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Abstract

In this study, we compared the antibacterial effectivity of the eggs of six precocial and four

altricial bird species using Escherichia coli, based on their eggshell traits. The ultrastructure

of eggshell was observed using a scanning electron microscope (SEM). According to SEM

results, eggs from precocial birds (chicken, turkey, quail, duck, ostrich, and goose) had cuti-

cle on the eggshells, while eggs from altricial birds (pigeon, budgerigar, munia, and canary)

did not. The environment/selection pressure may induce the divergent evolution process in

eggs of precocial and altricial birds. The E. coli experiment results showed that chicken, tur-

key, quail, duck, and goose eggs, with a high cuticle opacity, exhibited a much lower E. coli

penetration rate. In contrast, the eggs with poor (ostrich) or without (pigeon, budgerigar,

munia, and canary) cuticle exhibited a higher penetration rate. It is suggested that cuticle is

a main barrier against bacterial penetration in precocial birds’ eggs. Turkey and quail eggs

showed the lowest E. coli contamination rate (3.33% and 2.22%, respectively), probably

because of the tightly connected nanosphere structure on their cuticle. As for altricial birds’

eggs, the eggs of budgerigar, munia, and canary with small pore diameter (0.57 to 1.22 μm)

had a lower E. coli penetration rate than pigeon eggs (45.56%, 66.67%, 50%, and 97.78%,

respectively, P < 0.05), indicating that pore diameter played a significant role in defending

against bacterial trans-shell invasion. We found that eggshell thickness and pore area

decreased with egg size. The cuticle quality had no relationship with egg size, but was

closely related to the bird species. The E. coli penetration rate of altricial birds’ eggs was sig-

nificantly higher than that of precocial birds’ eggs, mainly because the pores are exposed on

the eggshell surface and cuticle protection is absent. This study provides detailed informa-

tion on the eggshell cuticle, which gives insight into the cuticle evolution process that

occurred in precocial and altricial bird species. Moreover, the results of E. coli penetration

may help understanding the antibacterial behavior in birds.
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Introduction

Poultry eggs are important animal-protein sources for humans. However, eggs and egg products

are easily contaminated by pathogenic bacteria (i.e., Salmonella enteritidis, Bacillus cereus, and

Escherichia coli) [1]. Recently, the United States government recalled nearly 207 million poten-

tially Salmonella-infected eggs [2], which posed a great threat to human health. To ensure egg

products’ safety, it is quite important to understand the bacterial invasion mechanism in eggs.

Eggs can be infected by bacteria through two major routes: vertical and horizontal transmission

[3]. Vertical transmission points to the bacterial contamination process during egg formation in

the hens’ oviduct. Horizontal transmission, also called trans-shell contamination, occurs when

eggs are exposed to a contaminated environment and microorganisms penetrate the egg.

Cuticle, deposited in the shell gland pouch within hours before oviposition [4], is reported

to be an effective barrier against microbial penetration [5,6]. The cuticle forms a physical bar-

rier to bacterial penetration by covering the pores on the eggshell surface [7]. The chemical

composition of eggshell cuticle also plays an important role in limiting bacterial contamina-

tion. Some antibacterial proteins (i.e., c-type lysozyme, ovotransferrin, and ovocalyxin-32)

have been detected in the eggshell cuticle [8,9,10]. D’Alba et al. [11] proposed that the tightly

connected nanostructure of the cuticle also contributes to the antimicrobial defense system.

Many avian eggs are protected from microbes by eggshell cuticle, including chicken, duck,

goose, and quail eggs [11,12,13]. Evaluating the cuticle quality will help us understand the anti-

bacterial effectivity of avian eggs. Leleu et al. [14] and Bain et al. [6] established two methods to

evaluate the cuticle quality in chicken eggs. However, neither of these methods has been

applied to evaluate the cuticle quality among eggs of different bird species that may depend on

the difference in eggshell colors. Previously, we proposed an opacity method to effectively eval-

uate the cuticle quality among differently colored eggshells [15].

Not all bird eggs have a cuticle layer on the surface of the shell; examples of such eggs are

those of budgerigar and pigeon [16,17]. Some other factors may be responsible for their antibac-

terial properties. The pore openings on the surface of an eggshell not only allow for gas and

water exchange, but also are the pathway of bacterial trans-shell invasion [7,18]. Consequently,

eggshell thickness was also considered an important factor to hamper bacterial contamination

in chicken eggs [19]. However, some researchers suggested that bacterial trans-shell penetration

was not related to eggshell quality [20]. A clear understanding of these factors among different

bird species would be helpful for the research of egg safety, especially for eggs laid in the wild.

