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ABSTRACT The cuticle is the outmost layer of the
eggshell and may affect the hatchability by modulating
eggshell conductance. Three different solutions using
acetic acid (AA), vinegar (V), and citric acid (CA) for
cuticle removal by egg washing were developed, and the
effects of cuticle removal on hatching performance of
quail hatching eggs were evaluated. A total of 5,238
fresh quail hatching eggs were randomly divided into 9
treatments as follows: unwashed control, nondipped
(CND); washed control, water dipped (CWD); stan-
dard control, 0.13% sodium hyperchlorite (CSH); 2%
AA (AA2);4% AA (AA4);44.4% V (V2);88.8% V (V4);
2% CA (CA2); and 4% CA (CA4). Overall, AA4, V4,
and CA4 treatments significantly improved the hatch-
ability of fertile eggs (95.42%, 94.16% and 95.66%,
respectively) (P < 0.05) and the hatchability of CND,
CWD, CSH, AA2, V2 and CA2 treatments were
90.98%, 93.00%, 92.27%, 79.44%, 90.37%, and 90.59%,
respectively. The eggshell thickness and cuticle quality
results showed that all AA, V, and CA solutions can

effectively remove the quail eggshell cuticle, and AA4,
V4 and CA4 significantly decreased eggshell thickness
(P < 0.05). Microbial activity on the eggshell surface in
all acid treatments was reduced significantly at day 0 of
incubation (P < 0.05) and that significantly decreased
than controlled treatments over the incubation period
except AA2 treatment.

Egg weight loss was lower for all acid treatments than
that of the CND treatment (P < 0.05). There was no
clear effect of treatments on chick quality. Hatch time in
AA4, V4, and CA4 treatments slightly improved
compared with controlled treatments (P > 0.05). There
were no significant differences between treatments for
chick livability and live weight at the first 21 D of life.
Results of the present study indicate that cuticle removal
with AA4, V4, or CA4 could effectively decrease the
microbial activity on the eggshell surface during the in-
cubation period and improve hatchability of quail
hatching eggs without negative effects on hatch time and
performance of quail chicks.
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INTRODUCTION

Quail farming for egg and meat production is of great
economic interest to the world poultry industry, owing
to its low investment cost and excellent nutritional value
(Baumgartner, 1994; Hamm and Ang, 2010;
Tunsaringkarn et al., 2013). Quail farming has been
encouraged and promoted in certain developing
countries, and China has become one of the largest
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quail farming countries in the world (Pi, 2007; Zhang
et al., 2012; Lukanov, 2019). Hatchability is one of the
most important indexes in poultry industry, and thus,
how to improve the hatchability performance of
hatching eggs in the quail farming industry has drawn
a worldwide interest.

Eggshell is a critical factor that influence hatching per-
formance of hatching eggs in modern commercial incuba-
tion (King’Ori, 2011). The avian eggshell is a highly
ordered structure with several layers (mammillae, pali-
sades, vertical crystal layer, and cuticle) that provide pro-
tection for the embryo from mechanical damage,
microbial invasions, and solar radiation and regulate wa-
ter, gas, and heat exchange with the environment during
embryonic development. The cuticle, the outmost protec-
tive layer of the shell, contributes greatly to the eggshell’s
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multifunctionality (D’Alba et al., 2017). The cuticle is
deposited during the final hr of egg formation and forms
a plug blocking the external openings of the gaseous ex-
change pores that extend down through the shell thick-
ness (Wilson et al., 2017; Kulshreshtha et al., 2018). Tt
mainly consists of hydroxyapatite crystals, glycoprotein,
polysaccharides, lipids, and pigment (Kusuda et al.,
2011; Fecheyr-Lippens et al., 2015), and many of the
proteins have been proven to be antibacterial (e.g., C-
type lysozyme, ovotransferrin, and ovocalyxin-32)
(Wellman-Labadie et al., 2008; Rose-Martel et al., 2012).

The eggshell cuticle may modulate eggshell conduc-
tance and then affect embryo development. Eggshell
conductance is described as the basic biological functions
of the eggshell that provide an incubation environment
and allow for essential movement of water vapor and res-
piratory gases (Ar et al., 1974). Furthermore, avian egg
embryonic growth and hatchability have been clearly
shown to be dependent on the conductance of the
eggshell to water vapor and vital gases (Burton and
Tullett, 1983). Structures, morphologies, quantity, and
functions of the cuticle varies greatly between species
(Kusuda et al., 2011; D’Alba et al., 2017; Chen et al.,
2019). Contributions of the cuticle to eggshell
conductance are closely related to the ultrastructure of
the cuticle itself, and the cuticle may have different
influence on the embryonic development in different
species (Christensen and Bagley, 1984; Deeming, 1987;
Peebles et al., 1987). A thicker cuticle could affect the
conductance of hatching eggs and hinder embryo
development in artificial incubation conditions.
Different from domestic chicken eggs, domestic duck,
goose, and turkey eggs embody relative thick and even
cuticle layer, and the conductance increased after
cuticle removal (Christensen and Bagley, 1984;
Deeming, 1987; Chen et al., 2019). Especially, the
cuticle removal of hatching eggs to improve hatching
performance is a common commercial practice in duck
production (Deeming, 2006; Boerjan, 2013). The quail
also naturally possesses a relatively thick and dense
cuticle layer (Kusuda et al., 2011; D’Alba et al., 2017;
Chen et al., 2019); cuticle removal may be a practical
method to promote the embryonic development and
hatchability in quail hatching eggs.

