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Abstract

The disinfection of commercial hatching eggs before incubation is a common strategy to
reduce potential vertical transmission of bacterial and fungal infections from the eggshell to
one-day-old chicks that may prevail in poultry products and eventually reach the end con-
sumer. The present investigation focuses on the parallel testing and application of four dif-
ferent disinfection methods (conventional and alternative) under commercial hatchery
conditions against natural eggshell bacterial contamination. Hatching eggs from two ROSS
308 broiler breeder flocks were selected and divided into six different groups: two groups
were not disinfected and served as negative controls, and four were independently disin-
fected following product specifications and protocols. From each group, a sample of 100
hatching eggs was selected for bacterial re-isolation, utilizing a modified shell rinse method.
Colony-forming units (cfu) from the shell rinse suspensions were determined and analyzed
to establish cfu values for each tested egg. These values were analyzed to determine the
bacterial disinfection capacity of the four disinfection methods under commercial hatchery
conditions. The tested methods were hydrogen peroxide + alcohol, peracetic acid, low
energy electron beam, and the gold standard in practice: formaldehyde. Among these meth-
ods, formaldehyde, peracetic acid, and low energy electron beam showed a significant dif-
ference when compared to the non-disinfected groups whereas hydrogen peroxide +
alcohol did not. The bacterial disinfection capacity of the tested methods was compared as
well to the gold standard method formaldehyde fumigation and only low energy electron
beam achieved similar disinfection levels as formaldehyde. According to our data, three
methods significantly reduce the bacterial load on the eggshell of hatching eggs under com-
mercial hatching conditions, including potential alternative methods such as low energy
electron beam that perform similar to the gold standard in practice.

Introduction

Poultry meat has become a high-quality protein source for consumers worldwide. During the
last decades, poultry meat production has become increasingly efficient [1-3]. To maintain this
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highly efficient production, several aspects should be considered, such as nutrition [4, 5], hous-
ing and rearing [6, 7] and health [8]. Health and hygiene management practices have been
established to avoid the spread of infections throughout the entire production chain [8, 9].

The broiler production pyramid starts with the hatching eggs laid by the grand and parent
flocks. Generally, the hatching eggs are disinfected in the hatchery previous incubation to
avoid the introduction of external pathogens. This step has proven to be effective to prevent
vertical infection of one-day-old chicks that may otherwise prevail in poultry products and
eventually reach the end consumer [10].

The eggshell presents a mixed bacteria population [11] that originates from the cloaca of
the laying hen [12, 13] as well as the contact with the laying nest [14, 15]. The surface of the
eggshell is formed by an intricate mineral mesh with pores that permits oxygen and humidity
exchange [16-18], but also allow bacteria to penetrate the eggshell and infect the eggs interior
[19, 20]. Once the egg is laid, a change of temperature occurs that generates a vacuum of the
egg’s internal structure, allowing the surface bacteria to enter through the pores [21].

Hatching egg disinfection represents a big challenge for the industry due to the fact that a
disinfection is required that not only works on the surface of the egg but ideally also penetrates
the pores without affecting the viability of the embryo, hatchability or general performance of
the hatched chicks. In a previous trial, six disinfection methods were tested to assess their dis-
infection efficacy against an artificial contamination model with an Extended-spectrum beta-
lactamase (ESBL) producing Escherichia coli (E. coli) strain [22]. In a following experiment,
disinfection was performed on artificially contaminated broiler hatching eggs, to assess the dis-
infection efficacy and also the impact of the disinfection methods on hatchability, mortality
and bodyweight [23].

The present investigation focuses on testing different disinfection methods (conventional
approaches and alternative ones) against the eggshell bacterial contamination under commer-
cial hatchery conditions. Neither the parent flocks nor the used hatching eggs in the present
investigation were artificially contaminated.

Previous studies have already compared the disinfection efficacy as well as the adverse
effects of various disinfection methods (formaldehyde, hydrogen peroxide + alcohol, peracetic
acid and low energy electron beam) under in-vitro conditions [22-26] demonstrating the
effectiveness of the disinfectants against various types of bacteria but they have never been
compared on a large scale or under field conditions. By performing parallel field trials, we con-
sidered the practicability of the methods, providing us a better idea of the true performance
and suitability of each disinfection method for the industry. Results were compared to analyze
whether novel methods could serve as an alternative method for bacterial disinfection to the
gold standard in practice: formaldehyde. Hatching egg disinfection with formaldehyde has
been proven to have a broad-spectrum antibacterial efficacy [27-29], however, due to growing
concerns regarding potential carcinogenic, mutagenic and toxic side effects [28, 30], novel
methods are being evaluated as alternatives for producers to use under field conditions. In this
study we aim to identify alternative methods to formaldehyde that can offer efficacious and
practicable bacterial disinfection at commercial hatchery level.

Material and methods
Egg delivery, storage, and division of the disinfection groups

Hatching eggs from two broiler breeder flocks (Nr. 424 and Nr. 426), from the line ROSS 308
were selected for the trials. Both flocks were at the 14™-16" production week and located on
the same breeder farm in Germany.
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From each flock, eggs were collected from the farms using regular hatchery transport. Due
to the size of the flocks and to complete the required number of hatching eggs for each trial,
eggs were stored at 18°C, 70% humidity, for a maximum of 2 days; no disinfection was per-
formed prior arrival to the hatchery to avoid any disinfection bias. An optical screening was
performed to avoid batches with an excess of dirt. Eggs were then stored on trolleys containing
36 trays with 126 eggs each.

The disinfection methods tested in this study are formaldehyde, hydrogen peroxide + alco-
hol, peracetic acid and low energy electron beam. A graphical representation of the experimen-
tal design can be found in S1 Fig.