With improvements of our living standard, the demand for poultry eggs has expanded

from traditional chicken and duck to other more “exotic” species, such as quail, turkey, pigeon,

and ostrich eggs. However, compared with chicken eggs, the cuticle quality and antibacterial

effectivity of other species’ eggs has been investigated less often. Therefore, the goals of this

study are to investigate the influence of eggshell traits on the antibacterial effectivity by an E.

coli penetration trial on ten bird species, six precocial species (chicken, turkey, quail, duck,

goose, and ostrich) and four altricial ones (pigeon, budgerigar, munia, and canary). The egg-

shell cuticle quality of ten bird eggs was evaluated with the opacity method, and the micro-

structure of eggshell cuticle was also observed through scanning electron microscopy (SEM).

In addition, the eggs’ eggshell thickness and pore diameter were also measured.

Materials and methods

Ethics statement

The animal care protocol used in the present study was approved by the Animal Welfare Com-

mittee of China Agricultural University (permit number: AW08059102-1).
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Eggs

Sampled eggs include six precocial species: Dwarf Layer (Gallus gallus), Bettina turkey (Melea-
gris gallopavo), Japanese quail (Coturnix japonica), Beijing duck (Anas platyrhynchos), greylag

goose (Anser anser), and ostrich (Struthio camelus), and four altricial birds’ eggs: snow pigeon

(Columba leuconota), budgerigar (Melopsittacus undulatus), munia (Lonchura striata), and

canary (Serinus canaria).

The Experimental Unit of China Agricultural University (Beijing, China) supplied chicken

eggs. The National Center of Performance Testing of Poultry (Beijing, China) supplied eggs

for the remaining species. All birds used in this study were healthy and had not previously

experienced antibacterial treatment. Housing, management, feeding, and husbandry condi-

tions were consistent with the recommendations provided by the poultry companies. All birds

were fed by the guidelines of the poultry companies that ensure the nutritional requirements

of the individual species are met. Ninety eggs were collected per species except ostriches, for

which 30 eggs were used. All eggs were collected within 24 h of laying and were tested within

48 h. Eggs were visually inspected through candling to select intact eggs (i.e., no cracks or pin-

holes). Then, those eggs were weighed on a small electronic scale (AL240, 0.01–210 g, Mettler

Toledo, Shanghai, China) except for the ostrich eggs, which were weighed on a larger elec-

tronic counting scale (ACS-3, 10 g– 3 kg, Hua Chao, Shanghai, China). A line was drawn

along the long axis of the egg with a pencil. One side was marked as E (Escherichia coli inocula-

tion) and the other side marked as S (stained with MST cuticle blue, MS Technologies Ltd,

UK).

Assessment of cuticle deposition

The method for evaluating cuticle quality was described by Chen et al. [15]. Cuticle quality was

evaluated based on differences in cuticle opacity before and after staining. A high alpha (α)

value denoted high staining affinity, implying more cuticle deposition. Cuticle opacity was cal-

culated using Eqs 1 to 7. Each egg was measured at three points: the blunt end, equator, and

sharp end. Cuticle quality per egg was determined from the mean value of these points.

First, X, Y, and Z values of the eggshell S surface were obtained with a spectrophotometer

(CM-2600d; Konica Minolta, Japan) using the XYZ color space systems. Subsequently, eggs

were immersed in MST cuticle blue for 1 min, rinsed in clean water to remove excess stain,

and placed on a plastic flat to dry for 24 h. Finally, X, Y, and Z values of stained eggshells were

measured using the procedure described above.

R ¼ ð1:055� ð
3:241� X � 1:537� Y � 0:499� Z

100
Þ

0:417
� 0:55Þ � 255 ð1Þ

G ¼ ð1:055� ð
� 0:969� X � 1:876� Y � 0:042� Z

100
Þ

0:417
� 0:55Þ � 255 ð2Þ

B ¼ ð1:055� ð
0:056� X � 0:204� Y � 1:057� Z

100
Þ

0:417
� 0:55Þ � 255 ð3Þ

aR ¼ 1 �
Ra � Rd
Rb � Rd

ð4Þ

aG ¼ 1 �
Ga � Gd

Gb � Gd
ð5Þ
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aB ¼ 1 �
Ba � Bd
Bb � Bd

ð6Þ

a ¼
aR þ aG þ aB

3
� 100 ð7Þ

where RGB is an additive color model in which red (R), green (G), and blue (B) light are added

together in various ways to reproduce a broad array of colors. In the XYZ model, Y is lumi-

nance, Z is quasi-equal to blue stimulation, and X is a mix (a linear combination) of cone

response curves. XYZ color space can be converted into RGB color space by the formulas

above, and then converted into opacity. α is the cuticle opacity, subscript “a” indicates egg val-

ues post-staining, “b” indicates pre-staining values, and “d” indicates values for the cuticle blue

dye.