Sanitation program is critical to achieve a high level of
hatchability in poultry production; however, chemicals
used in egg washing for sanitation and cuticle removal
are mostly chlorine or EDTA based. These are consid-
ered harmful to hatching eggs, the environment, and hu-
man beings (Northcutt et al., 2005; Pouvreau and
Baudon, 2016; Zhang and El-Mashad, 2017). There is
a worldwide interest in developing alternative egg
washing chemicals to minimize the environmental and
public health impacts. Ascorbic acid was reported to
remove the cuticle of broiler breeder eggs effectively,
but this treatment is expensive and therefore unlikely
to be adopted by the industry (Shafey, 2002). Acetic
acid (AA) and citric acid (CA) are also weak acids
that are readily available, but their sterilizing and cuticle
removal effects have not yet been demonstrated.
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The Shendan-1 quail ( Coturniz coturniz japonica) is a
Chinese commercial laying breed with excellent produc-
tion performance. In this study, we used and compared
two AA types (commercial vinegar [V]| and industrial
AA)| with an industrial CA treatment and a chlorine-
based method to remove the cuticle of the Shendan-1
quail to investigate the hypothesis that cuticle removal
could improve the hatching performance. The effective-
ness of these treatments on the surface microbial
contamination at different incubation stages was also
investigated.

MATERIALS AND METHODS

Ethics Statement

All of the experimental procedures were conducted in
accordance with the Guidelines for Experimental Ani-
mals established by the Animal Care and Use Commit-
tee of China Agricultural University (permit number:
AW22119102-1-1).

Egg Collection and Treatments

More than 50,000 fresh hatching eggs produced in the
same day by 8l-day-old Shendan-1 commercial quail
breeder flocks were collected. The flocks were main-
tained in the Quail Breeding Farm of Hubei Shendan
Healthy Food Co., Ltd., China and kept under the
same environmental and management conditions. The
quail were housed in different battery cages with 22
quails (4 male:18 female) per 0.32 m* and a photoperiod
of 16L:8D. A breeder diet (2,860 kcal of ME /kg and 21%
CP) and water were provided ad libitum. Eggs were
stored at 16°C (65% RH) for 1 D. During the storage,
eggs were sorted by cleanliness, egg weight, egg shape,
and egg color, and abnormal (dirty, cracked, broken,
misshapen, excessively small or large, and white and
light brown) eggs were discarded in this study.

Cuticle removal was performed by egg washing
employing 1) AA (20 mL AA/L [AA2] or 40 mL AA/L
[AA4]); 2) V (commercial aged vinegar [Shanxi, Chinal,
containing 4.5% AA and a few other ingredients [Yuan
and Yang, 2009]) (444 mL V/L [V2]| or 888 mL V/L
[V4]); or 3) CA (20 g CA/L [CA2] or 40 g CA/L
[CA4]). The control treatments used were as follows: 1)
unwashed control, nondipped (CND); 2) washed con-
trol, water dipped (CWD); and 3) standard control,
0.13% sodium hyperchlorite (CSH), which is used in pre-
vious studies or the industry for cuticle removal (Peebles
and Brake, 1986).

All solutions were freshly prepared using clean water.
Microbiological activity of the clean water met the Chi-
nese national standards for drinking water quality (GB
5749-2006 released by the Standardization Administra-
tion of the People’s Republic of China), that is the total
number of colonies and Fscherichia coli were lower than
10,000 and 1 CFUs/100 mL, respectively. A large plastic
bucket was used for egg dipping, and eggs from each
treatment were dipped for up to 8 min at a temperature
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Figure 1. Egg distribution and management during incubation period.
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of 25°C. After treatment, the eggs were rinsed with clean
water, allowed to dry, and then stored at 16°C (65%
RH).

Egg Distribution and Management

A total of 5,238 eggs were equally distributed to the 9
treatments. Egg distribution and management during
incubation period are shown in Figure 1. In detail, 2
setter trays were used to set the eggs for each treatment,
that is 312 eggs for hatching parameters (routine incuba-
tion) and 70 eggs for eggshell quality parameters were set
in the same tray, and 130 eggs for hatching parameters
(as a sample during incubation) and 70 eggs for eggshell
quality parameters were set in the same tray. All trays
were set in the same trolley for incubation. At day 14
of incubation, apart from eggs removed for eggshell qual-
ity parameters measurement, the 312 and 130 eggs for
hatching parameters were individually transferred to
different hatcher baskets. Two trolleys were used to
set all baskets, that is the 312 and 130 eggs were distrib-
uted to different trolleys. All trays or baskets used pre-
vously were randomly set closely to each other in the
central position of the trolleys and set in the center of
a large incubator (capacity 99,008 eggs, Liannong-
19200; EI Electronic Technology Co., Ltd., Bengbu,
China), which was filled to capacity with other quail
hatching eggs. There was no replicate tray or basket dur-
ing the incubation period.

Incubation Management

After storage for 24 h after treatment, the eggs used
for incubation were prewarmed for 6 h at 25°C and
60% RH and then loaded into the incubator at the
same time recorded as day 0 of incubation. The temper-
ature and RH settings of the incubator during incuba-
tion are shown in Table 1, and the eggs were turned
90° every 2 h until they were transferred to the same
incubator on day 14 of incubation to complete the hatch-
ing process till day 17.5. The temperature, humidity, ox-
ygen and carbon dioxide concentration, and other
factors were controlled and monitored by the fully auto-
matic incubator. Cleaning and disinfection procedures
for the incubator followed the company’s guidelines.

Eggshell Quality Parameters

Eggshell Thickness Measurement At day 0 of incu-
bation, 30 eggs of each treatment were collected, and
their eggshell thickness was measured at the large end,
equator, and small end without eggshell membrane by
using a digital-display micrometer gauge (Mitutoyo,
Kawasaki, Japan). The eggshell thickness were deter-
mined by the mean of the 3 points.