Four groups (A -D) were established using eggs from both flocks (half of the amount from
each). Each group consisted of 27,216 hatching eggs. Apart from Group A, non-disinfected con-
trol group, each group was treated with one disinfection method: Group B) formaldehyde (refer-
ence method), Group C) hydrogen peroxide + alcohol, Group D) peracetic acid in micro cages.

As soon as the required number of eggs was achieved for each group, they were disinfected
accordingly and kept in storage at 18°C and 75% humidity. All disinfection methods were per-
formed following the parameters and protocols described in a previous publication [22], with
application protocols adapted to the higher amount of hatching eggs as shown in Table 1.

In the case of the low energy electron beam group (Group E) an independent trial was per-
formed due to complex logistics that the disinfection machine required for the trials. A total of
2,268 hatching eggs were selected exclusively from one flock (Nr. 426) and disinfected using a
prototype machine, in which single eggs were positioned on the disinfection chamber and dis-
infected. As a comparison group, 2,268 eggs from the same flock (Nr. 426) were disinfected
with formaldehyde (as in Group B) and labelled as a formaldehyde Group B'.

Sampling of eggs
For groups A-D, 100 eggs were tested after disinfection: 50 from each flock. In group E and B',
100 eggs exclusively from one flock (Nr. 426) were used for the trials. For all groups, eggs were
sampled from similar locations on trolleys and trays. From all six trolleys conforming each group
the two that were positioned in the middle of the group during disinfection were selected for sam-
pling, the middle tray pulled out and the eggs located in the middle of the tray chosen. Using this
sampling technique, we assured to pick eggs from all groups eliminating any positioning bias.

All selected eggs were picked using sterile latex gloves, changing gloves between groups.
Each group was sampled and transported separately to avoid any potential cross-
contamination.

Table 1. Disinfection methods and protocols used during trials. Application protocols were performed according to the information provided by the producer.

Commercial name

Jaklechemie® Formaldehyd
Biozid 20%

Wessoclean®) K50 Goldline

Kesla R) 1+1 Wofasteril SC
super

Evonta® Ebeam Prototype

Active substance Application Concentration Application protocol
method
Formaldehyde Fumigation 44 ml/m’ 15 min fumigation + 10 min neutralization with
ammoniac + 5 hours ventilation
Hydrogen peroxide Fine Spray Ready-to-use product 1 min spraying + 50 min exposure time in chamber
+ ethanol
Peracetic acid in Foaming 1% = 1 ml peracetic acid + 1 ml | Foaming of the eggs with pressure foamier + 1 drying
micro-cages foaming agent time before incubation
Low energy electron Radiation 200 keV, 60 kGy 1 sec exposure time for each side of the egg (2 sides
beam radiated)*

*The prototype of the Low energy electron beam is equipped with a mechanism to turn over the eggs without having any external contact to avoid potential

contamination and to ensure a 360° disinfection.

https://doi.org/10.1371/journal.pone.0283699.t001
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Bacterial re-isolation using modified shell rinse method

For the re-isolation of bacteria, a modified version of the shell rinse method [31] was per-
formed. Each egg was placed in sterile WHIRL-PAK® STAND UP BAGS, 18 oz. where 10 ml
of sterile lysogeny broth (LB) was added. Bags were closed and placed on an orbital shaker at
room temperature (between 21-26°C) for 20 min at 125 rpm (revolutions per minute). After
shaking, broth was taken from each bag to determine the colony formation units (cfu). As an
enrichment method to isolate extended-spectrum beta-lactamase (ESBL) producing bacteria,
the bags were sealed again and incubated at 37°C overnight (18-24 hrs.) and sampled
afterwards.

Determination of colony forming units (cfu)

Colony forming units of the shell rinse suspensions were determined using: 1) Plate count
(PC) agar for total bacterial count, 2) MacConkey agar no. 3 (MacC) for Enterobacteriaceae, 3)
Columbia Horse Blood CNA Agar (CNA) for Gram-positive cocci (Staphylococci and Strepto-
cocci), 4) Brilliance UTI Clarity™ Agar (UTI) for coliforms and Enterococci, 5) Brilliance MRSA
2 Agar (MRSA) for the screening of methicillin-resistant Staphylococcus aureus, and 6) Mac-
Conkey agar no. 3 + Cefotaxime 4pug/ml (ESBL) for the screening of ESBL and AmpC produc-
ing bacteria.

As plating method, a triple droplet method was used with a serial dilution, depending on
the disinfection group [32]. From each dilution, triplicates of 10ul were dripped onto the solid
medium surface. All suspension samples were dripped onto all five media and incubated for
18-24 hrs. at 37°C. As for the overnight culture, 100 pl from each sample was spread across the
MacConkey + Cefotaxime media surface and incubated for 18-24 hrs. at 37°C.

After incubation, all media were analyzed to establish cfu values for each tested egg. Ran-
dom colonies from the different media were picked and analyzed using Matrix-Assisted Laser
Desorption Ionization Time of Flight Mass Spectrometry (MALDI-TOF) Microflex LT® and
Biotyper database® (Bruker Daltonics, Germany).

Data analysis

Data were analyzed using the statistical program SPSS. The normality distribution of the data
was analyzed using the Shapiro-Wilk test. Since the data was not normally distributed, the
one-way ANOVA (Kruskal-Wallis test) was used to assess the significance of the disinfection
efficacy of each method compared to the non-disinfected group and to evaluate the difference
between the groups. For the comparison between flocks, the Mann-Whitney U test was per-
formed for each disinfection method. The statistical level of significance was set at 5 percent
for all analyses (p < 0.05). A significance value adjustment was made by the Bonferroni correc-
tion for multiple tests.

Data from Group E (low energy electron beam) were compared to the value of Group A
(Non-disinfected) and B' (Formaldehyde repetition) since they were subject of an independent
trial.

Ethics statement

After laying and transportation to the hatchery, the hatching eggs were stored at 18°C to pre-
vent embryo development. The hatching eggs utilized for this trial were disinfected and tested
before the egg incubation at the hatchery started.

