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Executive Summary 
 
Eggs are periodically implicated in cases of food borne illness.  This project examined the 
relationship between egg quality and food safety.  Shell quality generally declines with 
increasing flock age and this was illustrated in the findings of Chapter 3 for traditional 
measures of egg shell quality as well as for egg shell ultrastructure.  However, translucency 
did not vary consistently with increasing flock age and cuticle cover was not significantly 
different among flock age groups.  Microbiological studies of eggs from the same flocks 
(Chapter 4) found that there were no significant differences among flock ages for total 
Enterobacteriaceae on the shell surface or in shell pores.  Salmonella was found on 4.51% 
of egg shells and the most common serovar was Salmonella Infantis.  Chapter 5 reports on a 
study on the incidence of antibodies for Mycoplasma synoviae (MS) in the egg yolk of eggs 
collected from commercial farms.  There was a correlation between MS serological status 
and the egg quality variables of translucency, shell breaking strength, shell reflectivity and 
shell deformation but no correlation for egg weight, shell weight, percentage shell or shell 
thickness.  The potential for egg washing to affect the cuticle and thereby the ability of 
bacteria to penetrate the eggshell was investigated in Chapter 6, using Salmonella Infantis.  
A higher incidence of bacterial penetration was associated with a higher incidence of shell 
ultrastructural features associated with poorer quality shells such as late fusion, type B 
bodies, type A bodies, poor cap quality, alignment, depression, erosion and cubics.  
However, although egg washing reduced the quality of cuticle cover, it did not significantly 
influence the incidence of bacterial penetration of the egg shells.  This aspect of the project 
was investigated in more detail in the studies presented in Chapter 7 which used a range of 
phage types of Salmonella Typhimurium.  All phage types of S. Typhimurium were able to 

penetrate eggshells and survive in egg albumen at 20C.  Polymerase chain reaction results 
showed that the incidence of penetration was higher for washed than for unwashed eggs.  
Again, a correlation was found between bacterial penetration and the incidence of 
unfavourable shell ultrastructural features.  Egg washing was also shown to cause damage 
to the cuticle.  The results of a small study conducted, using Salmonella Agona (Chapter 8), 
found that S. Agona could penetrate the eggshell but that there were no consistent 
differences between washed and unwashed eggs.  A small study investigated the incidence 
of microcracks before and after commercial egg processing (Chapter 9).  There was no 
difference in the incidence of translucency before and after processing.  However, the 
incidence of microcracks following processing was significantly lower than prior to 
processing, suggesting that the commercial crack detection equipment was identifying a 
significant proportion of the eggs with microcracks.  Chapter 10 reports on a study which 
compared eggs from one cage production system and one free range production system, at 
different ages of the flocks.  As was reported in Chapter 3, there were age effects on shell 
quality measurements.  Translucency score and shell reflectivity (shell colour lightness) were 
higher for the free range flock whereas egg weight, shell weight, percentage shell and shell 
thickness were higher for the cage flock.  Shell ultrastructure was generally better for the 
cage flock.  Although the overall bacterial load on the eggshells was low in this study, it was 
generally lower for the cage flock than for the free range flock.  Concerns about a possible 
relationship between the incidence of shell translucency and the ease with which bacteria 
are able to penetrate eggshells led to a more detailed study of the underlying causes of shell 
translucency.  Chapter 11 reports on the use of computer tomography to better study the 
shell structure, particularly the shell pores, of eggs with different translucency scores.  These 
studies indicated that a higher score for translucency was correlated with a higher incidence 
of pores that branched towards the outside of the eggshell. 
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Chapter 1:  Introduction 
 
The eggs produced in Australia are of very high quality.  However, it is widely recognised 
that bacteria such as Salmonella are a potential threat to the egg industry so the industry 
needs to be vigilant in monitoring the presence of these bacteria on or in eggs.  Although 
there is the potential for vertical transmission of bacteria (as has been shown to occur for 
Salmonella Enteritidis and Mycoplasma synoviae - MS), it is generally accepted that 
horizontal transmission is the most likely source of contamination of shell eggs with most 
bacteria.  MS was not detected in eggs from commercial laying hens during a previous 
Poultry CRC project (CRC Strategic Project 09-01-UNE).  However, that project detected 
Mycoplasma in turkey eggs from a flock which was known to be positive for Mycoplasma.  
As MS has been associated with eggshell defects (Feberwee et al., 2009 a,b), it is essential 
to establish whether or not this organism can be detected from egg contents.  It is difficult for 
bacteria to move across an intact good quality egg shell. However, earlier reports indicate 
that small defects in the egg shell may provide the means for the predominant bacterial 
species on the egg shell to penetrate the egg shell and move into the egg contents (De Reu 
et al., 2006).  

The internal properties of eggs favour survival and growth of contaminating 
organisms which are Gram-negative (E. coli and Salmonella are Gram negative bacteria). 
Gram negative bacteria have a relatively simple nutritional requirement and have the ability 
to develop at low temperatures (Board and Tranter, 1995). To the egg industry, a good 
quality egg means the provision of an egg acceptable to the consumer. Egg shell quality can 
be influenced by many factors including age, strain of hen, temperature, disease (Roberts, 
2004). Integrity of eggs and egg shells is very important for both egg producers and 
consumers. Translucent eggs and microcracks were observed during egg quality analysis of 
eggs collected from various farms across Australia during a previous AECL Project (AECL 
UNE-86). The role of the phenomenon known as “translucency”, and the presence of 
microcracks, in reducing egg shell strength required further definition. Also, the factors which 
are responsible for the formation of translucent eggs are not clear. A Dutch strain of M. 
synoviae has been found to be one of the factors responsible for formation of translucent 
eggs (Feberwee et al., 2009 a,b). However, there was little information about the effects of 
Australian strains of M. synoviae on the oviduct and the potential formation of translucent 
egg shells or egg shells with apical abnormalities. 

The extent to which the cuticle of the egg shell covers the surface of the egg is 
important as the cuticle represents the first line of defence for the egg.  It was not clear to 
what extent shell defects such as translucency, microcracks and poor cuticular covering 
increase the likelihood that bacteria on the outside of the shell will move into the egg 
contents. Preliminary studies conducted during CRC Strategic Project 09-01-UNE showed 
that egg shell translucency can potentiate the entry of microorganisms such as 
Staphylococcus aureus, E. coli and Salmonella Infantis into eggs at room temperature.  It 
was observed that egg processing facilities, whether they use visual candling or electronic 
inspection and crack detection, allow through eggs with some small cracks (it would not be 
economically realistic to do otherwise) and the risk that such eggs pose to product safety is 
uncertain.  According to Bain et al. (2006), microcracks are difficult to detect through the 
electronic crack detection system and eggs in retail outlets are likely to have micro cracks as 
a result of handling during collection, grading or packing. One of the strategies to minimize 
egg shell contamination is washing of eggs. However, the effects of washing on the egg 
shell cuticle, especially for eggs that contain microcracks, needs to be explored. The project 
documented the incidence of translucency and microcracks in egg shells.  It also evaluated 
the extent to which these features and an incomplete cuticle increase the likelihood of 
bacteria penetrating the egg shell.  This project was conducted in collaboration with that of 
Dr Margaret Sexton and colleagues (Sub-Project 3.2.1). 
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Objectives 
 
The objectives of this Sub-Project, stated in the original application, were to: 
 

 Elucidate the correlation between egg shell translucency, shell strength and product 
safety in laying hens. 
 

 Determine the relationship between egg shell translucency and the occurrence of 
microcracks in the eggs of commercial laying hens. 
 