Cuticle Quality Assessment An additional sample
of 30 and 50 eggs per treatment were taken for
eggshell cuticle quality measure on day 0 and 14 of
incubation, respectively. The sample of eggs at
14 D were removed from the incubator, assessed
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Table 1. The temperature and RH setting of an incubator during
incubation.

Incubation period (D) Temperature (°C) RH (%)
0-1 382 0.1 56 = 2
2-3 38 *0.1 58 = 2
4-6 37.8 £ 0.1 60 = 2
9 37.6 = 0.1 62 = 2
10-11 374 0.1 64 * 2
12 374 0.1 64 + 2
13 372+ 0.1 66 = 2
14 372 *£0.1 68 * 2
After 14 37 *=0.1 72+ 2

for cuticle, and then checked to determine if they
contained developing embryos. Any nonfertile or
dead-in-shell eggs were discarded and not included
in our analysis (n = 30 per treatment). The cuticle
quality measure was conducted as per the staining
method proposed by Chen et al. (2018). Briefly, the
cuticle quality (o value) was evaluated based on
differences in cuticle staining before and after stain-
ing with MST cuticle blue using a spectrophotometer
(CM-2600d; Konica Minolta, Japan) with the XYZ
color space system. A high a value corresponds to
more cuticle deposition, that is good cuticle quality.
Each egg was measured at 3 points: the large end,
equator, and small end. Cuticle quality per egg was
determined from the mean value of these points. The
opacity of cuticle was calculated by the formulas
presented in equations 1-7
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In the XYZ model, Y is luminance, Z is quasi-equal to

blue stimulation, and X is a mix (a linear combination)
of cone response curves. XYZ color space can be con-
verted into RGB color space by the formulas aforemen-
tioned, where red (R), green (G), and blue (B) light
are added together in various ways to reproduce a broad
array of colors. o is the cuticle opacity, subscript “a” in-
dicates egg values after staining, “b” indicates prestain-
ing values, and “d” indicates values for the cuticle blue
dye.
Eggshell Microbiological Analyses A total of 10 and
20 eggs per treatment were collected for microbiological
analysis at day 0 and 14 of incubation, respectively. Eggs
were immediately removed from the incubator and
placed in a sterile glass bottle containing 25 mL of sterile
physiological (0.9% NaCl) saline. A whole-egg washing
method with a vortex was used to recover eggshell sur-
face bacteria. Serial dilutions of the saline wash after
treatment were made and then inoculated onto sterile
plate count agar medium (10 g tryptone, 5 g yeast
extract, 10 g sodium chloride, and 15 g agar/L) for
24 h at 37.5 = 1°C. Colonies were measured as CFUs/
egg. Further sample of eggs were tested at day 14.
Consistent to the measurement results of the cuticle,
only results of eggs with normal developing embryos on
day 14 of incubation were retained for statistics (n = 10
per treatment).

Hatching Parameters

The 130 eggs as a sample for hatching parameters
were individually marked on the shell surface using a
permanent marker pen and weighted with a precision
electronic balance (0.1 mg) before incubation (day 0).
At day 14 of incubation, they were removed to a warm
room (37.5°C, 60% RH) adjacent to an incubator, indi-
vidually weighed again, sealed in a soft mesh bag, and
transferred to hatcher baskets within 3 h, then returned
to the incubator. From day 15, these eggs were moni-
tored every 8 h to day 17.5 to determine the precise
time of hatching. At each examination period, the num-
ber of hatched chicks were counted by moving the eggs
into a warm room for 15 to 25 min and then returned
to the incubator. After the last hatch examination
(day 17.5), all chicks were removed from the bag, identi-
fied by the marked eggshell, and weighed (i.e., day-old
chick weight) one by one in the warm room within 5 h.
At this time, 50 healthy chicks from each treatment
were selected at random to determine the length of the
left shank. This was determined with a digital caliper
(0.01 mm). Chick yield was expressed as the percentage
of day-old chick weight to initial egg weight at day O.
Egg weight loss was calculated by egg weight determined
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at 2 incubation stages and expressed as the percentage to
initial egg weight. Only eggs with normal developing em-
bryos were calculated for percentage of egg weight loss.
Percentage of hatched chicks during hatch time was
expressed as the percentage of the number of hatched
chicks in every 8-h interval during hatch time to the
number of fertile eggs.

Four hundred forty-two eggs (i.e., the 312 eggs and 130
eggs) from each treatment were used for hatching perfor-
mance assessment. At hatch on day 17.5 of incubation,
all quail chicks and unhatched eggs were removed from
the incubator, and their number were counted. Every chick
was feather sexed and classified as healthy or cull chick. A
healthy chick (saleable) was defined as being robust, clean,
dry, and free from deformities (normal conformation of
body), completely sealed navel, and no yolk sac or residual
membrane protruding from the navel area (Tona et al.,
2003). Unhatched eggs were opened and examined. Infer-
tile eggs and embryonic deaths were classified by develop-
mental traits as early, middle, and late embryo mortality
(to day 7, between day 8 and 13, and from day 14 of incu-
bation, respectively) (Ainsworth et al., 2010). For purposes
of statistical analysis, final stage dead or pipped but not
out of shell embryos were classified as late embryonic mor-
tality. These data were used to calculate 1) fertility, that is
the percentage of fertile eggs to total set eggs; 2) hatch-
ability, that is the percentage of hatched chicks to total
fertile eggs; 3) percentage of female chicks, that is the per-
centage of female chicks to hatched chicks; 4) percentage of
healthy chicks, that is the percentage of healthy chicks
quality to total hatched chicks; and 5) embryo mortality,
that is the percentages of early, middle, and late embryo
mortality to total fertile eggs. Unexpectedly broken eggs
during incubation were taken into account when perform-
ing calculations based on total eggs incubated. Then, chick
quality is comprehensively evaluated using parameters
that is percentage of female chicks, percentage of healthy
chicks, day-old chick weight, day-old chick shank length,
and chick yield.