According to the German Animal welfare legislation (Tierschutz-Versuchstierverordnung,
2013) [33] studies performed with chicken eggs do not require ethics approval when the study
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is accomplished before hatching and no suffering or pain is expected for the animals that con-
tinue to live after hatch (TierSchVersV § 14). In a previous study [23], it was demonstrated
that the tested disinfection methods had no negative effect on the embryo development or
hatchability.

The disinfected eggs that were not selected as samples for this trial underwent standard
commercial incubation and hatching process after disinfection and were excluded from fur-
ther participation in the study. Additional investigation into the hatchability and broiler per-
formance were carried out in parallel studies by a separate research team [34, 35] and the
findings were not included in the present investigation.

Results

Bacteria were re-isolated from the surface of non-disinfected eggs (control group) and four
groups of disinfected eggs. The eggs were collected from two different parent flocks (flock 424
and 426). Among the six different media that were used during the trial, only plate count
medium (PC) showed growth along all repetitions of the control group (non-disinfected) and
was selected for compassion of the disinfection efficacy during the data analysis. Randomly
selected colonies that grew on PC, CNA, and UTI media were used for 16S rRNA genomic
sequencing [36, 37] in order to determine the bacterial species that were resistant to the differ-
ent disinfection methods. No bacterial growth occurred on the MRSA and ESBL media in any
of the repetitions.

The total bacteria count of each group is presented in Fig 1, showing the variation depend-
ing on the disinfection methods as well as the flock in which the trial was conducted. The
mean re-isolation rate of the non-disinfected group (Group A) was 7.8 x 10° cfu/ml with a
standard error of 9.1 x 10* and served as a control group.

When comparing the re-isolation rates of the tested methods, we observed that formalde-
hyde and low energy electron beam presented a low re-isolation rate of bacteria on the egg-
shell, when compared to the non-disinfected control group, with less than 5 of the 100 tested
samples presenting bacterial growth after treatment per group. While the mean values of the
formaldehyde and low energy electron beam group were 1.9 cfu/ml with a standard error of
14.4 cfu/ml and 0.1 cfu/ml with a standard error of 0.166 cfu/ml respectively, other disinfec-
tion methods did not perform as efficacious. In the hydrogen peroxide + alcohol group a mean
8.7 x 10° cfu/ml with a standard error of 8.2 x 10* cfu/ml was recorded, and in the peracetic
acid with micro cages group a mean of 5.1 x 10> cfu/ml with a standard error of 2.7 x 10* cfu/
ml was calculated.

There was a significant statistical difference between the two different flocks for each group,
except for formaldehyde Group B, which was not statistically significant (p = 0.782). Formal-
dehyde Group B1 and low energy electron beam were only tested in flock 426.

When compared against the non-disinfected group (control group), all groups presented a
statistical significance except for the group with hydrogen peroxide, as shown in Tables 2 and 3.

The groups that presented a significant difference with a p<0.001 when compared with the
non-disinfection group were: formaldehyde, peracetic acid in micro cages and low energy elec-
tron beam. Hydrogen peroxide + alcohol did not show a significant difference to the non-dis-
infected group.

The disinfection efficacy of the tested methods was compared, using the re-isolation rate
values, to the reference method: formaldehyde fumigation. Only low energy electron beam
achieved similar disinfection efficacy as formaldehyde (p> 0.05) as shown in Table 3.

To examine, which bacterial species resisted the disinfection process, representative isolates
were picked from colonies that had been re-isolated for each group and identified using
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Fig 1. Re-isolation rates of bacteria found on the eggshell with eggshell rinse method from control and disinfection groups. The re-isolation rates are
divided by group and flock. The number of eggs tested per group was 100 with n = 50 per flock. Formaldehyde Group B' and low energy electron beam (Group
E) present a total of 100 samples from only one flock. The box represents the interquartile range, the line the median of the samples, the circle represents a
cluster of outlier values, while the asterisk represents a single outlier value. The data is representative for one of the two repetitions (for repetition see S2 Fig.).

https://doi.org/10.1371/journal.pone.0283699.9001

MALDI-TOF and 16S rRNA genomic sequencing. The re-isolated bacteria mainly belonged to
gram-positive bacteria, specifically the Staphylococcus species as shown in Table 4.

The lack of growth in the MacC agar predicted a mostly gram-positive species identification
with MALDI-TOF. The samples were selected for the diverse agars but mainly UTI and CNA.
In the case of the re-isolation on the formaldehyde and low energy electron beam group, the
colonies that presented growth on any of the plates were selected for comparison with other

groups.

Table 2. Statistical data analysis of the different disinfection methods including non-disinfected as control group. The analysis was performed using the cfu/ml

count of both flocks and two trials combined per group.

Group Non-disinfected (Group | Formaldehyde (Group Hydrogen peroxide + alcohol Peracetic acid in micro cages
A) B) (Group C) (Group D)
Non-disinfected (Group A) <0.001* 1.000° <0.001*
Formaldehyde (Group B) <0.001" <0.001" 0.032*
Hydrogen peroxide + alcohol 1.000° <0.001* <0.001*
(Group C)
Peracetic acid in micro cages <0.001* 0.032° <0.001*
(Group D)

* Significant difference between groups

® Not a significant difference between groups

https://doi.org/10.1371/journal.pone.0283699.t002

PLOS ONE | https://doi.org/10.1371/journal.pone.0283699 March 30, 2023

6/12


https://doi.org/10.1371/journal.pone.0283699.g001
https://doi.org/10.1371/journal.pone.0283699.t002
https://doi.org/10.1371/journal.pone.0283699

PLOS ONE

Assessment of three alternative methods for disinfection of hatching eggs in commercial broiler hatcheries

Table 3. Statistical data analysis of the low energy electron beam independent disinfection trial including non-disinfected as control group and formaldehyde as
golden standard. The analysis was performed using the cfu/ml count of two trials combined per group and the historical non-disinfected re-isolation values of flock 426.

