing parameters as a key
prerequisite program within HACCP systems in poultry slaughterhouses.
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1. Introduction

Foods of animal origin, and particularly poultry meat, represent one of the main
sources of human salmonellosis [1]. Salmonella has been identified as the principal causative
agent associated with multinational outbreaks (20 outbreaks with 849 cases) reported in
the European Union in 2024 [2]. According to this report, and across all (not only multi-
country), Salmonella foodborne outbreaks in the EU in 2024 were 1238, with 10164 cases,
1823 hospitalizations and 17 deaths. Nineteen outbreaks were related to broiler meat.

Within the European Union, and specifically in Spain, specific regulations have been
developed for the control of foodborne zoonoses [3-5]. In turkey meat production, particu-
lar attention has been focused on the control of Salmonella spp. [6,7]. Reducing the presence
of this microorganism throughout all stages of production is a priority objective [7]. High
prevalence rates can only be effectively addressed through comprehensive management of
the entire production process.
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In slaughterhouses, all processes must emphasize the prevention of carcass contam-
ination and the achievement of the highest hygienic standards, particularly with regard
to reducing Salmonella prevalence. The monitoring of microbiological hygiene indicators,
such as mesophilic aerobic bacteria and enterobacteria, at different stages of slaughter is an
important tool for evaluating process performance. European regulations and international
recommendations establish limits for these microorganisms in the final product [8].

In general, fecal contamination of carcasses during slaughter is considered the main
source of microbiological hazards in poultry meat, including turkey. This contamination
can spread from one carcass to another, making the prevention of contact with fecal
material a critical control point within any HACCP system [9]. Regarding Salmonella, its
complete elimination from poultry production environments may not be feasible; however,
a significant reduction can be achieved through the implementation of appropriate control
strategies within a comprehensive food safety plan based on HACCP principles, applied
throughout the entire production chain up to consumption [10].

Concerning the role of different processing stages in carcass contamination, the ef-
fectiveness of cleaning and disinfection plans for facilities and equipment is of great
importance from the moment birds are received at the slaughterhouse. Therefore, regular
analytical evaluations are essential to verify the adequacy of installations prior to produc-
tion, as residual contamination or the presence of biofilms may not be visually detectable
and can constitute a significant hazard for food safety [11]. These authors have indicated
that reliance solely on initial cleanliness, assessed through pre-operational inspections and
microbiological analyses, is insufficient. During daily operations, tools and equipment
may become contaminated, and it is very important to plan for regular cleaning measures
during production processes, to keep a visual check on any dirt that accumulates during the
working period, carrying out analyses to determine its accumulation during the production
process [11]. White et al. [12] also consider that the poultry industry requires rapid and
effective means of cleaning and disinfecting its facilities and resources.

Within this context, transport vehicles may act as disease transmission vectors if they
are not properly cleaned and disinfected after unloading and before reuse. Transport cages
used for broilers can become heavily contaminated with fecal material, contributing to
the spread of pathogens between farms [13,14]. Furthermore, the transport of Salmonella-
positive flocks leads to contamination of cages, which must therefore be cleaned and
disinfected after each use to prevent cross-contamination of subsequent flocks [15]. In
Spain, regulations require that vehicles used for transporting animals be cleaned, washed,
and disinfected after unloading [16]. Transport cages must also meet specific requirements,
including preventing the loss of excreta and feathers, allowing observation of animals, and
being suitable for effective cleaning and disinfection before loading and after unloading [17].

Allen et al. [18] report that traditional cleaning systems for plastic poultry transport
crates are insufficient to eliminate microbial contamination. White et al. [12] propose
improvements including the use of disinfectants and foaming cleaning systems applied
using compressed air foam systems (CAFSs).

To reduce Salmonella prevalence at the slaughterhouse level, and considering the
contamination introduced by transport cages, it is necessary to evaluate measures such
as optimizing washing parameters to reduce pathogen spread. This approach is part of
prerequisite programs for cleaning and disinfection within HACCP systems, particularly
in the initial stages of poultry slaughtering processes [14].