Escherichia coli inoculation

The E. coli penetration assays were conducted following previously described methods [6].

The E. coli strain HB-101 K-12 with pGLO (Bio-Rad Laboratories Co., Ltd., Shanghai, China)

was grown in lysogeny broth (containing 100 μg mL-1 ampicillin Na and 5 mM L-arabinose;

Sigma-Aldrich, Shanghai, China), and shaken overnight at 37C. Cultures were inoculated at a

dilution of 1:50 in fresh lysogeny broth, then grown to an OD600 of approximately 0.4 at 37C.

Thereafter, the broth was placed into an ice bath.

Eggs were lightly swabbed with ethanol, then incubated in a sterile, plastic egg box for 2 h at

37C. Then, the E side of the egg was immersed in ice-chilled broth for 10 min inoculation. Sub-

sequently, the inoculated eggs were placed on a sterilized bench, to allow the culture to dry on

the eggshell surface for about 15 min. Finally, each egg was transferred individually into a new

sterile plastic bag and incubated for 24 h at 37C.

All eggs were removed from the incubator and placed on a sterile clean bench at room tem-

perature for 2 h. Egg contents were drained through a hole of approximately 1 cm2, prepared

with a rotary tool (Dremel, S-B Power Tool Company, Chicago, IL, USA). The egg was cut

into two halves along the longitudinal axis with the rotary tool. The presence of E. coli was

determined by observing the luminescent spots on the inner eggshell surface under a long-

wave UV light (LUYOR-1144A, LUYOR Corporation, Shanghai, China). The number of E.

coli in the egg was determined by the number of luminescent spots on the inner surface under

UV light. Contaminated eggs were grouped into three levels: light (with 1–3 luminescent

spots), moderate (with 4–10 luminescent spots), and severe (with more than 10 luminescent

spots).

Measurement of eggshell thickness and pore density

The eggshells were characterized by the traits of eggshell thickness, pore diameter, and pore

area. Eggshell thickness and pore density were measured at the equator of eggs. Eggshell thick-

ness was determined using a digital display micrometer gauge (Mitutoyo, Kawasaki, Japan).

Pores were counted following published methods [21,22]. Eggshell fragments of chicken, tur-

key, quail, duck, goose, quail, pigeon, and ostrich were boiled in 1% KOH to remove the inner

eggshell membrane and outer cuticle. Immersion time (~3 min for chicken, 4 min for duck

and turkey, 5 min for goose, 90 s for quail and pigeon, and 8 min for ostrich) was dependent

on eggshell thickness. Eggshell membranes of budgerigar, munia, and canary were too thin to

boil so they were carefully removed using tweezers. Subsequently, all eggshells were rinsed in

Eggshell antibacterial effectivity of birds
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clean water for 1 min, immersed in 75% ethanol for 1 min, and then immersed in 1% HCl for

20 s to enlarge eggshell pores. Finally, eggshell fragments were rinsed in clean water for 1 min

and placed on a table to dry. Eggshell inner surfaces were painted with 0.2% methylene blue

(Solarbio, Beijing, China). Once the dye was dry, pores within a 0.25 cm2 area were counted

under a microscope.

Eggshell ultrastructure

SEM (S-3400 N and SU8010, Hitachi, Japan,) was used to observe ultrastructural features of

the outer surface layer, cross-section, and cuticle layer of eggshells [23]. Ten eggs per species

were used to measure cuticle layer thickness. Pore diameter and area of single pores were

determined through SEM from the same eggshells as were used for pore density calculation.

To make the results more reasonable and more accurate, we measured the single pore area and

the short axis diameter of the pore (in case the pore shape was not a circle) for eggs of ten bird

species. Five eggs per species were prepared, and for each egg three pieces were taken around

the equator. Eggshell pieces were mounted on an aluminum stub and gold sputter-coated

using an EIKO IB-3 (EIKO Engineering CO., Ltd, Japan) for about 15 min. Thereafter, they

were viewed and photographed under the SEM.

Statistical analysis

The pore area was measured using the software Image J. All statistical analyses were performed

with the statistical software RStudio (version 3.4.0, 2017) and figures were plotted in Origin

Pro 2018. Descriptive statistics and one-way ANOVA were used to analyze eggshell thickness,

pore density, pore diameter, cuticle layer thickness, and cuticle opacity per species. The model

used for the one-way ANOVA analysis was:

Yij ¼ mþ ti þ �ij

where Yij represents traits (eggs weight, eggshell thickness, cuticle opacity, cuticle layer thick-

ness, pore density, pore area, and pore diameter) analyzed in this study, μ represents the com-

mon effect for each test, τi represents the species-specific or bird types-specific (precocial vs

altricial birds) main effect (factor), and �ij represents individual-specific random error. The sig-

nificance level chosen for all analyses was P< 0.05.