A total of 1,350 (150 per treatment) healthy female day-
old quail chicks were subsequently transported to a farm
near the incubation room where their livability and live
weight during the brooding and rearing period (the first
21 D) were recorded. Chicks were raised (10 pens/treat-
ment) in different pens with 15 chicks per 0.13 m?. During
the 21 D of growth, a grower diet (3,000 kcal of ME /kg and
24% CP) and water were provided ad libitum. The room
temperature was set at 37°C in the first 3 D, and the tem-
perature decreased by 2°C every 3 D. The photoperiod was
241.:0D in the first 3 D, and the light time decreased by 2 h
every 3 D. At the end of the 21-D period, all chicks were
individually weighed with a precision electronic balance
(0.01 g). Female chick livability was calculated as the per-
centage of chicks meeting the breed standard (live
weight > 70 g) at day 21.

Statistical Analysis

Differences in fertility, hatchability, percentage of fe-
male chicks, percentage of healthy chicks, embryo
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Table 2. Eggshell thickness, cuticle opacity, and microbiological activity of different treatments.

Cuticle opacity (%)

Microbial flora (log CFUs/egg)

Treatment' Eggshell thickness (pm) day 0 day 14 day 0 day 14
CND 184.6 * 16.8%" 61.59 + 10.74>*  31.37 = 9.20*%  4.30 = 0.47*%  7.81 = 0.14**
CWD 182.0 + 16.3%P 54.26 = 8.73>% 3017 = 9.61*% 436+ 051"  7.67 + 0.15%
CSH 185.4 * 15.9 45.27 + 11.53%% 2542 + 10.16"% 258 = 1.50>°  7.78 = 0.11**
AA2 174.7 * 11.1%P° 220 = 1.90¢ 1.55 = 1.78° 1.07 + 1.39°B  7.89 + 0.15™"
AA4 165.6 * 14.2° 238 = 1.18%4 1.18 = 1225 0.00 = 0.00°%  1.54 = 2.16>*
V2 175.3 * 14.1%P¢ 2.60 + 1.36%4 1.60 = 1.51%  0.48 = 1.01° 1.07 = 1.48"
V4 166.2 = 12.9° 2.08 = 1.49¢ 1.72 + 1.50° 0.48 + 1.01° 0.53 = 1.21°
CA2 170.7 = 15.55¢ 2.94 + 1.65% 1.72 = 1.34°B 056 = 1.19° 1.61 = 1.48"
CA4 162.9 = 12.2° 26 + 1.12¢ 1.93 + 2.12° 0.51 = 1.08° 0.00 = 0.00"

)\ eans within a column that do not share a common superscript differ significantly (P<0.05).

ABMeans within a row of the same trait that do not share a common superscript differ significantly (P <0.05).

! Abbreviations: AA2, 2% acetic acid; AA4, 4% acetic acid; CA2, 2% citric acid; CA4, 4% citric acid; CND, unwashed
control, nondipped; CSH, standard control, 0.13% sodium hypochlorite; CWD, water control, water dipped; V2, 44.4%

vinegar; V4, 88.8% vinegar.

mortality, percentage of hatched chicks during hatch
time, and chick livability between treatments were eval-
uated by the chi-square test or Fisher’s exact test, as
appropriate. The chi-square test or Fisher’s exact test
parameters that is df and Chi-Square value (a0 = 0.05)
were 1 and 3.82, respectively. Cuticle quality (o value),
bacterial activity (log CFUs/egg), eggshell thickness
(um), initial egg weight (g), egg weight loss (%), day-
old chick weight (g), chick yield (%), day-old chick shank
length (mm), and live weight at 21 D (g) were analyzed
via one-way ANOVA. Statistically significant differ-
ences among treatments were determined by the least
significant difference test. The phenotypic correlation
between the initial egg weight, egg weight loss, day-old
chick weight, chick yield, and shank length was esti-
mated by Pearson’s correlation coefficients in total. All
statistical analyses were performed with the statistical
software RStudio (version 3.6.0) (Grolemund and
Wickham, 2017), and figures were plotted in Microsoft
Excel 2016. The results of basic descriptive statistics
are shown in tables using the mean and SD
(mean * SD).

RESULTS AND DISCUSSION
Eggshell Thickness and Cuticle Opacity

To evaluate the effects of different solutions on cuticle
removal in quail eggs, eggshell thickness and cuticle
opacity were determined at day 0 of incubation
(Table 2). Calcified eggshell and cuticle mainly with
glycoprotein are easily dissolved in acid solution, result-
ing in the decrease of eggshell thickness and cuticle qual-
ity. Supplementary Figure 1 demonstrates the effect of
each treatment on the appearance of each group of
eggs. The AA, V, and CA solutions removed the cuticle
compared with 3 control treatments. Previous studies
suggest that the cuticle comprises 5 to 10% of the total
eggshell thickness in quail (Kusuda et al., 2011; D’Alba
et al., 2017), and the eggshell thickness decreased by 5
to 12% with the concentration of AA, V, and CA
increased, and eggshell cuticle quality decreased largely
in all acid-dipping treatments (P < 0.05). The evidence
presented in Table 2 suggests that the AA2, V2, and

CA2 treatments were effective at removing the cuticle
than the CSH treatment, but when used at the higher
concentration (AA4, V4, and CA4), shell thickness was
significantly decreased (P < 0.05).