 Determine the effect of egg shell translucency, the presence of microcracks, the 
quality of the shell cuticle and egg shell thickness on the ability of bacteria such as 
Salmonella and E. coli to penetrate the egg shell 
 

 Determine the correlation between strain of hen, stage of lay and bacterial load on 
the eggshell surface and in the egg contents 
 

 Sample flocks for the presence of food-borne pathogens, where problems are 
identified in eggs from these flocks 
 

 Determine the role of egg washing in bacterial penetration of eggs. 
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Chapter 2:  Methodology 
 
This section outlines methodology that is common to more than one of the experimental 
chapters. 
 

Traditional measurements of egg quality 

 
Eggs were scored for translucency (0 lowest – 5 highest) using an egg candler and analysed 
for traditional egg shell quality measurements:  shell colour by reflectivity, egg weight, egg 
shell breaking strength by quasi-static compression, shell deformation to breaking point and 
shell weight (egg quality equipment, Technical Services and Supplies, U.K.).  Shell thickness 
was measured using a custom-made gauge based on a Mitutoyo Dial Comparator gauge 
Model 2109-10.   Percentage shell was calculated from shell weight and egg weight.  Egg 
internal quality was measured as albumen height, Haugh Units and yolk colour (TSS 
equipment). 
 

Evaluation of eggshell cuticle cover using cuticle blue dye 
 
Shell colour was measured by the L*a*b* colour system using a Konica Minolta 
spectrophotometer Model CM-2600d.  “L*” has a maximum of 100 (white) and a minimum of 
0 (black).  For “a*”, green is towards the negative end of the scale and red towards the 
positive end. For “b*”, blue is towards the negative end and yellow towards the positive end 
of the scale.  Shell reflectivity (%) was also measured with a shell reflectivity meter 
(Technical Services and Supply, U.K.).  Eggs were then soaked in MST cuticle blue dye for 1 
minute, rinsed in distilled water to remove excess stain and allowed to dry in air.  Shell 
colour (L*a*b*) and shell reflectivity were measured on the stained eggs.  A single score was 

calculated after the method of Leleu et al. (2011) as:   E*ab  =   [(L*)2  +  (a*)2  +  (b*)2]. 
 

Evaluation of eggshell cuticle cover using scanning electron 
microscopy 
 
Eggs were stained with cuticle blue dye and egg internal contents were removed by making 
a small hole at the blunt end of the egg using a Dremel High Speed rotary tool, 300 series.  
The inner shell walls were then rinsed with tap water to remove the adherent albumen, 
taking care not to wash off any cuticle stain.  Small pieces of shell (1 cm2) were cut out, 
mounted on aluminium stubs (0.9 cm diameter) using conductive silver paint (1005 aqueous 
conductive silver liquid-SEM adhesive, ProSciTech, Australia) and photographed under a 
dissecting microscope with attached camera.  The same pieces of shell were then gold 
sputter coated in a Jeol MP-19020NCTR Neocoater and viewed and photographed under a 
Jeol JCM-5000 Neoscope benchtop scanning electron microscope 
 

Scoring of ultrastructural features of the mammillary layer 
 
Eggs were scored for the extent of translucency, photographed individually on a candling 
box, and processed for viewing of the ultrastructure of the mammillary layer.  Small pieces of 
shell (1 cm2) were cut from the equator of the egg shell, soaked overnight in distilled water 
and the shell membranes removed.  The samples were then dried thoroughly and placed in 
a Biorad PT7 150 Plasma Asher for 4 hours to remove any remaining shell membrane (Reid, 
1983).  Samples were then mounted on aluminium stubs using conductive silver paint (1005 
aqueous conductive silver liquid-SEM adhesive, ProSciTech, Australia), gold sputter coated 
in a Jeol MP-19020NCTR Neocoater and viewed under a Jeol JCM-5000 Neoscope desktop 
scanning electron microscope.  Each sample was scored for ultrastructural features as 
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described by Solomon (1991).  Mammillary cap size was scored as 1 (similar), 2 (variable), 3 
(highly variable).  Mammillary caps were scored according to their quality which was 
assessed as both the size of the cap in relation to its cone and the degree of membrane 
attachment, from best (1) to worst (5).  Alignment, changed membrane (membrane not 
removed by plasma ashing), cubic cone formations, confluence, cuffing, early fusion, late 
fusion, depression, erosion, hole, type A bodies, type B bodies, aragonite and cubics were 
each ranked for incidence from 1 (none) to 4 (extensive). 
 

Enumeration of Enterobacteriaceae from eggs  
 
Visually clean eggs were processed for isolation of bacteria from the egg shell surface, egg 
shell crush and internal contents. Eggs were candled to ensure they were intact eggs without 
cracks.  
 

Egg shell surface wash 
Six pooled eggs were placed in 60 mL of sterile phosphate buffered saline (PBS, pH 7.4)  in 
Whirl-Pak bags and rinsed by shaking for 2 mins. Before rinsing, PBS was warmed to 42°C 
to facilitate bacterial recovery. After a rinse sample was obtained, each egg was removed 
and transferred to a different sterile bag. Rinsates and intact eggs were then stored at 4°C 
overnight if required.  A 100 µL of the PBS rinsate was plated onto each of nutrient agar, 
MacConkey and Violet Red Bile Glucose Agar (VRBGA) (Oxoid, Australia) to enumerate 
total bacterial count and Enterobacteriaceae counts, respectively. From the same rinsate, 1 
mL was transferred to 4 mL of buffered peptone water (Oxoid, Australia) for Salmonella 
isolation. Plates and buffered peptone water were incubated at 37°C overnight. After 
incubation, colonies on the plates were counted. Salmonella were not enumerated 
separately from total bacterial count and Enterobacteriaceae counts. 
 

Shell crush methodology 
For the isolation of bacteria from egg shell pores, egg shells were processed as described 
by Musgrove et al. (2005a,b). Briefly, after egg shell surface processing, each egg shell 
surface was dipped into 70% alcohol for 1 min to kill any bacteria on the outside of the shell 
and was allowed to air dry in a biosafety cabinet. The eggs were cracked open into a sterile 
container. The inside of the egg shells was then washed with sterile phosphate buffered 
saline to remove the adhering egg albumen because of the antimicrobial activity of albumen. 
Shell and shell membranes of six pooled egg samples were transferred into a sterile bag 
(Nasco Whirl Pak Bags, USA) and crushed in order to expose all the shell. To each bag, 60 
mL of buffered peptone water was added. The bag was incubated at 37°C overnight for 
further processing.  The shell crush was processed for bacterial enumeration in the same 
way used for shell wash. 
 

Egg internal contents 
The egg internal contents collected in the sterile containers were thoroughly mixed and 1 mL 
of egg internal content was inoculated with 4 mL of either buffered peptone water (BPW) 
mixed thoroughly and incubated at 37°C. A 0.1 mL sample of the incubated BPW 
enrichment was inoculated into each of the MacConkey and VRBGA plates. The plates were 
incubated at 37°C overnight. After incubation, all the plates were examined for the growth of 
bacterial colonies. 
 

Identification of bacteria  
 

Isolation and identification of Salmonella spp. 
The isolation of Salmonella was carried as described earlier by Cox et al. (2002). To isolate 
Salmonella spp., the inoculated buffered peptone water (from shell surface, shell crush and 
egg internal contents) was incubated at 37°C overnight and 100 µL of this sample was 
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inoculated into Rappaport Vasidalis (RV) broth (Oxoid, Australia) which was then incubated 
at 42 °C for 24 h. A loopful of the same sample was streaked on Xylose lysine deoxycholate 
agar (XLD; Oxoid Australia) and Bismuth Sulphite agar (BSA; Oxoid, Australia) plates. 
Individual bacterial colonies were selected and subjected to Gram staining. Presumptive 
Salmonella colonies from BSA or XLD agar were selected and used to stab inoculate Triple 
Sugar iron agar slopes (TSI; Oxoid, Australia). After incubation at 37°C, the inoculated TSI 
slopes were examined at intervals of 24 h up to 72 h, for typical Salmonella reactions. The 
presumptive Salmonella colonies were also tested by slide agglutination reaction using Poly 
O and Poly H antigens (BD, Australia) Slopes of isolates were sent to the Institute of Medical 
and Veterinary Sciences (IMVS), Adelaide, Australia for Salmonella confirmation.  
 