Results

Eggshell traits

Cuticle opacity. Cuticle was not detected in altricial birds’ (pigeon, budgerigar, and

munia) eggs (Table 1). As for precocial birds’ eggs, quail eggs had the highest cuticle opacity

(52.29 ± 14.73%), while ostrich eggs had the poorest opacity (5.39 ± 3.84%). The chicken egg

cuticle opacity was 25.34 ± 13.32%, which was significantly poorer than duck and turkey eggs

(P< 0.05).

Cuticle ultrastructure. Shell cross-sections of chicken, turkey, quail, duck, goose, and

ostrich eggs could be divided into mammillary, palisade, and cuticle layers (Fig 1), whereas

pigeon, budgerigar, munia, and canary eggshells lacked the cuticle layer (Fig 2). Compared

with eggs of other species, quail eggs had the thickest cuticle layer. Ostrich eggshells had thin

and patchy cuticle layers. Quail and turkey eggs had much more tightly connected cuticle

nanospheres, in contrast with chicken and goose eggs. Ostrich eggshells also had cuticle nano-

spheres at larger magnification. Interestingly, duck eggs seemed to have highly atypical cuticle

Eggshell antibacterial effectivity of birds
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nanospheres compared with the other species. The pores would be an opening for bacteria, if

there were no cuticle coverage on the eggshell (Fig 3).

Eggshell pores. Goose and ostrich eggs exhibited irregularly shaped pores, while eggs of

the remaining tested species had nearly round pores (Fig 4). To make the results more precise

and comprehensible, the pore diameter of different species was measured in different ways.

Goose egg pores were somewhat like a “crescent moon”, therefore, goose eggs’ pore diameters

were measured by the short axis. Ostrich eggs showed many irregular porosities; hence, the

pore diameter of ostrich eggs was determined by the diameter of average pore diameter of

each small pores and the sum of small pores’ areas was used as the single pore area. Duck eggs

had the largest pore diameter (17.21 ± 5.48 μm). Budgerigar, munia, and canary eggs had hon-

eycomb-like pores, and the pore diameter and pore area of those species’ eggs was significantly

smaller (0.57 to 1.22 μm, P< 0.05) than that of the eggs of other species. Ostrich eggs had the

lowest pore density (7.17 ± 215 per cm2) among all tested eggs, coupled with the largest pore

area (23148.14 ± 9891.43 μm2). Goose eggs had a larger pore area than the chicken, turkey,

quail, duck, and pigeon eggs.

Eggshell thickness. The ostrich egg had the thickset eggshell (1955.51 ± 93.99 μm), fol-

lowed by goose eggs (486.94 ± 60.30 μm) (Table 1). The eggshell thickness of budgerigar,

munia and canary eggs was much smaller (57.18 to 92.61 μm, P< 0.05). The eggshell of the

Fig 1. Scanning electron micrographs showing eggshell surface, cross-section, cuticle layer, and cuticle

nanospheres of chicken (C), turkey (T), quail (Q), duck (D), goose (G), and ostrich (O). Cross-sections revealed

that the shell was divided into a mammillary layer (ML), palisade layer (PL), and cuticle layer (CL).

https://doi.org/10.1371/journal.pone.0220054.g001
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quail egg was thicker than that of pigeon eggs (192.18 ± 19.32 μm and 195.77 ± 111.56 μm,

respectively, P< 0.05).

Egg size. Eggs size was determined by egg weight as shown in Table 1. Ostrich eggs had

the largest egg size (1357 ± 82.20 g), while budgerigar, munia, and canary egg weight ranged

Fig 2. Eggshell surface and cross-section scanning electron micrographs of pigeon (P), budgerigar (B), munia (M),

and canary (C’) eggs. The eggshell of pigeon, budgerigar, munia, and canary was divided into a mammillary layer

(ML) and a palisade layer (PL). Budgerigar, munia, and canary eggs have many honeycomb vesicles in the organic

matrix on the eggshell surface and in cross-section.

https://doi.org/10.1371/journal.pone.0220054.g002

Fig 3. (a) Exposed and (b) unexposed pores on the eggshell surface. Pores are the pathway for vapor exchange and invasion of

microbes. Cuticles cover the outer pore orifice and form a barrier against bacterial trans-shell penetration.

https://doi.org/10.1371/journal.pone.0220054.g003
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from 1.23 to 2.02 g, which was significantly smaller than that of the other eggs (P< 0.05). The

eggshell thickness and pore area were positively correlated with egg size (Fig 5). The pore den-

sity seemed to decrease with increasing egg size. Cuticle opacity and cuticle layer thickness

were not significantly correlated with egg size.