Group
Non-disinfected (Group A)
Formaldehyde (Group B')

Low energy electron beam (Group E)

* Significant difference between groups

® Not a significant difference between groups

https://doi.org/10.1371/journal.pone.0283699.t003

Non-disinfected (Group A) Formaldehyde (Group B') Low energy electron beam (Group E)
<0.001* <0.001*
<0.001° 1.000"
<0.001° 1.000°
Discussion

The disinfection of hatching eggs, is a practice that has been performed for a long time, with
studies dating back to the beginning of 1900s showing the usage of disinfection methods in
combination with artificial incubation [38]. There are several hatching egg disinfection meth-
ods in use worldwide [39-41] under field conditions that claim to have benefits on a deeper
level, such as in the pores, without interfering with hatchability or viability of hatched chicks.
In previous studies, an in vitro test was performed to analyze the bacterial disinfection efficacy
[22], and potential adverse effects of various disinfection methods on hatchability and embryo
viability were tested [23, 34, 35].

In the present investigation, we focused on the application of four previously tested meth-
ods under hatchery field conditions and compared the results to the gold standard formalde-
hyde fumigation.

The non-disinfected group presented an average re-isolation rate of 7.8 x 10° cfu/ml, con-
sisting of mainly gram-positive bacteria. Previous studies have shown the sensitivity of gram-
negative bacteria to desiccation and temperature changes in comparison to gram-positive [42],
which could be an explanation for the lack of re-isolation of enterobacteria. The eggs were col-
lected every day and transported from the farm to the hatchery and remained untouched until
the trial started (stored at room temperature for a maximum of 2 days). During this time, part
of the bacteria could have desiccated, reducing the re-isolation capacity. The general re-isola-
tion rate varied between both non-disinfected control flocks, ranging from 5.2 x 10” in flock
426 to 1.4 x10" in flock 424.

For low energy electron beam a prototype had to be used for the field trial. The eggs were
placed by hand one-by-one into the machine that could disinfect up to 16 eggs at a time. The
eggs were then disinfected from one side, turned over (with a mechanical system) and disin-
fected from the other side. Due to the limited number of eggs that could be disinfected at the
time, as well as the fact that a prototype was used for the trial, the results of low energy electron
beam (Group E) are not comparable to the groups B-D.

Table 4. Species identification of random isolates from control and disinfected groups using MALDI-TOF and
16S rRNA genomic sequencing.

Disinfection method / Group Bacteria species re-isolated
Non-disinfected (Group A) Staphylococcus hyicus Staphylococcus lentus
Formaldehyde (Group B) Bacillus mojavensis Bacillus subtilis

Hydrogen peroxide + alcohol (Group Staphylococcus lentus Aerococcus viridans
9

Peracetic acid in micro cages (Group Staphylococcus lentus Staphylococcus epidermidis Streptococcus
D) alactolyticus

Low energy electron beam (Group E) Staphylococcus epidermidis Lysinibacillus fusiformis

https://doi.org/10.1371/journal.pone.0283699.t1004
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Formaldehyde treatment, which is considered the gold standard method, effectively disin-
fected all of the eggs in the trails. On only 4 out of 200 tested eggs showed re-isolation of bacte-
ria after formaldehyde treatment, with an average re-isolation rate of 1.9 cfu/ml (with a
standard error of 14.4 cfu/ml). This re-isolated colonies could have been present due to an
incomplete disinfection or post-disinfection contamination. The bacteria re-isolated in the
non-disinfected control group (Group A) matched the bacteria found on the formaldehyde
disinfected egg, leading us to suspect a disinfection error. Hatching eggs treated with formalde-
hyde exhibited the characteristic formaldehyde smell after disinfection. Under secure condi-
tions, formaldehyde shows in this trial a high disinfection efficacy and a good reproduction
capacity of the results presented in the in vitro studies. Even though the disinfection efficacy of
formaldehyde is high [27, 43], some other factors such as negative effect on workers due to its
potential carcinogenic, toxic and mutagenic side effects [29, 44], has promoted the search of
alternatives to this disinfection method [24, 29, 45-47]. The multiple negative side effects for
the people working with this method, had created speculations regarding the possible prohibi-
tion of this method in the future, highlighting the need for alternatives [47, 48].

One of the most common disinfection alternatives to formaldehyde is a mixture of hydro-
gen peroxide + alcohol which was tested in this study. The low hazardous characteristics have
made this method one of the preferred options for hatcheries to use instead of formaldehyde
[49]. In our previous study [22], this method presented an efficient disinfection effect against
ESBL producing E. coli, and other publications have reported a positive effect on gram-nega-
tive and positive bacteria such as Pseudomonas fluorescens, Proteus sp. and Staphylococcus
aureus [24, 50]. Nevertheless this study showed a non-efficacious disinfection on field trials.
The re-isolation rates presented using this method did not show a significant difference to the
non-disinfected group, with an average of 8.7 x 10° cfu/ml with a standard error of 8.2 x 10
cfu/ml. The bacteria that were re-isolated and identified in this study showed the prevalence of
gram-positive bacteria (i.e. Staphylococcus lentus) on the eggshell after disinfection. The same
bacteria were found on the non-disinfected group, leading us to assume that the disinfection
was not effective. Although the literature mentions the efficacy of this method on various bac-
teria [22, 50], the field trial conditions might have influenced the method s efficacy. The prod-
uct concentrations and method requirements were fulfilled, but the disinfection did not
perform as expected based on previous in vitro trial results [22]. This can be due to the fact
that in the in vitro trials only gram-negative bacteria were tested, while in the field trials, the
efficacy was measured on the method’s ability to eliminate the complete microbiome on the
eggshell surface, where mainly gram-positive bacteria was re-isolated. In this study, a mixture
of hydrogen peroxide + alcohol was used for the disinfection which goes along with publica-
tions [50], explaining that the mixture of hydrogen peroxide with other ingredients such as
alcohols or acids can improve the disinfection efficacy. An important fact to consider is that
this method has no negative impact on hatchability or animal performance when compared to
the gold standard formaldehyde, as demonstrated in parallel studies [34]. Although the disin-
fection efficacy was not as high as expected, the application proved to be suitable for larger egg
numbers and easy to implement. The use of the same transportation trolleys and disinfection
chambers allowed an easy and time-efficient process, and the adaptation of multiple nozzles in
the disinfection room was possible without the need of new infrastructure. The product could
be used without any risk of corrosion for the plastic and/or metal surfaces in the disinfection
chamber.