Characterisation of Enterobacteriaceae 
The colonies of Enterobacteriaceae were selected and characterised using API© strips 
(Biomerieux, Australia). Strips were inoculated, handled as per the manufacturer’s 
instructions and reactions were recorded using API webplus software (Biomerieux, 
Australia). 
 

Egg penetration of washed and unwashed eggs 
 
Egg washing 
The egg washing process used in these studies involved the stages of pre-washing, washing 
with the aid of a surfactant/cleaner, sanitizing and drying. A laboratory based washer which 
could hold 15 eggs in three rows of five rotating rollers was used for the physical mechanics 
of the egg washing. Washing was performed using a hydroxide and hypochlorite based 
solution at the concentration of 0.45% (v/v) which equates to a pH of ~12 and ~200 ppm 

hypochlorite in the working solution at 40C. Washing was followed by a compatible sanitizer 
(at a concentration of 0.16% (v/v)) which equated to ~200 ppm hypochlorite in the working 

solution at 32C. Eggs were washed and sanitized for 46 and 22 seconds respectively. The 
pressure of the spray was 3 psi without brushes.  Eggs were left on the bench for 15 minutes 
to dry and used for further experiments. 

 
Inoculum preparation 
Salmonella isolates (of different serovars and phage types), stored at -80C in 80% glycerol 
were plated on xylose lysine deoxycholate (XLD) agar (Oxoid, Australia) and incubated 
overnight at 37°C. Colonies were selected from XLD agar and resuspended in phosphate 
buffered saline (PBS) to match the turbidity equivalent with a 0.5 McFarland standard 
(BioMerieux, Australia). Enumeration of viable bacteria was performed by serial dilution and 

spread plating on XLD agar, and incubated overnight at 37C. Following enumeration, 200 
mL inocula containing 103 and 105 colony forming units (CFU) per mL were prepared for 
each serovar. Agar filled eggs and whole eggs were immersed for 90 sec in one of three 
dilutions: PBS (control), ~103, and ~105 CFU/ mL Salmonella inocula. 

 
Agar method for assessment of the eggshell penetration 
The effects of washing, translucency, and eggshell quality on the bacterial penetration of the 
eggshell were assessed by the ‘agar egg’ method as described by De Reu et al. (2006).  
Fresh eggs were obtained from the cage front of layers. All eggs were candled, scored for 
translucency, and divided into two translucency groups based on candling score; where 1 = 
low translucency, and 2 = high translucency. For scoring translucency, a quantitative 
approach was used where a 1 cm2 area of eggshell was marked and numbers of lighter 
coloured spots on the eggshell (as viewed over a light source) were counted. Eggshells with 
fewer than 10 spots/cm2 were considered of low translucency. Eggs from each group were 
then allocated to washed and unwashed groups and subsequently allocated to inoculated 
and control groups.  Each egg was dipped into 70% ethanol for 30 sec for sterilization of the 
egg shell surface and aseptically air dried for 10-15 min. 
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The internal contents of each egg were removed using an 18 g needle (BD, 
Australia) at the blunt end of the egg.   Eggs were also washed internally with sterile PBS 
(pH 7.2) to remove residual albumen. Eggs were then filled with XLD agar and sealed after 
the agar solidified. Agar-filled eggs from each treatment group (washed and unwashed) were 
immersed for 90 sec in approximately 105 CFU/mL solution of Salmonella. Eggs from the 
control groups (washed and unwashed) were immersed in sterile PBS for 90 sec. After 

inoculation, agar-filled eggs were incubated at 20C for 21 days. After incubation, the eggs 
were aseptically opened and the penetration of Salmonella spp. was assessed by the 
blackening of the interior egg shell.  

 
Whole egg penetration experiments 
The effects of egg washing on Salmonella survival on the eggshell surface and penetration 
across the eggshell, as well as the survival of Salmonella in the internal contents of the egg, 
were investigated using a ‘whole egg penetration’ approach. Eggs were divided into two 
groups: washed (n=30) and unwashed (n=60). Washed eggs were divided into one control 
(PBS) and two treatment groups (103 and 105 CFU/mL) with 10 eggs each. All the washed 

eggs were incubated at 20C after exposure to Salmonella or the sham PBS treatment. 
Unwashed eggs were divided into two groups of eggs. Group 1 was further divided into one 
control and two treatment groups (103 and 105 CFU/mL) of 10 eggs each. Eggs from group 1 
were incubated at 20°C after exposure to Salmonella or the sham PBS treatment. Group 2 
was also divided into one control and two treatment groups (103 and 105 CFU/mL) of 10 

eggs each. These unwashed eggs were incubated at 37C.  The reason that only unwashed 

eggs were incubated at 37C is that washed eggs are not used for hatching purposes in 
Australia.  Each egg was dipped into 70% ethanol for 30 sec to sterilize the outer shell and 
allowed to air dry in a biosafety cabinet for 10-15 min. Eggs were then immersed for 90 sec 

in 103 CFU/mL or 105 CFU/mL of Salmonella. After inoculation, eggs were incubated at 20C 

or 37C for 21 days.  
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Chapter 3:  Egg quality and age of laying hens: 
implications for product safety 
 
Abstract 
 
The hen’s egg is a highly nutritious food source which is generally safe from microbiological 
contamination owing to a number of innate antimicrobiological properties.  However, defects 
in the egg shell have the potential to increase the probability of bacterial entry into the egg.  
This study investigated two aspects of shell quality which have the potential to influence the 
food safety of table eggs:  eggshell translucency and the integrity of the cuticle covering the 
outside of the egg, in relation to the age of a flock.  Eggs were collected from commercial 
caged layer flocks in early, mid, late and very late lay. Eggs were candled and scored for 
translucency. Cuticle cover was estimated using MST Cuticle Stain and a Konica Minolta 
hand-held spectrophotometer.  Traditional measures of egg quality were determined using 
specialised equipment (TSS, U.K.)  Shell ultrastructural features were scored following 
plasma ashing of shell samples and viewing under a benchtop scanning electron 
microscope. Translucency score was significantly higher in late lay than for all other age 
groups.  Shell quality declined with increasing flock age.  However, the extent of cuticle 
cover on the egg shell was not significantly different among flock age groups.   The 
incidence of shell ultrastructural features associated with good quality shells was lower for 
older flocks and incidence of ultrastructural features associated with poorer quality shells 
was higher for older flocks.  Translucency score had a low correlation with the ultrastructural 
features of the mammillary layer. 

 

Introduction 
 
Eggs produced in Australia are considered medium to low risk for food borne illness. 
However, the egg industry in Australia is periodically implicated in cases of food poisoning 
(OzFoodNet Working Group, 2009). It is difficult for bacteria to move across an intact good 
quality egg shell. However, small defects in the egg shell may provide means for bacteria on 
the egg shell to penetrate the shell and move into the egg contents (Messens et al., 2005b; 
De Reu et al., 2006).  The importance of the cuticle as a barrier against water loss and 
bacterial ingress into the egg has been discussed by a number of authors (Sparks and 
Board, 1984) and it has also been suggested that egg shell translucency may facilitate 
bacterial penetration (Chousalkar et al., 2010). In the present study, unwashed eggs 
collected directly from the cage front were scored for translucency and tested for egg quality 
measurements. Egg shells were stained for estimation of cuticle deposition and the 
ultrastructural characteristics of the mammillary layer of the eggshell were scored and 
related to the translucency scores. 
 