E. coli penetration

Among all the investigated species, the egg penetration rates for pigeon and ostrich were

97.78% and 76.67%, respectively, which was much higher than that for the other species

(Table 1). Further, most pigeon eggs and ostrich eggs were severely contaminated by E. coli
(Fig 6). Quail and turkey eggs had a lower contamination rate (2.22% and 3.33%, respectively),

and these eggs were lightly and moderately contaminated. The penetration rates for munia,

budgerigar, and canary eggs was 68.33%, 46.67%, and 50%, respectively.

E. coli penetration and eggshell traits

The influence of eggshell traits on the antibacterial effectivity is shown in Fig 7. From Fig 7, it

can be seen that eggs with a thick cuticle layer and high cuticle opacity tend to have a lower E.

Fig 4. The pore characteristics on the eggshell surface of ten species in SEM. Pores on the outer surface of eggshells

for chicken, turkey, quail, duck, and pigeon are near-circular, while those on goose eggshell are crescent-moon-shaped.

Ostrich eggshell pores are considerably larger and more irregular than eggshell pores of other species. Budgerigar,

munia, and canary eggshells have honeycomb-like pores.

https://doi.org/10.1371/journal.pone.0220054.g004

Fig 5. Variation of eggshell traits as a function of egg size. As egg weight, eggshell thickness, and pore area showed

great variation among the eggs of the ten bird species, those traits are shown on a logarithmic scale. The egg size was

determined by egg weight according to the results in Table 1. The egg weight decreases from ostrich to canary. Eggshell

thickness and pore area decrease with egg size. Cuticle opacity, and cuticle layer thickness do no display a significant

trend with egg size.

https://doi.org/10.1371/journal.pone.0220054.g005
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coli penetration ratio, proving that for birds, the cuticle is an effective barrier against bacterial

penetration. As for the single pore area, pore density, and eggshell thickness, none of those

exhibited a consistent trend with bacterial penetration among these ten bird species.

Fig 6. E coli contamination grades for the ten species. Light (light gray), moderate (gray), and severe (dark gray)

contamination represent 1 to 3, 4 to 10, and more than 10 E. coli luminescence spots on the inner surface of one

eggshell, respectively.

https://doi.org/10.1371/journal.pone.0220054.g006

Fig 7. The influence of eggshell traits on E. coli penetration. Since eggshell thickness and pore area showed great

variation among the ten bird species’ eggs, those traits are shown on a logarithmic scale. The E. coli penetration rate

decreased from pigeon to quail.

https://doi.org/10.1371/journal.pone.0220054.g007
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Precocial and altricial birds’ eggs. At 65%, altricial birds’ eggs showed a much higher E.

coli penetration rate than precocial birds’ eggs (13.96%) (P< 0.05) (Fig 8). Eggshell thickness,

single pore area, and pore diameter of precocial birds’ eggs were significantly larger than those

of altricial birds’ eggs (P< 0.05). There was no significant difference between precocial and

altricial birds’ eggs for pore density (P> 0.05).

Discussion

Chicken, turkey, quail, duck, and goose eggs with high cuticle opacity had much lower E. coli
penetration rate than ostrich, pigeon, budgerigar, munia, and canary eggs with a poor or no

cuticle layer (Table 1). It showed that eggshell cuticle can effectively defend against bacterial

penetration [5,6,15,24]. Besides, from Fig 7, it can be predicted that if the cuticle opacity of a

bird species’ eggs is higher than 25.34 or their cuticle layer is thicker than 5.6 μm, the eggs’ E.

coli penetration rate would be lower than 15.56%. Quail and turkey eggs had a lower penetra-

tion rate, which may be due to the cover of tightly connected nanospheres on the eggshell [11].

It has also been reported that the cuticle of chicken had moderate heritability [6,25]. These

results suggest that we can improve cuticle quality by breeding to enhance the antibacterial

ability of eggshell.

Scanning electron micrographs indicated that precocial birds’ eggs (chicken, duck, goose,

turkey, quail, and ostrich) had a cuticle layer on their eggshell surface, whereas altricial birds’

eggs (pigeon, budgerigar, munia, and canary) did not. It was reported that cuticle evolution

was related to environmental pressure [6,8,26]. As we know, high ambient humidity is more

conductive to microbial growth [27]. Birds nesting in habitats with higher infection risk (e.g.,

wetter and warmer) were more likely to evolve a cuticle layer on their eggshells than those

nesting in lower-risk habitats [9,28]. Our results that goose and duck eggs, which are always

laid in a swamp environment, have a thicker eggshell cuticle than chicken and ostrich eggs,

which are usually laid in low ambient humidity, matched well with what has been reported

previously.