Shendan-1 quail eggs used in this study possessed a
better-quality cuticle layer compared with that pre-
sented in a previous study (Chen et al., 2019). At day
14, cuticle quality in both the CND and CWD groups
had significantly decreased by approximately 50%. A
similar pattern was observed for the CSH group. As
the cuticle was almost completely removed using the
AA, V and CA, the data from these treatments are of
lesser interest. The decrease of cuticle quality may be
mainly owing to oxidation and decomposition, suggest-
ing antibacterial effect of the cuticle may also decrease
during incubation.

Microbiological Activity

Application of different solutions significantly
(P < 0.05) affected total surface flora of hatching eggs
at day 0 of incubation (Table 2). The eggshell surfaces
initially contained 4.30 log CFUs microbial flora per
egg in CND treatment. The total surface flora at day
0 of incubation significantly decreased (P < 0.05) about
34 log CFUs/egg within the treatment of AA, V, and
CA compared with CND, CWD, and CSH treatments,
showing the remarkable sterilizing effectiveness of the
AA, V, and CA solutions. Egg microbial contamination
occurs most frequently after oviposition, and there are
large microbial populations present on the eggshell sur-
face and Salmonella, Escherichia, Pseudomonas, Staph-
ylococcus, and mold-yeast are the typical contaminants
(Aygun et al., 2012). Many chemical sanitizers using dip-
ping method have been demonstrated to be effective in
reducing the microbial load on the eggshell surface
(Scott and Swetnam, 1993a); the results of total surface
flora at day 0 of incubation also agreed with previous
studies that sodium hypochlorite, AA, V, and CA solu-
tions were proved to be broadly effective disinfectants,
and their antimicrobial activities on various pathogens
has been well confirmed (Rutala and Weber, 1997;
Entani et al., 1998; McDonnell, 2007; Cortesia et al.,
2014). Acetic acid (the active component of V) and
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Table 3. Effects of cuticle removal on initial egg weight, egg weight loss, day-old chick weight, day-old chick weight /initial egg weight, and

day-old chick shank length of quail hatching eggs.

Day-old chick

Treatment’ Initial egg weight (g) Egg weight loss® (%) Day-old chick weight (g) Chick yield (%) shank length (mm)
CND 10.63 = 0.51 10.36 *+ 4.26" 6.93 + 0.52" 65.19 + 3.61° 16.22 + 0.59*"
CWD 10.78 + 0.54 9.26 = 2.74*P 7.14 + 0.47 66.21 = 2.42%b¢ 16.04 = 0.77°¢
CSH 10.71 + 0.51 9.25 = 2.31*P 7.01 = 0.57*P 65.49 * 3.96"° 16.01 = 0.76"¢
AA2 10.80 * 0.54 7.48 * 2.057 7.25 * 0.61° 67.08 = 3.43*P 16.21 = 0.79*P
AA4 10.61 *+ 0.51 8.31 + 1.46>° 7.05 * 0.39*P 66.49 + 2.15%P° 16.29 + 0.61"
V2 10.84 * 0.52 7.62 * 1.57%¢ 7.25 * 0.46% 66.91 = 2.57%Pc 16.19 = 0.59*"
V4 10.72 + 0.47 8.76 * 1.59"¢ 7.17 + 0.43* 66.90 = 2.44%b¢ 16.04 = 0.61°°
CA2 10.76 % 0.59 7.47 + 1.06° 7.28 + 0.55% 67.59 + 2.80" 16.54 = 0.72°
CA4 10.66 = 0.57 8.75 + 1.67"¢ 7.15 = 0.56™" 67.05 + 3.23%P 16.59 + 0.71*

2\ eans within a column that do not share a common superscript differ significantly (P<0.05).

! Abbreviations: AA2, 2% acetic acid; AA4, 4% acetic acid; CA2, 2% citric acid; CA4, 4% citric acid; CND, unwashed control, nondipped; CSH, standard
control, 0.13% sodium hypochlorite; CWD, water control, water dipped; V2, 44.4% vinegar; V4, 88.8% vinegar.

?Egg weight loss at day 14 of incubation as a percentage of initial egg weight.

CA are both weak organic acids, and their antimicrobial
activity can be classified into the bacteriostatic and
bactericidal action, though the mechanistic reasons are
not fully understood. The antimicrobial activity of
weak organic acids toward bacteria is not just because
of their acidity of lowering pH (Roe et al., 1998;
Hirshfield et al., 2003; Warnecke and Gill, 2005).
Because of the hydrophobic structure and the
equilibrium between their ionized and nonionized
forms, weak acids such as AA and CA can pass easily
through the phospholipid bilayer of the bacterial
membrane (Salmond et al, 1984; Walter and
Gutknecht, 1984), collapsing the proton gradients that
are necessary for ATP synthesis, acidifying the
cytoplasm, and damaging cellular protein, membrane,
and DNA (Hirshfield et al., 2003; Lund et al., 2014).
Total surface flora at day 14 of incubation of CND,
CWD, CSH, AA2, and AA4 treatments significantly
increased (P < 0.05) during the incubation period, and
total surface flora change during the incubation period
in V2, V4, CA2, and CA4 treatments were not signifi-
cant (Table 2). Furthermore, microbial activity in
acid-dipping treatments significantly decreased than 3
controlled treatments over the incubation period except
AA2 treatment (P < 0.05). The ideal environment for
the embryo development is the same needed for microor-
ganism multiplication (Shahein and Khalifa, 2014); the
increase of the total surface flora was consistent with
previous study that the microbial activity on the shell
surface would increase during incubation period for
eggs without any treatment as in CND or CWD treat-
ment (Aygun et al., 2012). Different weak acids and con-
centrations can have very different antimicrobial effects
on bacteria (Salmond et al., 1984; Roe et al., 1998;
Hirshfield et al., 2003). It was noted that treating with
2% AA or 0.13% sodium hypochlorite for 8 min could
not effectively disinfect microorganisms that occurred
on eggshell as residual microorganisms on shell surface
would multiply during incubation. Sanitation is
essential in successful hatching egg production,
effective sanitizing of hatching eggs can diminish the
microbial load on the shell surface and then increase
hatchability and ensure the production of high quality

chicks (Sacco et al., 1989; Cox et al., 1994; Shahein
and Khalifa, 2014).