Materials and methods 
 
Eggs were collected from commercial flocks in different stages of lay:  early (<25-40 wks – 
10 flocks), mid (41-55 wks – 10 flocks), late (56-65 wks – 6 flocks) and very late (>65 wks – 
8 flocks).  

Ninety eggs were used for measurements of egg quality which were conducted in the 
Egg Quality Laboratory at the University of New England, Australia.  Thirty eggs were 
analysed for traditional measures of egg quality as described in Chapter 2. 

Thirty eggs were stained with MST cuticle blue stain and the cuticle colour measured 
as described in Chapter 2.  The difference between the reading before and after staining 
was measured for 24 out of the total of 34 flocks (6 early, 7 mid, 4 late and 7 very late lay 
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flocks).  A single score was calculated after the method of Leleu et al. (2011) as:   E*ab  =   

[(L*)2  +  (a*)2  +  (b*)2]. 
The remaining thirty eggs were scored for the extent of translucency, photographed 

individually on a candling box, and processed for viewing of the ultrastructure of the 
mammillary layer as described in Chapter 2.   

To verify the suitability of MST cuticle blue stain as an indicator of the presence and 
extent of cuticle, 90 eggs (30 from each of 3 flocks aged 33, 50 and 67 weeks) were 
processed as described in Chapter 2.    

 

Results 
 
Egg quality 
All egg shell quality measurements varied significantly among age categories (Table 1).  
Translucency score was significantly higher in late lay than for all other age groups.  Shell 
reflectivity increased (shells became lighter in colour) from early to late lay, although late and 
very late lay were not significantly different from each other.  Egg weight increased from 
early to mid lay, remained relatively constant into late lay and then increased again from late 
to very late lay.  Shell breaking strength decreased with flock age although late and very late 
lay were not significantly different from each other.  Shell deformation to breaking point 
decreased from early to mid lay but then remained relatively constant.  Shell weight 
increased from early to mid lay before decreasing in late lay and then increasing in very late 
lay to levels not different from mid lay.  Percentage shell was higher at early and mid lay 
than for late and very late lay.  Shell thickness increased from early to mid lay, decreased in 
late lay to values significantly different lower than all other age groups and then increased in 
very late lay to values not significantly different from early and mid lay. 

Egg internal quality, as measured by albumen height and Haugh Unit, decreased 
consistently with increasing flock age (Table 1), with each age group being statistically 
significantly different from the others.   However, there were no significant differences among 
age categories for yolk colour score. 

 

Shell Cuticle Cover 
The spectrophotometric measurements of shells with stained cuticle indicated that the value 
for “L*” increased from early to mid lay, remained constant to late lay before increasing again 
in very late lay (Table 2).  The value for “a*” was not significantly different among age 
categories and the coefficient of variation was very high for all age categories.  The value for 
“b*” was similar for early, mid and late lay and then decreased for the very late lay group.  
The difference in “L*” values before and after staining was significantly higher for early and 
very late lay than for mid and late lay.  The difference in “a*” before and after staining was 
highest in mid and late lay and lowest in very late lay, with early lay intermediate.  The 
difference in “b*” before and after staining was highest in mid and late lay and lowest in early 
lay, with very late lay intermediate.  There was no significant difference among age 
categories for the single score value which was calculated after the method of Leleu et al. 
(2011). 

 

Egg shell ultrastructure 
For the eggs studied for shell mammillary layer ultrastructure, there were no statistically 
significant differences among age categories for translucency score (measured 7 days after 
the egg was laid by the hen), as shown in Table 3.  However, there were statistically 
significant effects of age category on some of the ultrastructural scores.  Cap size variability 
was lower in early lay than for all other age categories.  The incidence of confluence of 
mammillary caps was higher in early lay than for all other ages.  Cap quality score was lower 
(i.e. cap quality was higher) for early and mid lay than for late lay although the score for very 
late lay was similar to that for early and mid lay.  The incidence of early fusion was higher for 
early and mid lay than for late lay, with very late lay intermediate between the two.  Late 
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fusion had a lower incidence in early lay than for all other age categories.  The incidence of 
Type B bodies was lower in early and mid lay than in late and very late lay.  The incidence of 
aragonite was lowest in early and mid lay, highest in late lay, with very late lay intermediate.  
The incidence of cubic cones was lower in mid lay than for all other ages.  The incidence of 
cuffing and changed membrane was higher in early lay than for all other age categories. The 
incidence of alignment of mammillary cones, Type A bodies, cubics, depression and erosion 
were not significantly different among age categories.  Holes were not recorded for any age 
category.   

There were significant positive correlations (higher incidence for higher translucency 
score) between translucency score and the incidence of mammillary layer variations for 
alignment, Type A bodies, Type B bodies, aragonite and cubic cones.  There were 
significant negative correlations for cap quality (higher translucency, lower cap quality) and 
changed membrane (higher translucency score, lower incidence).  However, there was no 
significant correlation with translucency score for the incidence of confluence, early fusion, 
late fusion, cubics, cuffing, depression, erosion and cap size variability. 

 

Verification of cuticle stain 
There was a high correlation between the presence of cuticle blue stain on the egg shells 
and the amount of cuticle present, as viewed under the scanning electron microscope. Eggs 
with good quality intact cuticle stained well; eggs with patchy cuticle acquired patchy stain 
whereas, in the absence of the cuticle, the eggs did not stain at all (Figure 1). These findings 
confirmed the suitability of MST cuticle blue dye as an indicator of the amount of cuticle 
present on the surface of the egg shell. 
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Table 1: Traditional measures of egg shell quality 
 
Measurement Early Lay Mid Lay Late Lay Very Late 

Lay 
P Value 

Shell Quality      
Translucency 
score 

b2.52 

 0.05 

b2.59 

 0.06 

a3.07 

 0.08 

b2.53 

 0.08 

<0.0001 

Shell reflectivity 
(%) 

c28.0 

 0.2 

b30.5 

 0.3 

a31.6 

 0.4 

a32.1 

 0.3 

<0.0001 

Egg Wt (g) c57.6 

 0.3 

b62.3 

 0.3 

b62.6 

 0.4 

a65.0 

 0.4 

<0.0001 

Breaking 
strength (N) 

a44.1 

 0.5 

b42.1 

 0.6 

c37.2 

 0.7 

c36.2 

 0.6 

<0.0001 

Deformation 

(m) 

a330.0 

 3.4 

b293.3 

 4.0 

b281.2 

 5.6 

b285.2 

 6.5 

<0.0001 

Shell weight (g) c5.44 

 0.03 

a5.94 

 0.03 

b5.74 

 0.06 

a5.88 

 0.04 

<0.0001 

Percentage Shell 
(%) 

a9.46 

 0.05 

a9.54 

 0.05 

b9.15 

 0.08 

b9.08 

 0.06 

<0.0001 

Shell thickness 

()m 

b384.5 

 1.5 

a391.8 

 2.0 

c378.1 

 3.0 

ab382.5 

 3.4 

0.0012 

Internal Quality      
Albumen height 
(mm) 

a8.94 

 0.07 

b8.22 

 0.07 

c7.82 

 0.10 

d7.14 

 0.11 

<0.0001 

Haugh Units a94.1 

 0.3 

b89.6 

 0.4 

c86.9 

 0.6 

d81.8 

 0.7 

<0.0001 

Yolk colour score 10.49 

 0.06 

10.60 

 0.05 

10.43 

 0.13 

10.46 

 0.07 

NS 

Values are Mean ± SEM.  Values across a row with different superscripts are 
significantly different.  NS is not significant (P>0.05). 
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Table 2: Spectrophotometric measurements of stained cuticle 

Measurement Early Lay Mid Lay Late Lay Very Late 
Lay 

P Value 

L* c54.42 

 0.29 

b55.85 

 0.29 

b55.59 

 0.39 

a57.24 

 0.46 

<0.0001 

a* 1.861 

 0.295 

0.876 

 0.371 

1.007 

 0.446 

1.400 

 0.375 

NS 

b* a32.46 

 0.15 

a32.42 

 0.16 

a32.88 

 0.24 

b31.66 

 0.21 

0.0002 

L* a5.247 

 0.509 

b3.323 

 0.305 

b3.428 

 0.313 

a4.887 

 0.597 

0.0051 

a* ab14.02 

 0.33 

a15.04 

 0.39 

a14.94 

 0.47 

b13.31 

 0.44 

0.0060 

b* c2.806 

 0.313  

ab4.027 

 0.240 

a4.541 

 0.313 

bc3.470 

 0.402 

0.0022 

Single Score 
(Leleu et al. 
2011) 

16.10 

 0.58 

16.53 

 0.44 

16.55 

 0.51 

15.73 

 0.72 

NS 

Values are Mean ± SEM.  Values across a row with different superscripts are 

significantly different.  NS is not significant (P>0.05). 