The use of transport cages can be divided into four stages: reception of live birds,
unloading and transfer to the processing line, cleaning and disinfection of cages, and
reloading of clean cages onto disinfected transport vehicles. The present study focuses
on optimizing the cleaning and disinfection stage, based on standard procedures [19-21],
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including removal of coarse debris, application of detergents, rinsing, disinfection, and
final rinsing.

Few studies have specifically addressed cleaning and disinfection processes for trans-
port cages, although some have included cage contamination within broader studies. Some
research has focused on Campylobacter [19]. Among the studies focusing most closely on
transport crates, Zang et al. [22] conducted an evaluation of plastic crates inoculated with
Salmonella Enteritidis, comparing the use of slightly acidic electrolyzed water with tap
water; Atterbury et al. [13] propose an improved protocol that includes high-pressure
nozzles, heated water and a greatly improved filtration system. Meanwhile, Dzieciolowski
etal. [21] conducted a study under slaughterhouse conditions on the crates used to evaluate
their cleaning and disinfection process.

Among the key parameters influencing cleaning efficiency, temperature and detergent
conductivity are particularly important [23-25]. Temperature enhances degreasing and
disinfection but is limited by the risk of corrosion in galvanized iron cages. Conductivity
reflects detergent concentration, which must be carefully controlled to ensure effective
cleaning without excessive chemical use. Although time is also a relevant factor, it is
typically constrained by processing line speed and is therefore less flexible. Proper con-
figuration of washing equipment, including nozzle number, orientation, and pressure, is
also essential.

While traditional hygiene indicators in poultry slaughterhouses include mesophilic
aerobic bacteria and Enterobacteriaceae [26], the control of pathogens such as Salmonella is
critical, particularly in early processing stages.

The objective of this study was to evaluate improvements in transport cage clean-
ing by optimizing temperature and detergent conductivity, in order to reduce Salmonella
contamination and other microbiological parameters in poultry slaughterhouses.

2. Materials and Methods
2.1. Experimental Design

Six washing conditions were evaluated using commercial Spectak BPC™ (Diversey,
Fort Mill, SC, USA) (an alkaline chlorinated detergent primarily based on sodium hy-
droxide), classified and labeled according to Spanish regulation [27], based on two main
parameters: temperature and conductivity. Three application temperatures were tested
(40 °C, 45 °C, and 60 °C), and different conductivity levels were applied, ranging from no
detergent use to 1, 2, and 4 mS/cm.

The relationship between detergent concentration and conductivity is shown in Table 1.

Table 1. Relationship between detergent concentrations and the conductivity of the detergent used.

Detergent Concentration (%) Conductivity (mS/cm)
0.046 1
0.143 2
0.218 4

The washing process was performed under industrial conditions, following the op-
erational speed of the processing line, with a total duration of approximately 1 min 45 s.
The process consisted of three stages: (a) initial removal of solid material (water only), 30 s;
(b) application of detergent, 40 s; (c) final rinsing (water only), 25 s.

Based on this procedure, six washing conditions were tested by combining different
temperatures and conductivity levels, as described in Table 2.
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Table 2. Description of the washing conditions used.

Test Conditions Temperature (°C)/Conductivity (mS/cm)
1 Water at 40 °C without detergent
2 Water at 60 °C without detergent
3 Water at 45 °C and 1 mS
4 Water at 45 °C and 4 mS
5 Water at 60 °C and 2 mS
6 Water at 60 °C and 4 mS

In addition to visual inspection, which is always required in cleaning and disinfection
verification procedures, microbiological control was carried out applying the following
criteria for the microbiological parameters specified: Salmonella spp.: absence; mesophilic
aerobic bacteria (MAB): 10° CFU/cm?; Enterobacteriaceae: 5 x 103 CFU/cm? [26].

2.2. Sampling Procedure

The study was conducted during winter, when there is greater accumulation of organic
matter in cages due to higher humidity conditions in farms. Sampling was performed at
three time points to evaluate the performance of the washing system over time: start of the
process (tg); mid-process (tg): after 8 h of starting the slaughter step; end of process (t34):
after 16 h.