Egg Weight and Egg Weight Loss

In this study, initial egg weight at day 0 of incubation
in all treatments has no statistical difference (Table 3).
Egg weight loss of successful hatch was calculated for
that it is an important parameter for incubation and
closely correlated with embryonic development and
eggshell conductance (Burton and Tullett, 1983). The
conductance is an accurate measure of the eggshell’s
functional ability to regulate water vapor and gas pas-
sage (Paganelli et al., 1978; Burton and Tullett, 1983).
Furthermore, the loss of mass in eggs during incubation
was mainly due to loss of water (Amos and Rahn, 1980).
The results of egg weight loss during the incubation of
day 0 to 14 of embryonic development are given in
Table 3. The egg weight losses of all dipping treatments
were lower by 10.62 to 27.90% compared with those of
the CND treatments, implying that the eggshell conduc-
tance to water vapor was lowered. It was reviewed that
chemical exposure could alter the cuticle and result in
both negative and positive changes in the eggshell
conductance, any alteration or removal of the cuticle
by sanitizers may have a significant impact on egg
weight loss and hatchability (Brake and Sheldon, 1990;
Scott et al., 1993). Apart from the difference in egg
washing  reagents, this may owing to the
ultrastructural difference of the cuticle itself in
intraspecies or interspecies. The cuticle as a barrier to
liquid penetration has been demonstrated, and the
glycoprotein spheres of the cuticle plays an important
part in the liquid resistance of the eggshells (Board and
Halls, 1973; Board, 1982). Quail eggshell cuticle
embodies abundant glycoprotein and dense pigment
(D’Alba et al., 2017), which may have an interaction
with SH, AA, and CA in the dipping solution and then
dissolve or/and denature to form a viscous less perme-
able substance that blocked the eggshell pores. The low-
ered egg weight loss may therefore be explained by
restriction of water vapor diffusion through these
blocked pores after dipping treatment. Moreover,
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Table 4. Effects of cuticle removal on fertility, hatchability, percentage of female chicks, percentage of healthy chicks, and embryonic

mortality of quail hatching eggs.

Percentage of

Embryonic mortality” (%)

Percentage of

Treatment’ Fertility (%) Hatchability” (%) female chicks (%) healthy chicks (%) To day 7 day 8 to 13 From day 14
CND 92.63 90.98" 52.48 97.38 2.92%P 0.27° 5.84°
CWD 93.46 93.00™"¢ 45.97 97.31 1.25" 0.75"¢ 5.00P¢
CSH 95.57 92.27%P< 49.72 98.60 4.12¢ 1.03P¢ 2.58%4
AA2 93.59 79.444 53.04 98.72 1.78%P 5.84% 12.94%
AA4 92.84 95.42" 52.78 98.23 1.69™" 0.24¢ 2.65%4
V2 93.10 90.37° 48.09 97.54 1.48° 1.48>¢ 6.67"

V4 93.41 94.16>" 50.90 98.19 1.22P 1.95" 2.68°4
CA2 92.87 90.59¢ 49.18 97.81 1.73%P 2.48" 5.20"¢
CA4 93.47 95.66* 51.88 97.98 1.45° 1.20P¢ 1.69¢

*dpercentages within a column that do not share a common superscript differ significantly (P <0.05).
' Abbreviations: AA2, 2% acetic acid; AA4, 4% acetic acid; CA2, 2% citric acid; CA4, 4% citric acid; CND, unwashed control, nondipped; CSH, standard
control, 0.13% sodium hypochlorite; CWD, water control, water dipped; V2, 44.4% vinegar; V4, 88.8% vinegar.

2The percentage to fertile eggs.

significant differences (P < 0.05) in egg weight loss
among acid-dipping treatments were detected. Egg
weight losses in AA2, V2, and CA2 treatments (average
7.52%) were all lower than those in AA4, V4, and CA4
treatments (average 8.61%), suggesting that higher con-
centration of AA and CA solutions can remove the
cuticle more effectively with less blockage of eggshell
pores.

The rates of egg weight loss significantly varied be-
tween 4.13 and 24.55% among all treatments, suggesting
that the embryos have strong adaptability to different
degrees of water loss. Other researchers have previously
demonstrated that avian embryos possess regulatory
mechanisms that limit their dependence on environ-
mental variables so that embryos can tolerate different
rates of water loss from their eggs during incubation
(Hoyt, 1979; Simkiss, 1980; Board, 1982; Davis et al.,
1988). Nevertheless in artificial incubation, egg water
loss should be optimized as this is essential for
successful hatch as too extreme (too low or too high)
water loss will highly influence embryonic development
and chick quality (Davis and Ackerman, 1987; Davis
et al., 1988; Geng and Wang, 1990; Meir and Ar, 2008).