L*, a*, b* measured on flocks 1-34  

L*, a*, b* and single score measured on flocks 11-34 
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Table 3: Mammillary ultrastructure scores 

 
Measurement Early Lay Mid Lay Late Lay Very Late Lay P Value 

Translucency 
score 

2.62 

 0.06 

2.54 

 0.07 

2.71 

 0.09 

2.52 

 0.09 

NS 

Cap size 
variability 

b2.25 

 0.03 

a2.44 

 0.04 

a2.43 

 0.04 

a2.46 

 0.04 

<0.0001 

Confluence a2.88 

 0.05 

b2.63 

 0.06 

b2.65 

 0.06 

b2.65 

 0.06 

0.0029 

Cap quality b2.93 

 0.04 

b2.89 

 0.05 

a3.16 

 0.06 

b3.01 

 0.05 

0.0014 

Early fusion a2.27 

 0.04 

a2.17 

 0.06 

b2.03 

 0.05 

ab2.17 

 0.04 

0.0041 

Late fusion b3.61 

 0.03 

a3.71 

 0.04 

a3.80 

 0.04 

a3.76 

 0.03 

0.0009 

Alignment 2.47 

 0.04 

2.46 

 0.06 

2.41 

 0.05 

2.58 

 0.05 

NS 
(0.0552) 

Type A bodies 1.37 

 0.04 

1.39 

 0.04 

1.43 

 0.05 

1.44 

 0.05 

NS 

Type B bodies b1.96 

 0.06 

b2.11 

 0.07 

a2.51 

 0.08 

a2.43 

 0.07 

<0.0001 

Aragonite c1.22 

 0.04 

c1.27 

 0.05 

a1.68 

 0.09 

b1.46 

 0.07 

<0.0001 

Cubics 1.21 

 0.03 

1.20 

 0.04 

1.16 

 0.03 

1.26 

 0.04 

NS 

Cubic cones a1.70 

 0.04 

b1.52 

 0.04 

a1.68 

 0.05 

a1.71 

 0.05 

0.0046 

Cuffing a1.74 

 0.04 

b1.52 

 0.04 

b1.51 

 0.06 

b1.51 

 0.05 

<0.0001 

Changed 
membrane 

a2.17 

 0.08 

b1.85 

 0.08 

b1.88 

 0.10 

b1.84 

 0.09 

0.0069 

Depression 1.04 

 0.04 

1.34 

 0.13 

1.04 

 0.02 

1.03 

 0.01 

NS 

Erosion 1.02 

 0.01 

1.03 

 0.01 

1.02 

 0.01 

1.03 

 0.02 

NS 

Values are Mean ± SEM.  Values across a row with different superscripts are 
significantly different.  NS is not significant (P>0.05). 
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Figure 1 

Shell surface showing clockwise from top left: good cuticle cover, little or no cuticle, 

patchy cuticle cover, patchy cuticle cover.  Scale bars represent 100 µm 
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Discussion 
 
The translucency score was higher for the late lay age group than for all other groups.  The 
significance of this finding is not clear and there are no published data against which to 
compare these results.  Results on egg quality obtained in the current study are consistent 
with previous reports of the changes that occur in egg quality as flocks get older both in 
Australia (Roberts and Ball, 2003; Roberts, 2004; Roberts and Ball, 2006) and in other 
countries (Washburn, 1982; Travel et al., 2011).  The increased shell reflectivity (indicative of 
lighter shell colour) has been reported previously by a number of authors (Roberts and Ball, 
2006; Tumova and Ledvinka, 2009; Zita et al., 2009).  Increased egg weight with increasing 
hen age may be viewed as positive or negative depending on the market involved.  
Increased egg weight with increasing hen age has been reported previously by many 
authors (Guesdon and Faure, 2004; Roberts and Ball, 2006; Tumova and Ledvinka, 2009).  
The decrease in shell breaking strength as hens age, found in this study, has also been 
reported previously (Rodriguez-Navarro et al., 2002; Roberts and Ball, 2006).  Shell 
deformation to breaking point is an indicator of the degree of elasticity of the eggshell.  A 
higher shell deformation was found in the younger flocks in the current study as has been 
described by Roberts and Ball (2006) although the results of Zita et al., (2009) for shell 
deformation varied with the breed of laying hen.  Although egg weight increased with 
increasing hen age, as has been described previously (Nys, 1986; Silversides and Budgell, 
2004; Zita et al., 2009), shell weight did not always increase in proportion.  This resulted in 
percentage shell decreasing with increased hen age as has been described previously 
(Roberts and Ball, 2006; Silversides and Scott, 2001).  Shell thickness fluctuated among the 
age groups, being highest in mid lay.  Most studies report a decrease in shell thickness with 
increasing hen age (Roland et al., 1975; Roland, 1979).  The higher shell weight and shell 
thickness for the very late lay group, as compared with the late lay group, correlate with a 
larger egg size (65 g as compared with 62.6 g for the late lay group).  However, the 
percentage shell was not significantly different between the late lay and very late lay groups.   
In addition, shell breaking strength was similar for late lay and very late lay groups, 
suggesting that the increases in shell weight and shell thickness in very late lay were 
commensurate with the increase in egg size.  The steady reduction in albumen quality with 
increased flock age has also been reported by a number of researchers (Williams, 1992; 
Silversides, 1994).  The heritability of many egg quality parameters is high (Dunn, 2011; 
Dunn et al., 2011) which means that genetic selection by major breeding companies can 
assist with improvements in quality, in addition to management improvements. 

The use of MST cuticle blue stain for determining the extent of cuticle cover in avian 
egg shells has been verified by correlating the extent of staining with the appearance of the 
shell cuticle under the scanning electron microscope.  Therefore, MST cuticle blue stain is a 
reliable indicator of the presence of cuticle on the egg shell surface.  However, quantification 
of the degree of staining using the Konica Spectrophotometer proved more complex than 
had been anticipated. The use of shell colour, as measured by the spectrophotometer, is 
confounded by the underlying colour of the egg shell.  The L* values  show the same pattern 
as shell reflectivity which is that the shells became paler in colour with increased flock age.  
The results from the b* spectrum suggest that the shells from the eggs of the very late lay 
flocks were less yellow than for the other three flocks which may correlate with the paler 
brown coloured shells of this group.  Even when the extent of shell colour is measured by a 
range of techniques, including the calculation of a single value to integrate the L*a*b* values, 
there appears to be no clear correlation between average cuticle cover and flock age.  