For each condition, sampling was carried out on the same day. Three cages were
analyzed before and after each washing condition. Surface samples were collected using
sterile wipes (bioMérieux, Marcy-1'Etoile, France), individually packaged. Each wipe
consisted of a sterile cotton cloth (200 x 250 mm) impregnated with an isotonic solution
to prevent osmotic shock during sampling. Surface samples were collected using a sterile
10 x 10 cm template (100 cm?) placed on the selected area (three levels of each cage:
upper, middle, and lower surfaces). Using a sterile pre-moistened swab or sponge, the
entire delimited area was sampled by rubbing horizontally, vertically and diagonally while
applying uniform pressure. Sampling was performed by rubbing the wipe over to obtain
a representative sample. After sampling, each wipe was transferred into a sterile bag
containing 225 mL of buffered peptone water. Subsequent microbiological analyses were
then carried out according to the protocols described below.

2.3. Microbiological Analysis
2.3.1. Detection of Salmonella

Salmonella detection was performed using the ELFA (Enzyme-Linked Fluorescent
Assay) technique with the VIDAS® system (bioMérieux, Madrid, Spain). Specifically, the
VIDAS® UP Salmonella assay was used [14,28], which is an automated qualitative test for
detecting Salmonella in food products, environmental samples, and primary production
samples. In these ELFA assays, the enzyme alkaline phosphatase breaks down the substrate
(4-methylumbelliferyl phosphate) into a fluorescent product (4-methylumbelliferone) [29].
Positive results were considered presumptive, according to Dwivedi et al. [30], and required
confirmation using culture-based methods. Confirmation was performed by streaking
samples onto a chromogenic selective medium (ASAP™ agar, bioMeérieux), followed by
incubation at 37 £ 2 °C for 24 £ 3 h.

Characteristic colonies (pink-purple) were selected and confirmed using a latex agglu-
tination test specific for Salmonella spp. (Salmonella spp. latex kit, bioMérieux ref. MGNF42).
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2.3.2. Detection of Mesophilic Aerobic Bacteria (MAB) and Enterobacteriaceae

To determine the occurrence and count of MAB and Enterobacteriaceae, the TEMPO
TVC and TEMPO EB tests (BioMérieux, Madrid, Spain) were used, in accordance with
Crowley et al. and Owen et al. [31,32], respectively. Samples were inoculated into the
culture medium vial, and once the incubation period had elapsed, they were transferred
using a specific tube to a card containing 48 wells of three different volumes: 2.25, 22.5
and 225 mL. The card was sealed tightly and incubated for 40-48 h for MAB and 22-27 h
for Enterobacteriaceae. The microorganisms present on the card hydrolyzed the substrate
in the culture medium, causing a fluorescent signal to appear, being detected by the
TEMPO reader. Depending on the number and type of positive wells, the TEMPO system
automatically calculates the number of microorganisms using the Most Probable Number
(MPN) method and expresses this as CFU/ cm?.

2.4. Statistical Analysis

Statistical analyses were performed using SPSS 15.0 (IBM Company, Armonk, NY,
USA) and Microsoft Excel (Microsoft 365, Redmond, DC, USA). Cochran’s Q test was used
for Salmonella occurrence and non-parametric analysis (Kruskal-Wallis) was applied for
microbial counts. Fisher’s exact test was used to assess the influence of conditions on the
elimination of Salmonella.

3. Results

Our results (Tables 3-8) show clear trends. The results show that the decisive factor is
not just the temperature, but the combination of both (synergistic effect). In cases where
we did not use detergent, the results, as expected, improved with increasing temperature
(60 °C) (Tables 3 and 4; Figures 1 and 2), although Salmonella was not eliminated over the
course of the day, and in some cases the situation even worsened after 16 h (Tables 3 and 4).
Suboptimal washing conditions showed variability (p < 0.05) and, in some cases, increased
contamination over time, indicating process instability. In contrast, optimal conditions
(60 °C combined with detergent conductivity > 2 mS) showed consistent results across
all sampling times (Table 7), with complete absence of Salmonella and stable reductions in
indicator microorganisms, demonstrating the robustness of the cleaning process.
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Figure 1. Effect of washing conditions on Salmonella elimination. a: No differences between these
treatments; highest Salmonella elimination rates (100%). b: Significantly lower than group a (p < 0.05),
but significantly higher than groups c and d. c: Significantly lower than groups a and b (p < 0.05), but
significantly higher than group d. d: Lowest Salmonella elimination rates; significantly different from
all other groups (p < 0.05).
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Figure 2. Effect of washing conditions on MAB and Enterobacteriaceae reduction. a—c: Different
letters indicate statistically significant differences in microbial parameter reduction among washing
conditions (p < 0.05).