Hatchability and Embryonic Mortality

The cuticle removal’s effect on fertility, hatchability,
and embryonic mortality are shown in Table 4. The
different treatments had no effect on fertility, while
had a significant effect on hatchability and embryonic
mortality. Overall, the AA4, V4, and CA4 treatments

resulted in a higher hatchability (by 1.16 to 4.68%)
than that for 3 control treatments, but this was not sig-
nificant when the comparisons were made with CWD
and CSH. Two percent acetic acid, V2, and CA2 treat-
ments resulted in a lower hatchability compared with
control treatments. Two percent acetic acid treatment
in particular significantly decreased hatchability. The
increase in hatchability of AA4-, V4-, and CA4-treated
eggs appeared to be large because of lower proportions
of late embryonic mortality, as the late embryonic mor-
tality in AA4, V4, and CA4 treatments was significantly
reduced when compared with CND treatment. However
when compared with the CWD, only CA4 treatment em-
bryo mortality was statistically lower.

There are few research studies on the effect of cuticle
removal on hatchability in quail hatching eggs. In duck
production, it is believed that the improvement of hatch-
ability by egg washing for cuticle removal is mainly
because of the reduction of microbial infection and the
increase of eggshell conductance to respiratory gases
and heat (Deeming, 2006; Boerjan, 2013; Liang et al.,
2017). The results of microbial activity showed that
the solutions used for egg washing could diminish the
microbial load on the shell surface and then reduce
microbial infections. Decrease of egg weight loss during
the incubation period could contribute in increasing
hatchability to some extent (Aygun et al., 2012;
Shahein and Khalifa, 2014), although results of egg
weight loss suggested that the conductance to
respiratory gases decreased after acid dipping, but
rapid water loss during incubation is disadvantageous

Table 5. Pearson’s correlations of initial egg weight, egg weight loss, day-old chick weight, chick yield, and day-old chick shank length of all

treatments.

Day-old chick Day-old chick shank

Hatching parameter Initial egg weight (g) Egg weight loss' (%) weight (g) Chick yield (%) length (mm)
Initial egg weight ( g ) 1

Egg weight loss ( % ) —-0.19 1

Day-old chick weight (g) 0.84° -0.26” 1

Chick yield (%) 0.12 -0.21° 0.63" 1

Day-old chick shank length (mm) 0.247 -0.01 0.34° 0.25” 1

'Egg weight loss at day 14 of incubation as a percentage of initial egg weight.

2p < 0.01.
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Figure 2. Effects of cuticle removal on percentage of hatched chicks during hatch time. Abbreviations: AA2, 2% acetic acid; AA4, 4% acetic acid;
CA2, 2% citric acid; CA4, 4% citric acid; CND, unwashed control, nondipped; CSH, standard control, 0.13% sodium hypochlorite; CWD, water con-

trol, water dipped; V2, 44.4% vinegar; V4, 88.8% vinegar.

for the normal embryonic development (Mcdaniel et al.,
1979; Board, 1982; Geng and Wang, 1990). An
alternative explanation is that cuticle removal and
decreased eggshell thickness by acid-treated hatching
eggs may promote the heat exchange between quail em-
bryos and the incubator. Taking account of the embryo’s
mass heat production in late incubation phase, egg cool-
ing (e.g., spraying eggs with water, increasing ventila-
tion) is essential to remove the excess calories
produced by the embryo in artificial incubation (Tong
et al., 2013; Pouvreau and Baudon, 2016; Shi, 2017;
Zhang et al., 2018). In duck production, cuticle
removal by egg washing can improve embryo
thermoregulation by  increasing the  eggshell
conductance to heat and can replace traditional egg
cooling methods that is tedious and difficult to grasp
the timing in industrialized hatchery practice
(Deeming, 2006; Liang et al., 2017). Therefore, it was
speculated that cuticle removal can be applied to
improve embryo thermoregulation and hatchability in
quail hatching eggs. In addition, a positive correlation
between shell thickness and strength (Bain, 2005; Yan
et al., 2014), the decrease of eggshell thickness and
strength (because of the absorption of calcium by the
embryo) during incubation period likely facilitate the
breaking of the eggshell by hatchlings (Castilla et al.,
2007), it could be easier for the embryo to pipe out the
eggshell during hatching process with the decreased
eggshell thickness and strength by cuticle removal.

In our pre-experiment, the acids with 1% concentra-
tion could not effectively remove the cuticle, whereasile
5% would overreact with the eggshell and significantly
lowered the hatchability. As for the lower hatchability

in AA2, V2, and CA2 treatment, it appears that the
rate of water loss may have been decreased below the op-
timum range of water loss required for the growth and
survival of the embryo at the late stage of incubation.
The lower water loss limits the embryo development
and will result in an insufficient air cell that suppresses
embryonic lung ventilation (Rahn and Ar, 1980;
Metcalfe et al., 1981). The lowest hatchability in AA2
treatment is probably caused by embryo microbial
infection as poor cuticle quality, thinner eggshell
thickness, and excessive bacterial contamination on the
eggshell surface could increase the risk of microbial
infection and embryo mortality during incubation
(Scott and Swetnam, 1993b; Chen et al., 2019).

Chick Quality

Day-old chick weight has great importance in poultry
production for a good start of the chick and for the post-
hatch production performance. Shendan-1 quail is a com-
mercial laying breed; treatments in this study had no
effect on percentage of female chicks (Table 4). A positive
correlation (0.84) was observed between initial egg weight
and day-old chick weight (Table 5). Chick yield was
calculated to correct the egg weight effect on day-old
chick weight as chick weight and chick yield are closely
related (Jabbar and Ditta, 2017). Chick yield in all
acid-dipping treatments slightly increased compared
with that of 3 control treatment, but the difference were
significant only when comparisons were made between
AA2, CA2, CA4, and CND treatment. The increased
chick yield could be partly attributed to difference in
egg weight loss that there was a negative correlation
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Table 6. Effects of cuticle removal on livability and live weight of
quail chicks at the first 21 D.