Another method tested in the present investigation was peracetic acid in micro cages,
which presented a significant difference to the non-disinfected group, but was not as effective
as formaldehyde in terms of bacterial re-isolation rates. For this disinfection method, a differ-
ence in efficacy between the two flocks was observed as shown in Fig 1.
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The disinfection process was carried out by an expert using a hig-pressure foaming gun in
accordance with the manufacturer’s recommendations. Factors such as physical fatigue of the
foaming gun operator could have played an important role on the re-isolation rates of the
eggs. The density of eggs in the trolleys created “shadow” zones, and if the foaming gun opera-
tor missed one angle, the eggs in that area may not have been disinfected, leading to persis-
tence of the eggshell microorganisms.

Regarding the suitability for large scale production, a new infrastructure capable of provid-
ing a non-human controlled disinfection could offer a more homogenous and secure disinfec-
tion compared to the one performed during this study. Another aspect to consider is the
corrosion capacity of peracetic acid on metal and floor coating, as well as the intense smell of
the product, which might require adaptations to the infrastructure.

Besides the potential negative effect of the acidity in the hatchery, multiple studies show
that the “wetting” or washing of the eggs before incubation present during this method could
lead to a higher bacterial colonization of the egg [51, 52].

In an effort to explore innovative techniques that could substitute formaldehyde in the
future, a parallel test was performed using low energy electron beam disinfection. However,
the prototype machine was not suitable for large scale production, therefore, the trial was com-
pared only against the non-disinfected group and the reference group (formaldehyde) which
was performed in parallel.

The bacterial disinfection capacity of the method is promising, with a re-isolation rate of
0.1 cfu/ml with a standard error of 0.166 cfu/ml reaching a disinfection efficacy that was not
significantly different to the formaldehyde gold standard group. However, it is important to
note that the low electron beam disinfection was limited to a disinfection batch size of 16 eggs
at-a-time, eliminating the possibility to evaluate the suitability for large scale production. To
assess the disinfection capacity of this method, further studies must be performed to see how
the adaptation of this prototype to a large scale will affect the disinfection capacity. Neverthe-
less, the results presented during this trial, as well as the lack of negative side effect post hatch-
ing [26, 53], suggest that this method has potential as an alternative to formaldehyde once the
appropriate field infrastructure is available.

Conclusion

This study showed that there are effective hatching egg bacterial disinfection methods that
work under field conditions, but also identified some drawbacks. When reproducing the dif-
ferent disinfection methods under field conditions, multiple factors played an important role
which were not present during the in vitro testing. Infrastructure, corrosion risk, human appli-
cation error, time, and efficiency should be considered when selecting and developing a new
disinfection method. The disinfection capacity of the three alternative methods was strongly
affected by the mode of application and must be regarded in context of the infrastructure of
the method itself. Therefore, further studies with adapted methods and/or machines should be
performed to further improve efficacious alternative methods for hatching egg disinfection
suitable for large scale production. Additionally, further studies should be conducted to inves-
tigate the potential fungicidal effects of these methods.
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S1 Fig. Graphical representation of experimental design for the evaluation of various
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from repetition trial of control and disinfection groups.
(EPS)

Acknowledgments

We thank all ESRAM project partners and the industry partners that provided us with disinfec-
tion products required for this study. We are especially thankful to Dr. Bachmaier and the
Zentralverband der Deutschen Gefliigelwirtschaft for the support and accessibility provided to
perform this study. Finally, we are grateful for the support and contributions of all our col-
leagues at the Institute of Poultry Diseases who were involved in this study.

Author Contributions

Conceptualization: Hafez Mohamed Hafez, Sarah Briiggemann-Schwarze.
Data curation: Gerzon Motola, Sarah Briiggemann-Schwarze.

Formal analysis: Gerzon Motola.

Investigation: Gerzon Motola.

Methodology: Gerzon Motola.

Project administration: Hafez Mohamed Hafez, Sarah Briiggemann-Schwarze.
Resources: Hafez Mohamed Hafez.

Supervision: Hafez Mohamed Hafez, Sarah Briiggemann-Schwarze.
Validation: Hafez Mohamed Hafez, Sarah Briiggemann-Schwarze.
Writing - original draft: Gerzon Motola.

Writing - review & editing: Hafez Mohamed Hafez, Sarah Briiggemann-Schwarze.

References

1. Scanes CG. The Global Importance of Poultry. Poultry Science. 2007; 86(6):1057-8. https://doi.org/10.
1093/ps/86.6.1057

2. Magdelaine P, Spiess MP, Valceschini E. Poultry meat consumption trends in Europe. World’s Poultry
Science Journal. 2008; 64(1):53-64. https://doi.org/10.1017/s0043933907001717

3. Mottet A, Tempio G. Global poultry production: current state and future outlook and challenges. World’s
Poultry Science Journal. 2017; 73(2):245-56. https://doi.org/10.1017/s0043933917000071

4. Ishibashi T, Ohta Y. Recent Advances in Amino Acid Nutrition for Efficient Poultry Production—Review.
Asian-Australasian Journal of Animal Sciences. 1999; 12(8):1298-309. https://doi.org/10.5713/ajas.
1999.1298

5. Arain MA, Nabi F, Marghazani IB, Hassan Fu, Soomro H, Kalhoro H, et al. In ovo delivery of nutraceuti-
cals improves health status and production performance of poultry birds: a review. World’s Poultry Sci-
ence Journal. 2022; 78(3):765-88.