On the other hand, the effectiveness of washing treatments was evaluated based on
Salmonella elimination rates (Figure 1). A statistically significant association (p < 0.01)
was observed between washing conditions and Salmonella elimination. Suboptimal con-
ditions, such as washing without detergent or at lower temperatures, showed limited
effectiveness (12.5-71% elimination). In contrast, the combination of 60 °C with detergent
conductivity > 2 mS achieved complete elimination (100%) in all tested samples (Figure 1).
No statistically significant differences were observed between 2 mS and 4 mS at 60 °C, indi-
cating that increasing detergent concentration beyond this level does not improve efficacy.

Table 3. Results obtained before and after cleaning of cages (C1, C2 and C3) with water at 40 °C
without detergent, at different working times.

t Cage Before/After  Salmonella (Mllyll\lefmz) Entiﬁ;;ﬁ:;?)c eae
1 Before — 3.6 x 108 5.0 x 10*
After — 1.2 x 106 3.0 x 102
0 - Before + 7.6 x 107 6.5 x 10°
After — 5.5 x 10° 5.3 x 10°
c Before + 4.1 x 10° 7.7 x 10°
3 After - 5.6 x 10° 5.3 x 10*
1 Before + 6.3 x 10° 5.6 x 10°
After + 4.0 x 107 2.3 x 104
t - Before + 5.0 x 10° 3.6 x 10*
After + 2.3 x 10° 1.2 x 10*
Before + 3.1 x 108 7.5 x 10°
3 After + 23 x 10° 1.2 % 104
1 Before + 2.9 x 10° 8.0 x 10°
After + 3.6 x 108 6.9 x 10°
te o Before + 3.8 x 10° 8.3 x 10°
After + 43 x 107 7.3 x 10%
Before + 5.8 x 10° 5.3 x 10°
3 After + 7.1 x 10° 2.8 x 10*

to: time 0; tg: after 8 h; t1¢: after 16 h; + occurrence; — absence.
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Table 4. Results obtained before and after cleaning of cages (C1, C2 and C3) with water at 60 °C
without detergent, at different working times.

t Cage Before/After  Salmonella (MIIYII\IA;fmZ) Ente(ell;?[lI),aNc/t:;:;\)c eae
o1 Before — 7.5 x 10° 35 x 10°
After + 8.7 x 10° 6.1 x 103
t - Before — 8.4 x 10° 1.5 x 100
After — 7.6 x 100 5.6 x 10*
Before + 24 x 107 8.0 x 10°
3 After - 3.6 x 107 6.3 x 10°
Before + 49 x 10° 7.9 x 10°
C1 After _ 3.1 x 104 7.2 % 10°
ts o Before + 5.3 x 107 8.9 x 10°
After — 2.0 x 10° 5.6 x 10*
Before + 1.8 x 100 6.3 x 108
3 After + 3.9 x 104 9.5 x 103
Before + 8.7 x 107 8.3 x 10°
1 After _ 2.8 x 10° 7.2 % 106
te o Before + 1.9 x 10° 5.7 x 107
After — 2.4 x 107 6.5 x 10%
3 Before + 1.6 x 10° 6.8 x 10°
After + 3.7 x 10* 8.3 x 103

to: time 0; tg: after 8 h; t1¢: after 16 h; + occurrence; — absence.