Treatment'  Livability at the first 21 D (%)  Live weight at 21 D (g)
CND 94.67 79.37 £ 8.91
CWD 95.33 82.23 = 9.07
CSH 94.00 81.69 = 9.04
AA2 96.00 79.5 =+ 8.92
AA4 95.33 82.14 = 9.06
V2 96.67 79.71 = 8.93
V4 94.67 82.93 + 9.11
CA2 96.00 83.81 = 9.15
CA4 95.33 82.59 + 9.09

TAA2, 2% acetic acid; AA4, 4% acetic acid; CA2, 2% citric acid; CA4,
4% citric acid; CND, unwashed control, nondipped; CSH, standard con-
trol, 0.13% sodium hypochlorite; CWD, water control, water dipped; V2,
44.4% vinegar; V4, 88.8% vinegar.

between egg weight loss and day-old chick weight or chick
yield (—0.26 and —0.21, respectively). These results were
in agreement with that chick weight was primarily deter-
mined by initial egg weight and was secondarily deter-
mined by weight loss during incubation (Marks, 1975;
Khurshid et al., 2004; Grzegrzka and Gruszczynska,
2019). These results were also supported that decreased
egg weight loss during incubation could increase chick
weight (Peebles et al., 1987; Shahein and Khalifa,
2014). Before hatching, absorption of the yolk sac into
the abdomen of the embryo provides nutrients for the
chicks during the first few days of life that the chick
weight is a combination of the real chick weight and the
remaining yolk residual (Ipek and Sozcu, 2014). There-
fore, water that had not evaporated in the egg during in-
cubation will be absorbed together with the yolk sac by
the embryo and consequently causing an increase in the
day-old weight and chick yield. Furthermore, another
reason for the increased day-old chick weight may be
the better embryonic development discussed previously
for well-developed embryos made better use of nutrients
in the egg.

Shank length is a reliable indicator of body shape and
body weight in quail production (Gambo et al., 2014),
and it was also measured to further confirm the effect
of acid-dipping treatment on quail chick quality. The
shank length results showed that there is no significant
difference between acid-dipping treatments and CND
treatment, confirming that cuticle removal using acid
treatment did not have a negative effect on chick devel-
opment. The Pearson’s correlation analysis results
showed that the shank length was correlated to initial
egg weight, day-old chick weight and chick yield without
being affected by egg weight loss. The Pearson’s correla-
tions reported here for initial egg weight, day-old chick
weight, and shank length (0.84, 0.24, and 0.34, respec-
tively, Table 5) were lower than those reported previ-
ously (091, 0.57, and 0.58) (Grzegrzka and
Gruszezynska, 2019), but this is most likely because of
the reduced sample size in this trial.

Hatch Time

Hatching began at 384, 384, 384, 376, 392, 384, 384,
392, and 384 h of incubation duration in CWD, CND,
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CSH, AA2, V2, CA2, AA4, V4, and CA4 treatments,
respectively (Figure 2). Hatching ended in all treatments
at 420 h of incubation. The peak hatching period was
during 384 to 408 h of incubation. Percentages of
hatched chicks in AA4, V4, and CA4 treatments
(92.40, 89.11, and 90.61%, respectively) during peak
hatching period were slightly improved compared with
control treatments (84.05, 88.28, and 85.18% for CND,
CWD, and CSH, respectively) (P > 0.05), but signifi-
cant decrease in percentages of hatched chicks in AA2,
V2, and CA2 treatments (70.19, 72.13, and 77.96%) dur-
ing peak hatching period were observed compared with
other groups (P < 0.05). The results of hatch time
implied that AA4, V4, and CA4 treatments might nar-
row the speed of hatching, whereas AA2, V2 and CA2
treatments had a longer hatching periods and delayed
embryonic development. The hatch time is also affected
by water loss (Amos and Rahn, 1980; Jabbar and Ditta,
2017). Tt has been demonstrated that the low eggshell
conductance affects rates of embryonic growth and
causes longer incubation periods (Visschedijk, 1968;
Burton and Tullett, 1983). Hatch time is a good
indicator for chick distribution in the hatcher, and the
uniformity of hatch time is important for commercial
breeders as there will be homogeneity for chick quality.
Extended hatching period will increase the number of
chicks that will be remained without food and water
and then reduce chick quality and posthatch
performance (Wyatt et al., 1985; Noy and Sklan, 1997;
Dibner et al., 1998; Careghi et al., 2005; Mahmoud and
Edens, 2012).

Chick livability and Live Weight at the First
21 D of Life

Although cuticle removal may have no negative ef-
fects on hatching performance in quail hatching eggs,
chick livability and live weight at the first 21 D of life
were recorded to continue verifying the safety of the
cuticle removal. The effect of cuticle removal on
livability and live weight are shown in Table 6. There
were no significant differences between treatments in
livability and live weight during brooding period,
showing cuticle removal using AA, V, and CA did not
have a negative effect on these traits.

In accordance with the high demand on poultry, quail
production is of high economic importance not only in
developed countries but also in the developing countries
worldwide. The livability is crucial because it is a measure
of chick quality and animal welfare. Livability during
brooding period in quail production is the key to ensure
subsequent production performance and income to quail
farms as well as to the hatcheries. In other words, the
cuticle removal may increase the hatchability without
compromising subsequent production performance.

CONCLUSIONS

In conclusion, results of this study demonstrate that
the cuticle removal by dipping hatching eggs into 4%
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AA, 88.8% V, or 4% CA for 8 min could effectively
decrease the microbial activity on the eggshell surface
during the incubation period and improve hatchability
of quail hatching eggs without negative effects on hatch
time and performance of quail chicks. For cuticle
removal in diverse quail hatching eggs in practice, better
egg washing conditions (e.g., washing methods, washing
time, temperature, and reagents and their concentra-
tions) and the effects on the production performance of
whole production cycle require further exploration.
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