6. Simsek UG, Dalkilic B, Ciftci M, Cerci IH, Bahsi M. Effects of Enriched Housing Design on Broiler Perfor-
mance, Welfare, Chicken Meat Composition and Serum Cholesterol. Acta Veterinaria Brno. 2009; 78
(1):67—-74. https://doi.org/10.2754/avb200978010067

7. McLean J, Savory C, Sparks N. Welfare of male and female broiler chickens in relation to stocking den-
sity, as indicated by performance, health and behaviour. Animal Welfare. 2002; 11:55-73.

8. Hofacre CL. The health and management of poultry production. International Journal of Infectious Dis-
eases. 2002; 6:S3-S7. https://doi.org/10.1016/s1201-9712(02)90177-3 PMID: 23570167

9. Yohannes G, Tekle Y. Review on Health Care Management Practices in Poultry. 2018.

PLOS ONE | https://doi.org/10.1371/journal.pone.0283699 March 30, 2023 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0283699.s002
https://doi.org/10.1093/ps/86.6.1057
https://doi.org/10.1093/ps/86.6.1057
https://doi.org/10.1017/s0043933907001717
https://doi.org/10.1017/s0043933917000071
https://doi.org/10.5713/ajas.1999.1298
https://doi.org/10.5713/ajas.1999.1298
https://doi.org/10.2754/avb200978010067
https://doi.org/10.1016/s1201-9712%2802%2990177-3
http://www.ncbi.nlm.nih.gov/pubmed/23570167
https://doi.org/10.1371/journal.pone.0283699

PLOS ONE

Assessment of three alternative methods for disinfection of hatching eggs in commercial broiler hatcheries

10.

11.
12
13.

14.
15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.
26.

27.

28.

29.

30.

31.

32.

33.

Berrang ME, Cox NA, Frank JF, Burh RJ, Bailey JS. Hatching Egg Sanitization for Prevention or Reduc-
tion of Human Enteropathogens: A Review. The Journal of Applied Poultry Research. 2000; 9(2):279—
84. https://doi.org/10.1093/japr/9.2.279

Board R, Tranter H. The microbiology of eggs. Egg science and technology. 1995; 4:81-104.
Bruce J, Drysdale E. Trans-shell transmission. Microbiology of the avian egg: Springer; 1994. p. 63-91.

Trudeau S, Thibodeau A, Co6té J-C, Gaucher M-L, Fravalo P. Contribution of the broiler breeders’ fecal
microbiota to the establishment of the eggshell microbiota. Frontiers in microbiology. 2020; 11:666.
https://doi.org/10.3389/fmicb.2020.00666 PMID: 32351488

West A, Cassey P, Thomas C. Microbiology of nests and eggs: Oxford: Oxford University Press; 2015.

Harry E. The relationship between egg spoilage and the environment of the egg when laid. British Poul-
try Science. 1963; 4(1):91-100.

Hincke M, Nys Y, Gautron J, Mann K, Rodriguez-Navarro A, McKee M. The eggshell: structure, compo-
sition and mineralization. Frontiers in bioscience: a journal and virtual library. 2012; 17:1266-80. https://
doi.org/10.2741/3985 PMID: 22201802

R A A., Rahn H. Pores in avian eggshells: Gas conductance, gas exchange and embryonic growth rate.
1985; 61(1):1—20. https:/doi.org/10.1016/0034-5687(85)90024-6 PMID: 4035113

Tullett SG. The porosity of avian eggshells. Comparative Biochemistry and Physiology Part A: Physiol-
ogy. 1984; 78(1):5—13. https://doi.org/10.1016/0300-9629(84)90083-5

Haines RB, Moran T. Porosity of, and bacterial invasion through, the shell of the hen’s egg. Epidemiol-
ogy and Infection. 1940; 40(4):453—61. https://doi.org/10.1017/s0022172400027959 PMID: 20475556

Berrang ME, Cox NA, Frank JF, Buhr RJ. Bacterial Penetration of the Eggshell and Shell Membranes of
the Chicken Hatching Egg: A Review. The Journal of Applied Poultry Research. 1999; 8(4):499-504.
https://doi.org/10.1093/japr/8.4.499

Walden CC, Allen IVF, Trussell PC. The Role of the Egg Shell and Shell Membranes in Restraining the
Entry of Microorganisms. Poultry Science. 1956; 35(6):1190-6. https://doi.org/10.3382/ps.0351190

Motola G, Hafez HM, Briggemann-Schwarze S. Efficacy of six disinfection methods against extended-
spectrum beta-lactamase (ESBL) producing E. coli on eggshells in vitro. PloS one. 2020; 15(9):
e0238860—¢. https://doi.org/10.1371/journal.pone.0238860 PMID: 32916695.

Tebriin W, Motola G, Hafez MH, Bachmeier J, Schmidt V, Renfert K, et al. Preliminary study: Health
and performance assessment in broiler chicks following application of six different hatching egg disin-
fection protocols. PLOS ONE. 2020; 15(5):e0232825. https://doi.org/10.1371/journal.pone.0232825
PMID: 32407391

Sheldon BW, Brake J. Hydrogen Peroxide as an Alternative Hatching Egg Disinfectant. Poultry Science.
1991; 70(5):1092-8. https://doi.org/10.3382/ps.0701092 PMID: 1906612

Cadirci S. Disinfection of hatching eggs by formaldehyde fumigation—A review 2009. 116-23 p.