However, the higher mean values for a* in mid and late lay suggest the cuticle is thickest 
during these stages of the laying life of a hen.  Previous studies report that the cuticle 
becomes thinner with increasing flock age (Sparks and Board, 1984).  The significance of 
the extent of cuticle cover is still uncertain.  The most important role of the cuticle in relation 
to food safety may be the presence of sufficient cuticle to block the outside of most of the 
pores. 
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The translucency scores for the eggs used for ultrastructural examination of the 
mammillary layer were not significantly different among flock age groups.  Translucency 
score was measured at an average of 3 days following lay for the egg quality eggs and an 
average of 7 days following lay for the eggs used for ultrastructure studies which may 
explain the difference.  Shell translucency increases with time following oviposition.  In 
general, the incidence of mammillary layer variations which appear to be associated with 
better shell quality (confluence, early fusion, cuffing) decreased with increasing flock age 
and mammillary cap quality decreased.  Conversely, the incidence of mammillary layer 
variations which appear to be associated with reduced shell quality (cap size variability, late 
fusion, Type A bodies, Type B bodies, aragonite) increased with increasing flock age.  Our 
data accord with previous studies (Parsons, 1982; Nascimento and Solomon, 1991; 
Solomon, 1991, 1992a,b; Nascimento et al., 1992; Roberts and Brackpool, 1994; Solomon, 
2009).  It is not clear why the incidence of “changed membrane” was higher for the early lay 
flocks.  Changed membrane is membrane remaining following the plasma ashing procedure.  
It is possible that, in the younger flocks, the attachment between the outer shell membrane 
and the mammillary cones is greater, making it more difficult to remove the membrane.  
However, this suggestion needs to be confirmed. 

The correlations between egg shell translucency scores and the scores obtained 
from examination of the mammillary layer of the egg shells suggest that the ultrastructure 
scoring system only partially explains the phenomenon of egg shell translucency.  It is still 
not completely clear what structural features of the eggs cause translucency.  Shell 
translucency appears to be associated with the ultrastructure of the egg shell and is 
associated with the presence of moisture in the spaces of the mammillary layer and perhaps 
also the pores.  Studies are underway to examine egg shells using a Phoenix v|tome|x dual 
X-ray system in an attempt to further explain the phenomenon of translucency. 

Eggs from the same flocks utilised for the egg quality studies were evaluated for total 
bacterial counts and Enterobacteriacae on the outside of the shells, in shell crush (to 
incorporate any bacteria present in the shell pores) and egg internal contents, as described 
in Musgrove et al. (2005a) and results are presented in other chapters of this report.   There 
were no effects of flock age on the bacterial counts on the shell surface and in shell crush 
and no bacteria were isolated from the egg contents.  However, some Salmonella were 
isolated from the shell.  In Australia and most European countries, there is some debate 
about the benefits of washing eggs. Previous research suggests that washing removes 
faecal material and reduces microbial load on the egg shell surface and thus reduces the 
likelihood of horizontal transmission occurring as well as reducing the potential for cross 
contamination during food handling/preparation (Musgrove et al., 2004a). However, research 
has also shown that wet washing can damage the cuticle layer (which prevents the entry of 
bacteria across the egg shell) thereby leaving pores exposed and potentiating bacterial 
penetration (Sparks and Burgess, 1993). Egg washing is widely used in many countries 
including Australia (Hutchison et al., 2004).  It has been demonstrated that the extent of 

cuticle deposition can influence the egg shell penetration of Salmonella Enteritidis at 20C 
(De Reu et al., 2006). However, it is not clear how the measurements of cuticle cover 
undertaken in the present study correlate with the ease with which bacteria can pass through 
the egg shell.  It is possible that the presence of cuticle in the egg shell pores is the most 
significant barrier to bacterial entry and that a thick cuticle on the outside of other parts of the 
egg is of lesser significance. 
 The fact that cuticle cover, as measured by MST cuticle blue staining, was not 
significantly different among age categories, coupled with the relatively constant 
translucency scores from mid to very late lay, and the absence of bacteria inside the eggs 
tested, suggests that translucency is not a major risk factor for food safety of table eggs.  
However, this remains to be tested in future experiments using whole eggs and agar filled 
eggs exposed to specific serovars of Salmonella.    In addition, experiments are on-going to 
better characterise the basis of egg shell translucency.  Similarly, the extent to which 
variation in cuticle cover represents a risk factor for food safety is still not fully understood.  
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This topic is also under further investigation using both washed and unwashed eggs with 
varying degrees of cuticle cover in whole egg and agar filled egg experiments. 
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Chapter 4:  Enumeration and identification of 
Enterobacteriaceae from eggs (Mr. V. Gole, PhD 
thesis) 
 
Abstract 
 
In the present study, eggs from commercial caged layer flocks at different stages of lay in 
Australia were collected. Enterobacteriaceae populations from egg shell surface and egg 
shell pore were enumerated.  Enterobacteriaceae populations isolated from egg shell 
surface and egg shell pores were characterized using API® strips. The egg shell surface, 
egg shell pore and egg internal content samples were also processed for the isolation of 
Salmonella and these isolates were tested for the presence or absence of several virulence 
genes (prgH, sopB, spiC, orfL, invA, sifA, sitC, misL). Results indicated that there was no 
significant difference in total Enterobacteriaceae count on the eggs of the flock from early, 
mid or late lay flocks. Enterobacteriaceae isolates were of 11 different genera which 
included: Escherichia, Salmonella, Enterobacter, Serratia, Yersinia, Klebsiella, Pantoea, 
Kluyvera, Leclercia, Cedecea and Citrobacter. Out of all identified Enterobacteriaceae 
isolates, the Escherichia genus were reported most frequently (60.78%). Results also 
indicated that 4.51% of eggshells were positive for Salmonella. Out of 14 Salmonella strains 
isolated in this study, serotyping confirmed that 12 isolates were Salmonella Infantis and 2 
strains were Salmonella ser 4, 12d. Polymerase chain reaction (PCR) results indicated that 
all Salmonella Infantis isolates harboured prgH, sopB, spiC, orfL, invA, sifA, sitC, misL genes 
which suggest that Salmonella Infantis strains isolated from egg shell surface may have the 
capacity to invade and survive in macrophages.  