Fig 8. The difference in eggshell traits and E. coli penetration ratio between precocial and altricial birds’ eggs. A

significant difference in eggshell traits and E. coli penetration ratio between precocial and altricial birds’ eggs is

indicated by an asterisk (�).

https://doi.org/10.1371/journal.pone.0220054.g008
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Most altricial birds perch on trees, while most precocial birds nest on the ground. More-

over, altricial mothers, such as Passeriformes and Columbiformes, are generally so careful in

hatching eggs that they use their feathers or the epidermal layer of their brood patches to inoc-

ulate shells with antibiotic agents, reducing the possibility of microbial infection [29,30,31,32],

while precocial birds like Anseriformes always hatch in muddy places where the eggs are at

high risk of being contaminated by pathogenic microorganism. According to the theory of

evolution, after a long time of natural selection, the cuticle quality of altricial bird eggs seems

to be getting worse and some even lack cuticle deposition on the eggshell surface. Certainly,

this hypothesis needs to be verified with more eggs from different bird species along with an

evolutionary genomics analysis.

Absence of a cuticle layer on the eggshell surface totally exposes the pores (Fig 3), which

would increase the possibility of microbe contamination [7,18], leading to higher E. coli con-

tamination rates in altricial bird eggs. Budgerigar, munia, canary, and pigeon eggs all lack cuti-

cle deposition on the eggshell; however, eggs of the former three species had a far lower

penetration ratio than pigeon eggs. The results can be explained by the relationship between

pore diameter and average bacteria size. The average diameter of spherical bacteria is 0.5 to

2.0 μm [33,34], and rod-shaped or filamentous bacteria are 1–10 μm long, with diameters of

0.25 to 1.0 μm [35]. Pore diameters for budgerigar, munia, and canary ranged from 0.57 to

1.22 μm (Table 1). Bacteria have more difficulty in penetrating through the eggshell if the pore

diameter is quite close to or even smaller than their size, implying low contamination. In other

words, when the eggs’ pore diameter or single pore area is quite close to or even smaller than

the size of bacteria, it could be an effective protection against bacterial trans-shell penetration.

A large pore diameter on eggshell would make bacteria penetrate more easily. This is why

goose eggs, with a large pore area, have a higher bacterial penetration ratio than quail and tur-

key eggs despite the high cuticle opacity of goose eggshell.

Ostrich eggs, with large pore diameter and large pore area, have a quite high contamination

rate in this study. However, in natural habitats, the ostrich’s bacterial contamination risk is not

so high [36]. This can be attributed to the low ambient humidity and high ambient tempera-

ture in the ostrich habitat, which is not conducive to bacterial reproduction [37,38]. Addition-

ally, the thick ostrich eggshell (almost 2 mm) may be an effective physical barrier against

trans-shell bacterial contamination [15,19]. A thick eggshell indicates a long trans-shell dis-

tance (Fig 3), which can increase the difficulty and penetration time for bacterial trans-shell

invasion.

Pigeon eggs, which lack cuticle and have a large pore diameter, exhibited the largest E. coli
penetration ratio among all tested eggs, and 86.67% of pigeon eggs were severely contaminated

in this study. Egg antibacterial behavior is usually achieved through a very complex mecha-

nism. Embryo protection is not only ensured in the first place by a physical barrier, the shell,

but also by a complex system of chemical defenses including antibodies and a variety of anti-

microbial proteins in egg albumen and the eggshell membrane. Our team’s previous research

found that pigeon egg albumen contained higher concentrations of lysozyme C, ovalbumin,

ovotransferrin, and heptoglobin than quail, turkey, duck and goose eggs [39]. Lysozyme, oval-

bumin, and ovotransferrin play an important role in antimicrobial activity [40,41,42]. Hepto-

globin, a natural bacteriostat [43,44], was found only in pigeon eggs, not in any other avian

eggs [39].

In this study, the eggshell’s antibacterial effectivity in precocial and altricial birds was inves-

tigated. As discussed above, we can argue why altricial bird’s eggs have higher E. coli contami-

nation rates than precocial bird’s eggs in this study. First, and most importantly, altricial birds’

eggs lack the protection of cuticle. Furthermore, the lack of cuticle leaves the pores of altricial

birds’ eggs open on the eggshell surface, increasing the risk of trans-shell invasion by microbes.
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In addition, their thin eggshell might be another reason for the high contamination rate in

altricial birds’ eggs.