Sokovnin SY, Donnik IM, Shkuratova IA, Krivonogova AS, Isaeva AG, Balezin ME, et al. The use of
nanosecond electron beam for the eggs surface disinfection in industrial poultry. Journal of Physics:
Conference Series. 2018; 1115:022034. https://doi.org/10.1088/1742-6596/1115/2/022034

Williams JJAd. Effect of high-level formaldehyde fumigation on bacterial populations on the surface of
chicken hatching eggs. 1970:386-92.

Scott TA, Swetnam C. Screening Sanitizing Agents and Methods of Application for Hatching Eggs I.
Environmental and User Friendliness. The Journal of Applied Poultry Research. 1993; 2(1):1-6. hitps://
doi.org/10.1093/japr/2.1.1

Keita A, Huneau-Salaiin A, Guillot A, Galliot P, Tavares M, Puterflam J. A multi-pronged approach to
the search for an alternative to formaldehyde as an egg disinfectant without affecting worker health,
hatching, or broiler production parameters. 2016; 95(7):1609-16. https://doi.org/10.3382/ps/pew058
PMID: 26944969

Humans IWGotEoCRt. Formaldehyde, 2-butoxyethanol and 1-tert-butoxypropan-2-ol. IARC mono-
graphs on the evaluation of carcinogenic risks to humans. 2006; 88:1.

Musgrove MT, Jones DR, Northcutt JK, Cox NA, Harrison MA. Shell Rinse and Shell Crush Methods for
the Recovery of Aerobic Microorganisms and Enterobacteriaceae from Shell Eggs. Journal of Food Pro-
tection. 2005; 68(10):2144-8. https://doi.org/10.4315/0362-028x-68.10.2144 PMID: 16245721

Naghili H, Tajik H, Mardani K, Razavi Rouhani SM, Ehsani A, Zare P. Validation of drop plate technique
for bacterial enumeration by parametric and nonparametric tests. Vet Res Forum. 2013; 4(3):179-83.
PMID: 25653794.

Tierschutz-Versuchstierverordnung from 1. August 2013 (BGBI. | S. 3125, 3126), last amended by Arti-
cle 1 of the Ordinance of 11. August 2021 (BGBI. | S. 3570) has been amended.

PLOS ONE | https://doi.org/10.1371/journal.pone.0283699 March 30, 2023 11/12


https://doi.org/10.1093/japr/9.2.279
https://doi.org/10.3389/fmicb.2020.00666
http://www.ncbi.nlm.nih.gov/pubmed/32351488
https://doi.org/10.2741/3985
https://doi.org/10.2741/3985
http://www.ncbi.nlm.nih.gov/pubmed/22201802
https://doi.org/10.1016/0034-5687%2885%2990024-6
http://www.ncbi.nlm.nih.gov/pubmed/4035113
https://doi.org/10.1016/0300-9629%2884%2990083-5
https://doi.org/10.1017/s0022172400027959
http://www.ncbi.nlm.nih.gov/pubmed/20475556
https://doi.org/10.1093/japr/8.4.499
https://doi.org/10.3382/ps.0351190
https://doi.org/10.1371/journal.pone.0238860
http://www.ncbi.nlm.nih.gov/pubmed/32916695
https://doi.org/10.1371/journal.pone.0232825
http://www.ncbi.nlm.nih.gov/pubmed/32407391
https://doi.org/10.3382/ps.0701092
http://www.ncbi.nlm.nih.gov/pubmed/1906612
https://doi.org/10.1088/1742-6596/1115/2/022034
https://doi.org/10.1093/japr/2.1.1
https://doi.org/10.1093/japr/2.1.1
https://doi.org/10.3382/ps/pew058
http://www.ncbi.nlm.nih.gov/pubmed/26944969
https://doi.org/10.4315/0362-028x-68.10.2144
http://www.ncbi.nlm.nih.gov/pubmed/16245721
http://www.ncbi.nlm.nih.gov/pubmed/25653794
https://doi.org/10.1371/journal.pone.0283699

PLOS ONE

Assessment of three alternative methods for disinfection of hatching eggs in commercial broiler hatcheries

34.

35.

36.

37.

38.

39.

40.

M.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Pees M, Motola G, Brueggemann-Schwarze S, Bachmeier J, Hafez H, Tebriin W. Impact on Hatchabil-
ity and Broiler Performance after Use of Hydrogen Peroxide Nebulization versus Formaldehyde Fumi-
gation as Pre-Incubation Hatching Egg Disinfectants in Field Trial. Poultry. 2022; 2:1—11. https://doi.
org/10.3390/poultry2010001

Pees M, Motola G, Hafez H, Bachmeier J, Brueggemann-Schwarze S, Tebriin W. Use of electron irradi-
ation versus formaldehyde fumigation as hatching egg disinfectants—Efficacy and impact on hatchabil-
ity and broiler performance. Tierarztliche Praxis Ausgabe G: Groftiere / Nutztiere. 2020; 48:406—13.
https://doi.org/10.1055/a-1264-2332 PMID: 33276412

Lu XX, Wu W, Wang M, Huang YF. [16S rRNA gene sequencing for pathogen identification from clinical
specimens]. Zhonghua Yi Xue Za Zhi. 2008; 88(2):123—-6. Epub 2008/03/21. PMID: 18353221.

Patel JB. 16S rRNA gene sequencing for bacterial pathogen identification in the clinical laboratory. Mol
Diagn. 2001; 6(4):313—21. Epub 2002/01/05. https://doi.org/10.1054/modi.2001.29158 PMID:
11774196.

Pernot EF. An investigation of the mortality of incubator chicks: Oregon Agricultural College Press;
1909.

Liu C, Zheng W, Li Z, Zhou L, Sun Y, Han S. Slightly acidic electrolyzed water as an alternative disinfec-
tion technique for hatching eggs. Poultry Science. 2022; 101(3):101643. https://doi.org/10.1016/}.psj.
2021.101643 PMID: 35016047

Morozov V, Kolesnikova M, Kolesnikov R, Dmitriev A, Ozheredova N, editors. Development of the tech-
nological approach to disinfection of hatching eggs using ultraviolet radiation. AIP Conference Proceed-
ings; 2022: AIP Publishing LLC.