 
Introduction 
 
The egg contents are an ideal growth medium for microorganisms which are hazardous to 
humans. It has been observed that the microflora of the eggshell is dominated by Gram-
positive bacteria, whereas Gram-negative bacteria are best equipped to overcome the 
antimicrobial defenses of the egg content (De Reu et al., 2006). The egg industry in Australia 
is periodically implicated in cases of Salmonella food poisoning (Chousalkar et al., 2010). 
Cage laying production systems are the major source of whole shell eggs in Australia. It is 
possible that egg shell translucency increases the incidence of bacterial penetration 
(Chousalkar et al., 2010). Cox et al., (2002) reported that Salmonella Infantis was the 
predominant Salmonella serovar in the Australian egg industry. For the shelf life of an egg 
and from a food safety perspective, it is important to lower the level of bacterial 
contamination on eggs. Studies on microbial contamination of egg shells have been 
performed earlier (Musgrove et al., 2004b; Musgrove et al., 2005a). Abnormalities in egg 
shells (thin shells, increased shell pore numbers) can potentiate the entry of food borne 
pathogens into the eggs (De Reu et al., 2008). With an increase in number of bacteria 
present on the eggshell surface, the chances of eggshell penetration and contamination of 
internal contents by bacteria increases (Smith et al., 2000). It has also been reported that 
bacterial contamination of air cells, shells, and egg contents are more common in eggs from 
older hens compared to younger hens (Jones et al., 2004).  At oviposition, 90% of eggs are 
germ free (Board, 1966). The eggshell can be contaminated by any surface with which egg 
comes in contact (Board and Tranter, 1995). Faeces, water, caging material, nesting 
material, insects, hands, broken eggs, dust on egg belt, blood, soil are the most common 
sources of eggshell contamination (Board and Tranter, 1995; Ricke et al., 2001; Davies and 
Breslin, 2003). Overall, food quality and sanitary processing conditions can be judged by 
Coliforms, Enterobacteriaceae and E. coli populations (Kornacki and Johnson, 2001; Ricke 
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et al., 2001). Food borne illness costs Australia an estimated $1.2 billion per year (Hall et al., 
2005). The annual report of the OzFoodnet network (2009) reported 9,533 cases of 
Salmonella infection in Australia. It is important to study the prevalence of Salmonella on the 
eggshell surface because contaminated eggshells may play an important role in cross 
contamination in the kitchen. Also, food stuffs in restaurants can be cross contaminated with 
Salmonella due to improper food handling of food (Slinko et al., 2009).  
Complex pathogenesis is a characteristic of Salmonella infections. The virulence capacity of 
Salmonella is encoded by multiple genes which are clustered together on Salmonella 
Pathogenicity Islands (SPI) (Hensel, 2004). Using the Type III secretion system, various 
pathogens deliver effector proteins into the cytosol of host cells (Marcus et al., 2000). SPI 1 
and SPI 2 encode distinct type III secretion systems.  By delivering effector proteins, SPI 1 
helps the Salmonella to penetrate the intestinal epithelium and also it induces apoptosis in 
macrophages (Lostroh and Lee, 2001; Courtney et al., 2006). SPI 2 is important in systemic 
disease as it contains genes which are essential for survival and replication of Salmonella 
within host macrophages and epithelial cells (Shea et al., 1996). SPI 3 encodes the high 
affinity Mg2+ uptake system (Marcus et al., 2000) which is important for survival of 
Salmonella in macrophages, whereas SPI 4 is involved in secretion of toxins (Gassama-Sow 
et al., 2006). Hence, it is essential to investigate the presence or absence of virulence genes 
located on different SPIs. Currently, in Australia, there is limited information on the presence 
of virulence genes in Salmonella strains isolated from eggs. Keeping this perspective in 
mind, in the present study, visibly clean eggs collected from commercial egg farms from 
hens at various stages of lay were tested for the presence of Salmonella spp. The 
Enterobacteriaceae populations on the egg shell surface and in the egg shell pores were 
monitored.  Salmonella isolates from eggs were tested for the presence of a wide range of 
virulence genes. 

 

Materials and Methods 
 

Collection of eggs 
 Visually clean eggs (n=1860, 60 eggs from 31 flocks), collected from the cage fronts of 
commercial layer farms, were processed for isolation of Salmonella spp from the egg shell 
surface, egg shell crush and internal contents. The farms included in this study had either 
HyLine or Isa Brown laying hens at different stages of lay.  Eggs were candled to ensure 
they were intact eggs without cracks.  All the 31 flocks were divided into three different 
categories based on the age of flock. Early lay (22-40 weeks), Mid lay (41-55 weeks) and 
Late lay (˃ 55 weeks) categories, including 10, 8 and 13 flock respectively.  
 

Egg shell surface wash 
Egg shell surface wash was prepared by placing six pooled eggs in 60 mL of sterile PBS in 
Whirl-Pak bags and processing as described in Chapter 2. 
 

Shell crush methodology 
For the isolation of bacteria from egg shell pores, egg shells were processed as described in 
Chapter 2.  Following crushing of the shells, 60 mL of PBS was added to each bag. A 100 ul 
of PBS was plated on violet red bile glucose agar and also, 1 mL of PBS was transferred to 
4 mL of buffered peptone water. Plates and buffered peptone water was incubated at 37°C 
overnight. After incubation, colonies on the plates were counted. 
 

Egg internal contents 
The egg internal contents were collected and processed as described in Chapter 2 
 

Isolation and identification of Salmonella spp. 
The isolation of Salmonella was carried as described in Chapter 2. 
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Characterisation of Enterobacteriaceae 
Enterobacteriacae were isolated and characterised using API© strips (Biomerieux, Australia). 
as described in Chapter 2. 
 

DNA extraction and Polymerase chain reaction (PCR) for Salmonella Infantis     
typing 
Salmonella Infantis isolated from egg shell wash were grown in 5 mL Brain heart infusion 
broth (BHI, Oxoid, Australia) overnight at 37°C with shaking. The cells were pelleted using a 
centrifuge at 1,500 g for 10 minutes. DNA was extracted and purified using Wizard® Plus 
Minipreps DNA purification system (Promega, Australia) as per manufacturers’ instructions. 
The extracted DNA suspended in nuclease free water was stored at -20°C until further use. 
Salmonella Infantis isolates were tested for eight different virulence genes (Table 1). For 
PCR, each reaction mixture contained 1 X reaction buffer (Fisher Scientific, Australia), 1.8 
mM MgCl2, 200 μM dNTPs, 1 uM of each primer, 1 U Taq polymerase, and 50 pg DNA 
template made up to 20 μL with nuclease free water. Samples were amplified using a Bio-
Rad Thermal Cycler with an initial denaturation step at 95°C for 5 min followed by 30 cycles 
of amplification (denaturation at 95°C for 30 sec, annealing temperature (as per primer- 
Table 1) for 30 sec and extension at 72°C for 1 min 30 sec, with a final extension step at 
72°C for 5 minutes, followed by a holding temperature of 10°C. 

The details of primers used in the PCR reactions, annealing temperature and size of 
amplified product are described in Table 1. PCR products were separated by 2% agarose 
gel electrophoresis in Tris-borate-EDTA (TBE) buffer. Gel red was used to visualize bands 
under ultra-violet light. Size of the PCR products was determined by 100 bp DNA ladder 
(Qiagen, Australia). 
 

Statistical analysis 
Statistical analysis was performed following log transformation of the bacterial counts. One 
way analysis of variance (ANOVA) and Kruskal Wallis test were used with Graph Pad Prism 
5 software to compare bacterial counts of early, mid and late lay. 
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Table 1: Details of the genes and primers used for Salmonella typing 
 

 
Gene 

 
Function 

 
Forward Primer (F)  (5' - 3') and 

Reverse Primer  (R) (5' - 3') 

 
Annealing 

temperature 
 

 
Product 

Size 

 
Reference 

prgH 
Invasion of 

macrophages 
F-GCCCGAGCAGCCTGAGAAGTTAGAAA 
R-TGAAATGAGCGCCCCTTGAGCCAGTC 

 
55oC 

 
755 bp 

 

 
Hughes et 
al. (2008) 

 

sopB 
Invasion of 

macrophages 
F-GAAGACTACCAGGCGCACTT 
R-TTGTGGATGTCCACGGTGAG 

 
55oC 

 
804 bp 

 
Designed 

 

InvA 
Invasion of 

macrophages 
F-CTGGCGGTGGGTTTTGTTGTCTTCTCTATT 

R-AGTTTCTCCCCCTCTTCATGCGTTACCC 

 
60oC  

1062 bp 

 
Hughes et 
al. (2008) 

 

sitC 
Invasion of 

macrophages/ 
iron acquisition 

F-
CAGTATATGCTCAACGCGATGTGGGTCTCC 
R-CGGGGCGAAAATAAAGGCTGTGATGAAC 

 

 
 

64oC 
 
740 bp 

 
Hughes et 
al. (2008) 

spiC 
Survival in 

macrophages 
F-CCTGGATAATGACTATTGAT 
R-AGTTTATGGTGATTGCGTAT 

 
 

56oC 
 

300 bp 

 
Hughes et 
al. (2008) 

 

sifA 
Survival in 

macrophages 
F-TTTGCCGAACGCGCCCCCACACG 

R-GTTGCCTTTTCTTGCGCTTTCCACCCATCT 

 
           
        62oC 

 
448 bp 

 
Hughes et 
al. (2008) 

 

misL 
Survival in 

macrophages 
F-GTCGGCGAATGCCGCGAATA 
R-GCGCTGTTAACGCTAATAGT 

 
 

58oC 

 
540 bp 

 

 
Hughes et 
al. (2008) 

 

orf L 
Survival in 

macrophages/ 
colonisation 

F-GGAGTATCGATAAAGATGTT 
R-GCGCGTAACGTCAGAATCAA 

 

 
56oC 331 bp 

 
Hughes et 
al. (2008) 
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Results 
 

Total Enterobacteriaceae count on egg shell and in egg shell pore 
The results of the enumeration of bacteria from egg shell surface and shell pores are shown 
in Table 2.  There was no significant effect of flock age on total Enterobacteriaceae counts 
on either the shell surface or in the shell pores. 