Table 5. Results obtained before and after cleaning of cages (C1, C2 and C3) with water at 45 °C with
detergent (conductivity 1 mS), at different working times.

t Cage Before/After  Salmonella (Mllz/ll\lﬁfmz) Ent?ﬁgachfzza)c cae
Before + 1.7 x 100 1.9 x 100
c1 After + 8.1 x 10 8.9 x 10°
0 o Before + 7.7 x 10° 8.7 x 10%
After + 9.0 x 107 2.7 x 10°
Before + 1.7 x 10° 1.7 x 106
= After + 6.5 x 108 2.8 x 10°
Before + 4.0 x 107 1.9 x 10°
1 After _ 1.9 x 107 7.5 x 10°
te o Before — 2.6 x 108 1.5 x 10°
After — 8.9 x 108 8.1 x 10°
Before + 3.1 x 10° 8.9 x 10°
= After + 7.7 % 108 1.6 x 105
Before + 1.7 x 108 1.9 x 100
cl After + 47 x 10° 6.3 x 10°
te - Before + 1.7 x 10° 2.9 x 10°
After + 8.0 x 10° 1.8 x 107
Before + 6.3 x 107 1.9 x 10°
c3 After + 8.7 x 106 8.2 x 10°

to: time 0; tg: after 8 h; t1¢: after 16 h; + occurrence; — absence.
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Table 6. Results obtained before and after cleaning of cages (C1, C2 and C3) with water at 45 °C with
detergent (conductivity 4 mS), at different working times.

t Cage Before/After  Salmonella (MIIYII\IA;fmZ) Ente(ell;?[lI),aNc/t:;:;\)c cae
Before + 8.7 x 10° 3.6 x 10°
cl After + 1.7 x 10* 3.5 x 10*
t - Before — 8.7 x 10° 1.5 x 10°
After - 1.7 x 10* 1.6 x 10*
Before + 8.7 x 10° 8.0 x 10°
3 After + 1.5 x 104 15 x 104
Before + 7.0 x 10° 1.5 x 10°
C1 After + 8.0 x 104 3.9 x 10°
ts - Before + 2.5 x 107 3.5 x 10%
After — 1.7 x 10° 1.5 x 10°
Before + 3.6 x 107 3.7 x 103
3 After — 21 x 104 41 x 103
Before + 1.8 x 10° 1.6 x 108
1 After _ 1.8 x 10* 3.5 x 10*
te o Before + 1.7 x 10° 1.5 x 10°
After — 5.6 x 10° 6.5 x 10%
Before + 6.3 x 10° 39 x 10°
= After + 1.8 x 10* 55 x 103

to: time 0; tg: after 8 h; t1¢: after 16 h; + occurrence; — absence.

Table 7. Results obtained before and after cleaning of cages (C1, C2 and C3) with water at 60 °C with
detergent (conductivity 2 mS), at different working times.

t Cage Before/After  Salmonella (Mllz/ll\lﬁfmz) Ent?ﬁgachfzza)c cae
Before + 1.9 x 10° 1.7 x 10°
c1 After - 6.3 x 10° 1.6 x 103
0 o Before + 1.5 x 100 1.7 x 100
After - 7.8 x 10* 6.6 x 102
Before — 1.8 x 100 1.5 x 10°
= After — 6.9 x 10* 2.6 x 103
Before + 8.0 x 107 1.7 x 10°
1 After — 8.5 x 10° 1.2 x 104
t - Before + 1.8 x 10° 8.9 x 10*
After - 7.3 x 10° 4.6 x 103
Before + 7.0 x 108 1.7 x 10°
= After - 1.0 x 106 48 x 10°
Before + 9.0 x 10° 2.5 x 108
cl After — 5.5 x 10° 1.7 x 103
te - Before + 1.9 x 10° 8.0 x 10°
After - 2.9 x 10% 8.5 x 104
Before + 8.0 x 108 9.1 x 10°
c3 After _ 1.8 x 10* 1.8 x 103

to: time 0; tg: after 8 h; t1¢: after 16 h; + occurrence; — absence.

https:/ /doi.org/10.3390/hygiene6030043


https://doi.org/10.3390/hygiene6030043

Hygiene 2026, 6, 43

90f13

Table 8. Results obtained before and after cleaning of cages (C1, C2 and C3) with water at 60 °C with
detergent (conductivity 4 mS), at different working times.