Mohammadi-Aragh MK, Linhoss JE, Evans JD. Effects of various disinfectants on the bacterial load
and microbiome of broiler hatching eggs using electrostatic spray. Journal of Applied Poultry Research.
2022; 31(3):100278.

Potts M. Desiccation Tolerance of Prokaryotes: Application of Principles to Human Cells. Integrative
and Comparative Biology. 2005; 45(5):800-9. https://doi.org/10.1093/icb/45.5.800 PMID: 21676831

Whistler PE, Sheldon BW. Comparison of Ozone and Formaldehyde as Poultry Hatchery Disinfectants.
Poultry Science. 1989; 68(10):1345-50. https://doi.org/10.3382/ps.0681345 PMID: 2511564

Commission Regulation (EU) No 605/2014 of 5 June 2014 amending, for the purposes of introducing
hazard and precautionary statements in the Croatian language and its adaptation to technical and sci-
entific progress, Regulation (EC) No 1272/2008 of the European Parliament and of the Council on clas-
sification, labelling and packaging of substances and mixtures (Text with EEA relevance), (2014).

Yildirim I, Ozsan M, Yetisir R. The use of oregano (Origanum vulgare L) essential oil as alternative
hatching egg disinfectant versus formaldehyde fumigation in quails (Coturnix coturnix japonica). Revue
de médecine vétérinaire. 2003; 154(5):367-70.

Melo EF, Climaco WLS, Triginelli MV, Vaz DP, De Souza MR, Baigo NC, et al. An evaluation of alterna-
tive methods for sanitizing hatching eggs. Poultry Science. 2019. https://doi.org/10.3382/ps/pez022
PMID: 30690560

Graham DB, Vuong CN, Graham LE, Tellez-Isaias G, Hargis BM. Value and Limitations of Formalde-
hyde for Hatch Cabinet Applications: The Search for Alternatives. Broiler Industry: IntechOpen; 2022.

Rizk YS. Effects of Spraying Eggs with Garlic Oil on Hatching Traits, Post-Hatch Chick Growth and Phys-
iological Response of Hatched Sinai Chicks. Egyptian Poultry Science Journal. 2022; 42(2):187-98.

Sander JE, Wilson JL. Effect of Hydrogen Peroxide Disinfection during Incubation of Chicken Eggs on
Microbial Levels and Productivity. Avian Diseases. 1999; 43(2):227. https://doi.org/10.2307/1592612
PMID: 10396635

Rios-Castillo AG, Gonzalez-Rivas F, Rodriguez-Jerez JJ. Bactericidal Efficacy of Hydrogen Peroxide-
Based Disinfectants Against Gram-Positive and Gram-Negative Bacteria on Stainless Steel Surfaces.
Journal of Food Science. 2017; 82(10):2351-6. https://doi.org/10.1111/1750-3841.13790 PMID:
28833105

D’Alba L, Oborn A, Shawkey MD. Experimental evidence that keeping eggs dry is a mechanism for the
antimicrobial effects of avian incubation. Naturwissenschaften. 2010; 97(12):1089-95. https://doi.org/
10.1007/s00114-010-0735-2 PMID: 21057768

Gole VC, Chousalkar KK, Roberts JR, Sexton M, May D, Tan J, et al. Effect of Egg Washing and Correla-
tion between Eggshell Characteristics and Egg Penetration by Various Salmonella Typhimurium Strains.
PLoS ONE. 2014; 9(3):€90987. https://doi.org/10.1371/journal.pone.0090987 PMID: 24621821

Pees M, Motola G, Hafez MH, Bachmeier J, Briggemann-Schwarze S, Tebriin W. Use of electron irra-
diation versus formaldehyde fumigation as hatching egg disinfectants—efficacy and impact on hatchabil-
ity and broiler performance. Tierarztliche Praxis Ausgabe G: GroBtiere / Nutztiere. 2020; 48(06):406—
13. https://doi.org/10.1055/a-1264-2332 PMID: 33276412

PLOS ONE | https://doi.org/10.1371/journal.pone.0283699 March 30, 2023 12/12


https://doi.org/10.3390/poultry2010001
https://doi.org/10.3390/poultry2010001
https://doi.org/10.1055/a-1264-2332
http://www.ncbi.nlm.nih.gov/pubmed/33276412
http://www.ncbi.nlm.nih.gov/pubmed/18353221
https://doi.org/10.1054/modi.2001.29158
http://www.ncbi.nlm.nih.gov/pubmed/11774196
https://doi.org/10.1016/j.psj.2021.101643
https://doi.org/10.1016/j.psj.2021.101643
http://www.ncbi.nlm.nih.gov/pubmed/35016047
https://doi.org/10.1093/icb/45.5.800
http://www.ncbi.nlm.nih.gov/pubmed/21676831
https://doi.org/10.3382/ps.0681345
http://www.ncbi.nlm.nih.gov/pubmed/2511564
https://doi.org/10.3382/ps/pez022
http://www.ncbi.nlm.nih.gov/pubmed/30690560
https://doi.org/10.2307/1592612
http://www.ncbi.nlm.nih.gov/pubmed/10396635
https://doi.org/10.1111/1750-3841.13790
http://www.ncbi.nlm.nih.gov/pubmed/28833105
https://doi.org/10.1007/s00114-010-0735-2
https://doi.org/10.1007/s00114-010-0735-2
http://www.ncbi.nlm.nih.gov/pubmed/21057768
https://doi.org/10.1371/journal.pone.0090987
http://www.ncbi.nlm.nih.gov/pubmed/24621821
https://doi.org/10.1055/a-1264-2332
http://www.ncbi.nlm.nih.gov/pubmed/33276412
https://doi.org/10.1371/journal.pone.0283699