Conclusion

This comparative study measured the eggshell antibacterial effectivity in six precocial and four

altricial birds’ eggs by focusing on morphological features (cuticle quality, pore density, pore

diameter, and eggshell thickness). It was found that the cuticle can be an effective barrier

against bacterial penetration. Precocial birds’ eggs with the protection of cuticle had lower E.

coli penetration rates than altricial birds’ eggs with no cuticle layer on the eggshell. The evolu-

tion of cuticle may be related to the environment/selective pressure. Besides cuticle quality, the

pore diameter plays an important role in the antimicrobial process of bird eggs as well. The

results in this study provide insight into the eggshell antibacterial effectivity in precocial and

altricial birds’ eggs, and can be a reference for antibacterial studies in eggs of various bird spe-

cies in the future.

Acknowledgments

We gratefully acknowledge our colleagues at the College of Animal Science and Technology of

China Agricultural University for their assistance with sample egg collection. We would also

like to thank Editage for English language editing.

Author Contributions

Data curation: Xia Chen, Xingzheng Li.

Formal analysis: Jiangxia Zheng.

Funding acquisition: Ning Yang, Jiangxia Zheng.

Investigation: Xia Chen.

Resources: Zhuocheng Hou, Guiyun Xu.

Supervision: Jiangxia Zheng.

Validation: Zhaoxiang He, Ning Yang.

Visualization: Ning Yang, Jiangxia Zheng.

Writing – original draft: Xia Chen.

Writing – review & editing: Xia Chen.

References
1. Musgrove MT (2011) 1—Microbiology and safety of table eggs. In: Van Immerseel F, Nys Y, Bain M,

^editors. Improving the Safety and Quality of Eggs and Egg Products: Woodhead Publishing. pp. 3–33.

2. Kristine P. Announcing (2018) 200 million eggs recalled after nearly two dozen were sickened with sal-

monella, officials say. The Washington Post. [Cited 17 January 2018]. In The Washington Post Blogs

[internet]. Available from: https://www.washingtonpost.com/news/business/wp/2018/04/15/200-million-

eggs-recalled-after-nearly-two-dozen-were-sickened-with-salmonella-officials-say/?utm_term=.

e3f8c19f3207.

3. Gole VC, Roberts JR, Sexton M, May D, Kiermeier A, Chousalkar KK (2014) Effect of egg washing and

correlation between cuticle and egg penetration by various Salmonella strains. Int J Food Microbiol

182–183: 18–25. https://doi.org/10.1016/j.ijfoodmicro.2014.04.030 PMID: 24859187

4. Wilson PW, Suther CS, Bain MM, Icken W, Jones A, Quinlan-Pluck F, et al. (2017) Understanding

avian egg cuticle formation in the oviduct: a study of its origin and deposition. Biol Reprod 97: 39–49.

https://doi.org/10.1093/biolre/iox070 PMID: 28859284

Eggshell antibacterial effectivity of birds

PLOS ONE | https://doi.org/10.1371/journal.pone.0220054 July 24, 2019 14 / 16

https://www.washingtonpost.com/news/business/wp/2018/04/15/200-million-eggs-recalled-after-nearly-two-dozen-were-sickened-with-salmonella-officials-say/?utm_term=.e3f8c19f3207
https://www.washingtonpost.com/news/business/wp/2018/04/15/200-million-eggs-recalled-after-nearly-two-dozen-were-sickened-with-salmonella-officials-say/?utm_term=.e3f8c19f3207
https://www.washingtonpost.com/news/business/wp/2018/04/15/200-million-eggs-recalled-after-nearly-two-dozen-were-sickened-with-salmonella-officials-say/?utm_term=.e3f8c19f3207
https://doi.org/10.1016/j.ijfoodmicro.2014.04.030
http://www.ncbi.nlm.nih.gov/pubmed/24859187
https://doi.org/10.1093/biolre/iox070
http://www.ncbi.nlm.nih.gov/pubmed/28859284
https://doi.org/10.1371/journal.pone.0220054


5. Board RG, Halls NA (1973) The cuticle: a barrier to liquid and particle penetration of the shell of the

hen’s egg. Br Poult Sci 14: 69–97.

6. Bain MM, Mcdade K, Burchmore R, Law A, Wilson PW, Schmutz M, et al. (2013) Enhancing the egg’s

natural defence against bacterial penetration by increasing cuticle deposition. Anim Genet 44: 661–

668. https://doi.org/10.1111/age.12071 PMID: 23837723

7. Sparks NHC, Board RG (1984) Cuticle, shell porosity and water uptake through hens’ eggshells. Br

Poult Sci 25: 267–276.

8. Wellman-Labadie O, Picman J, Hincke MT (2008) Antimicrobial activity of the Anseriform outer eggshell

and cuticle. Comp Biochem Physiol B Biochem Mol Biol 149: 640–649. https://doi.org/10.1016/j.cbpb.