MAB Enterobacteriaceae

t Cage Before/After  Salmonella (MPN/cm?) (MPN/cm?)
o1 Before + 3.3 x 10° 1.9 x 10°
After - 6.3 x 10° 4.1 x 103
t - Before + 8.3 x 108 7.8 x 100
After - 6.5 x 105 2.3 x 103
3 Before + 7.3 x 108 6.3 x 107
After - 7.3 x 10° 1.3 x 103
1 Before + 1.3 x 108 5.9 x 10°
After - 8.6 x 10% 8.9 x 10°
ts - Before + 6.0 x 108 1.5 x 10°
After - 1.3 x 10° 3.5 x 103
o3 Before + 2.2 x 108 2.9 x 10°
After - 1.8 x 10° 6.0 x 102
1 Before + 1.8 x 10° 1.9 x 10°
After - 2.3 x 10° 7.5 x 102
te - Before + 8.8 x 108 5.0 x 10°
After — 1.3 x 10° 1.5 x 103
3 Before + 24 x 108 7.9 x 100
After - 4.7 x 10° 4.7 x 10°

to: time 0; tg: after 8 h; t1¢: after 16 h; + occurrence; — absence.

Regarding indicators (MAB and Enterobacteriaceae), an overall descriptive statistical
analysis confirmed that washing performance was primarily determined by the synergistic
effect of temperature and detergent conductivity (Figure 2).

Condition 1 showed highly heterogeneous MAB log reductions, reflecting poor process
stability. Condition 2 improved microbial reduction (2.36 & 1.53 log), although variabil-
ity remained considerable. Condition 3 demonstrated the poorest efficacy, confirming
that low detergent conductivity at 45 °C was insufficient. Conditions 5 and 6 (at 60 °C)
confirmed the synergistic effect of temperature and detergent conductivity. Condition 5
(60 °C and 2 mS), the first treatment to achieve complete Salmonella elimination (100%), also
produced the highest combined reductions in MAB (2.97 & 1.32 log) and Enterobacteriaceae
(2.47 £ 0.79 log), without the need of a higher detergent input.

These results showed significant differences (p < 0.05) between washing conditions,
with higher temperatures combined with detergent application resulting in markedly
lower microbial counts. In contrast, no statistically significant differences (p > 0.05) were
detected between sampling times (ty, ts, ti¢), likely due to the limited sample size and
variability of the data. Overall, suboptimal washing conditions showed greater variability
and, in some cases, increased microbial counts, suggesting process instability. Conversely,
optimal conditions (60 °C and >2 mS) resulted in consistent reductions across all sampling
times, demonstrating robust process performance. Reductions of up to 3-5 log units were
observed under optimal conditions, particularly for Enterobacteriaceae, which showed
greater sensitivity to the treatments compared to total mesophilic aerobic bacteria.

In general terms, and as expected, washing performance tends to decline over time
under suboptimal conditions, and 45 °C is clearly insufficient. Therefore, among the
tested conditions, the combination of 60 °C and 2 mS represents the most effective option,
providing robust results and statistically significant improvements in Salmonella elimination.
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4. Discussion

Considering our results as a whole, it is clear that the most appropriate washing
conditions include the application of detergent. At 45 °C, the use of detergent does not
guarantee Salmonella elimination in many cases and, similar to washing without deter-
gent, microbial counts do not consistently decrease after treatment. At this temperature,
only higher detergent concentrations (4 mS) lead to a substantial reduction in indicator
microorganisms and improved Salmonella elimination rates.

Within the tested conditions, 60 °C can be identified as the optimal temperature. In
this context, it is particularly relevant that a conductivity of 2 mS already achieves optimal
results: complete Salmonella elimination and several log reductions in indicator microorgan-
isms, with values approaching or falling within acceptable limits. Moreover, these results
are consistent across all sampling times (ty, tg, and t1¢), demonstrating process robustness.

Increasing detergent concentration beyond 2 mS at 60 °C does not further improve the
results and instead leads to higher resource consumption, indicating overdosing without
additional benefit. In fact, one of the limiting factors is the material of the cages, which
in this case is galvanized iron. Excessively high temperatures may accelerate corrosion
processes, reducing equipment lifespan [33]. Therefore, the selection of washing parameters
must balance hygiene effectiveness with material preservation. Additionally, the economic
aspect must be considered. The use of higher detergent concentrations increases operational
costs without providing significant additional benefits, as demonstrated in this study. The
identified optimal condition (60 °C and 2 mS) represents a compromise between efficacy
and efficiency. And it is also important to note that, in industrial practice, washing is
typically followed by a disinfection step, often using agents such as peracetic acid, as it
is our case. Although this step was not included in the present study in order to isolate
the effect of washing parameters, its application would likely further enhance microbial
reduction. In most cases, the disinfectant is added at authorized truck wash facilities [34].

The results obtained in this study are consistent with previous research. Gomolka-
Pawlicka et al. [35] have already highlighted, based on data collected over nine seasons
(with results grouped by season), the need to implement strict hygiene measures on
farms in order to improve the effectiveness of cage cleaning and disinfection at any time
of year. These authors consider that negligence in this regard facilitates the spread of
microorganisms (in the case of their study, Campylobacter) amongst the birds just before
they enter the slaughterhouse, thereby increasing the risk of meat contamination.

Our findings are all the more significant when we consider that Borges et al. [36,37]
report cases in which contamination levels in the cages increased following the cleaning pro-
cess, suggesting that the cleaning procedure was ineffective. In our experience, something
similar has happened in some cases when detergent has not been used. Borges et al. [37]
argue that the birds arrived at the slaughterhouse already contaminated, even though such
contamination increases during the slaughterhouse phase due to cross-contamination.

Among the few studies we are aware of concerning transport cages, Atterbury
et al. [13], in a commercial-scale trial, found that, when a combination of mechanical
energy, heat and chemicals (i.e., detergent and disinfectant) was used, the results showed
significant improvements in cage cleanliness, achieving reductions of up to 3-6 and 3-8 log
CFU per cage for Campylobacter and Enterobacteriaceae. Also focusing more on the reduc-
tion in Campylobacter, Allen et al. [18] demonstrated that the most effective treatments were
a combination of soaking at 55 °C, brushing for 90 s and washing for 15 s at 60 °C, followed
by the application of disinfectant. They also achieved good results by including the use
of ultrasound. In both cases, the reduction in Enterobacteriaceae was 4 log, although the
methods were not as effective against aerobic microorganisms. This last point has turned
out to be similar to what we found in our study.
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With regard to more specific findings on Salmonella, as in our study, Zang et al. [22]
conducted an experiment on plastic crates, achieving the greatest reductions in Salmonella
Enteritidis—which had been previously inoculated into the crates—using tap water (15 s of
exposure, resulting in a reduction of 3.12 log CFU/cm?). Mildly acidified electrolyzed water,
applied for 40 s with an available chlorine concentration of 50 mg/L, also proved effective.

On the other hand, Dzieciolowski et al. [21] adapt their experimental design to slaugh-
terhouse conditions, as in our case, and evaluate four protocols that differ in approach from
ours and monitor only certain indicators (mesophilic aerobic bacteria and enterobacteria).
One of these authors’ treatments does not include disinfection, as in our experiment, but
does include drying with dehumidification. In this case, they achieve reductions in total
mesophilic aerobes of 1.5 logarithmic cycles, broadly consistent, even lesser than the results
of our various treatments.

We are unable to compare our results with those obtained by White et al. [12], as their
study focused on laying hen cages and did not evaluate the active ingredient we used.
However, these authors argue that the characteristics of cleaning and disinfection regimes
can vary significantly and must be taken into account when selecting a chemical product
for the disinfection of such surfaces.

5. Conclusions

The results of this study demonstrate that the combined increase in washing tem-
perature and detergent conductivity significantly improves the effectiveness of cleaning
transport cages used in poultry slaughterhouses. A clear synergistic effect between both
parameters was observed, with the optimal condition identified at 60 °C and 2 mS. Under
these conditions, the elimination rate for Salmonella was 100%, and a significant reduction
in hygiene indicator microorganisms was achieved, while avoiding excessive detergent use.
Increasing detergent concentration beyond this level did not provide additional microbi-
ological benefits, indicating that maximum chemical input is not necessary for effective
cleaning. From an industrial perspective, the optimization of washing parameters allows
for improved hygiene control, reduced operational costs, and the preservation of equip-
ment integrity, particularly in systems using galvanized materials. These findings reinforce
the importance of cleaning and disinfection as a key prerequisite within HACCP systems
and highlight the role of transport cages as a critical point in the control of microbiological
hazards in poultry processing.
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