2008.01.001 PMID: 18289902

9. Wellman-Labadie O, Lakshminarayanan R, Hincke MT (2008) Antimicrobial properties of avian egg-

shell-specific C-type lectin-like proteins. Febs Lett 582: 699–704. https://doi.org/10.1016/j.febslet.

2008.01.043 PMID: 18258195

10. Rose-Martel M, Du J, Hincke MT (2012) Proteomic analysis provides new insight into the chicken egg-

shell cuticle. J Proteomics 75: 2697–2706. PMID: 22708129

11. D’Alba L, Jones DN, Badawy HT, Eliason CM, Shawkey MD (2014) Antimicrobial properties of a nano-

structured eggshell from a compost-nesting bird. J Exp Biol 217: 1116–1121. https://doi.org/10.1242/

jeb.098343 PMID: 24311808

12. Rahman MA, Moriyama A, Iwasawa A, Yoshizaki N (2009) Cuticle formation in quail eggs. Zoolog Sci

26: 496–499. https://doi.org/10.2108/zsj.26.496 PMID: 19663645

13. Kusuda S, Iwasawa A, Doi O, Ohya Y, Yoshizaki N (2011) Diversity of the cuticle layer of avian egg-

shells. J Poult Sci 48: 119–124.

14. Leleu S, Messens W, De Reu K, De Preter S, Herman L, et al. (2011) Effect of egg washing on the cuti-

cle quality of brown and white table eggs. J Food Prot 74: 1649–1654. https://doi.org/10.4315/0362-

028X.JFP-11-013 PMID: 22004811

15. Chen X, Li X, Guo Y, Li W, Song J, Xu G, et al. (2019) Impact of cuticle quality and eggshell thickness

on egg antibacterial efficiency. Poult Sci 98: 940–948. https://doi.org/10.3382/ps/pey369 PMID:

30137530

16. Board RG (1974) Microstructure, water resistance and water repellency of the pigeon eggshell. Br Poult

Sci 15: 415–419. https://doi.org/10.1080/00071667408416126 PMID: 4414675

17. Fecheyr-Lippens DC, Igic B, D’Alba L, Hanley D, Verdes A, Holford M, et al. (2015) The cuticle modu-

lates ultraviolet reflectance of avian eggshells. Biol Open 4: 753–759. https://doi.org/10.1242/bio.

012211 PMID: 25964661

18. Kulshreshtha G, Rodriguez-Navarro A, Sanchez-Rodriguez E, Diep T, Hincke MT (2018) Cuticle and

pore plug properties in the table egg. Poult Sci 97: 1382–1390. https://doi.org/10.3382/ps/pex409

PMID: 29340658

19. Sauter EA, Petersen CF (1974) The effect of eggshell quality on penetration by various salmonellae.

Poult sci 53: 2159. https://doi.org/10.3382/ps.0532159 PMID: 4618346

20. De Reu K, Grijspeerdt K, Messens W, Heyndrickx M, Uyttendaele M, Debevere J, et al. (2006) Eggshell

factors influencing eggshell penetration and whole egg contamination by different bacteria, including

Salmonella enteritidis. Int J Food Microbiol 112: 253–260. https://doi.org/10.1016/j.ijfoodmicro.2006.

04.011 PMID: 16822571

21. Tullett SG, Board RG (1977) Determinants of avian eggshell porosity. J Zoology 183: 203–211.

22. Soliman FN, Rizk RE, Brake J (1994) Relationship between shell porosity, shell thickness, egg weight

loss, and embryonic development in Japanese quail eggs. Poult Sci 73: 1607. https://doi.org/10.3382/

ps.0731607 PMID: 7816736

23. Roberts JR, Chousalkar K, Samiullah (2013) Egg quality and age of laying hens: implications for product

safety. Anim Product Sci 53: 1291.

24. Gole VC, Chousalkar KK, Roberts JR, Sexton M, May D, Tan Jessica, et al. (2014) Effect of egg wash-

ing and correlation between eggshell characteristics and egg penetration by various Salmonella Typhi-

murium strains. PLoS ONE 9: e90987. https://doi.org/10.1371/journal.pone.0090987 PMID: 24621821

25. Li W, Chen X, Yuan Z, Yu Y, Wu G, Shi FY, et al. (2018) Genetic characterization of cuticle and its asso-

ciation with eggshell quality traits. Chinese Journal of Animal & Veterinary Sciences.

26. D’Alba L, Maia R, Hauber ME, Shawkey MD (2016) The evolution of eggshell cuticle in relation to nest-

ing ecology. Proc Biol Sci 283: 20160687. https://doi.org/10.1098/rspb.2016.0687 PMID: 27488648
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31. Dubiec A, Góźdź I, Mazgajski TD (2013) Green plant material in avian nests. Avian Biol Res 6: 133–

146.
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