Results indicated that the average Enterobacteriaceae count on the eggshell was 
1.46 log CFU/eggshell and in eggshell pore the average count was 0.34 log CFU/ eggshell.  
On the egg shell, the total Enterobacteriaceae count ranged between 0.43 and 3.75 log 
CFU/eggshell whereas, in egg shell pores, the count varied between 0 and 2.1 log 
CFU/eggshell.  Fourteen samples were found positive for Salmonella. All of these samples 
were from the eggshell surface. Serotyping confirmed that twelve samples were Salmonella 
Infantis whereas two were Salmonella sub 1, ser 4, 12:d  isolates. All of the egg shell pore 
samples were negative for Salmonella. 
 
 

Table 2:  Total Enterobacteriaceae count (log cfu/eggshell) at different stages of lay 

Bacterial count Early lay Mid lay Late lay 

Total Enterobacteriaceae count  

(shell surface)    

1.78±0.33 1.46±0.22 1.22±0.15 

Total Enterobacteriaceae count 

(shell pore) 

0.32±0.17 0.44±0.28 0.29±0.10 

 

 

Identification of Enterobacteriaceae isolated from eggs 
API Rapid 20E was used to identify the various members of Enterobacteriaceae at genus 
and species level. Identified isolates belonged to 11 different genera which included: 
Escherichia, Salmonella, Enterobacter, Serratia, Yersinia, Klebsiella, Pantoea, Kluyvera, 
Leclercia, Cedecea and Citrobacter (Table 3). Salmonella isolates are indicated in bold font.  
Out of all isolates identified, isolates from Escherichia genus were reported most frequently 
(60.78%), followed by Salmonella (9.15%), Enterobacter (8.49%) and Serratia (5.22%) 
(Figure 1). All other genera were identified less frequently (< 5%). Isolates reported at least 
once were: Yersinia enterocolitica, Klebsiella pneumonia, Escherichia coli, Escherchia 
fergusonii, Serratia plymuthica, Serratia spp, Serratia odorifera, Salmonella Infantis, 
Enterobacter carcinogenous, Enterobacter spp, Kluyvera spp, Leclercia adecarboxylata, 
Pantoea spp. 3, Pantoea spp. 2, Pantoea spp, Cedecea spp, Citrobacter freundii. Also, three 
Escherichia coli isolate were identified from eggshell pores. 
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Figure 1:  Percentage of different genera isolated from eggs 

 

 

Salmonella typing using virulence genes 
PCR results indicated that all of the Salmonella Infantis isolates tested positive for prgH, 
sopB, spiC, orfL, invA, sifA, sitC and misL genes.  
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Table 3:  Characterization of Enterobacteriaceae isolated from eggs  

Flock 
Number  

Age 
(weeks)  

Enterobacteriaceae Reported (Number isolated)  

1  22  Yersinia enterocolitica (2), Klebsiella pneumoniae (1), E. coli 1 (1)  

2  24   Serratia plymuthica (1), E. coli1 (1)  

3  24   E. coli 1 (8), Klebsiella pneumoniae (1) 

4  26   Serratia plymuthica (1)  

5  27   E. coli 1 (1), Klebsiella pneumoniae (1),  

6 27 E. coli 1 (10) 

7 30   E. coli 1 (8), E. coli 2 (2), Salmonella Infantis (2)  

8 30    E. coli 1 (1), E. coli 2 (1)  

9  31  
Enterobacter (2), Kluyvera spp (1), Serratia spp (1), E. coli 1 (2), Leclercia adecarboxylata 
(1)  

10  34   E. coli (3), Enterobacter carcinogenous (1), Serratia odorifera (1)  

11  41  
E. coli 1 (5), E. coli 2 (2), E.  fergusonii (1), Klebsiella pneumonia (1), Salmonella Infantis 
(1)  

12  45   E. coli 1 (2), Pantoea spp. 3 (1), Pantoea spp. 2 (1) 

13 45 E. coli 1 (1) 

14 46 E. coli 1 (8), E. fergusonii (1), Salmonella Infantis (1) 

15 50 - 

16 52   Kluyvera (1), Klebsiella pneumoniae (1), E. coli 1 (2), Salmonella Infantis (2)  

17 53  Serratia plymuthica (1),  Pantoea spp (1) 

18  55   E. coli 1 (1) 

19 56 E. coli 1 (5), Pantoea spp. (1), E. coli 1 (2) 

20  58   
E. coli 1 (5), Escherichia genus (1), Serratia odorifera (1), Enterobacter cloacae (2), 
Salmonella Infantis (2)  

21  59  Yersinia entercolitica (1), Serratia plymuthica (1), Kluyvera spp. (1)  

22  62  Cedecea spp.  (1), E. coli 1 (1), Citrobacter freundii (1), Enterobacter (2)  

23 63 E. coli 1 (1) 

24  64  Leclercia adecarboxylata (1), E. coli 2 (1), Salmonella spp. (1), Enterobacter cloacae (1)  

25 66  Enterobacter (1), E. fergusonii (1), E. coli 1 (3), E. coli 2 (1), Salmonella Infantis (1)  

26 66  Yersinia entercolitica (2), E. coli 1 (1) 

27 66  E. coli 1 (1)  

28 68 Enterobacter cloacae (1),  E. coli 1 (5), E. coli 1 (1) 

29  72  
Pantoea spp. 3 (1), Pantoea spp. 1 (1), Yersinia entercolitica (1), Enterobacter cloacae (1)  

30  74  Leclercia adecarboxylata (1), Salmonella Infantis (3),  Salmonella serovar 4, 12d (1)  

31 80 E. coli 1 (3), Enterobacter cloacae (1), Enterobacter aerogenes (1), Serratia odorifera (1)  
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Discussion 
 
In Australia, there has been a continuous increase in egg production for the last decade. The 
egg industry produced 392 million dozen eggs in 2011 and per capita consumption of the 
eggs has increased to 213.5 eggs (AECL annual report, 2011-12). In recent years, food 
borne illness has emerged as a serious problem throughout the world, including Australia, 
where approximately 28000 cases were reported in 2009 (OzFoodNet Working Group, 
2010). Salmonella (9533 cases) was one of the most important pathogens responsible for 
these food borne infections (OzFoodNet Working Group, 2010). Many of these outbreaks 
were related to eggs or egg products. Hence, the Australian egg industry is under 
continuous pressure to improve its approach towards public health aspects of eggs.  At the 
time of oviposition, as compared to the ambient temperature, the egg temperature is 
warmer.  Variation in temperature after laying can create a negative pressure in the egg that 
can suck the contaminants present on the eggshell surface into the shell pores, leading to 
the contamination of the egg internal contents.  A high bacterial load present on the eggshell 
surface could increase the chance of eggshell penetration and contamination of internal 
contents (Smith et al., 2000). In the present study, shell rinse and crush methods were used 
to recover Enterobacteriaceae from commercial shell eggs as described earlier by Musgrove 
et al. (2005a,b). A relatively low average Enterobacteriaceae count on the eggshell (1.46 log 
CFU/eggshell) was reported, which is in agreement with De Reu et al. (2009) who reported 
1.51 log CFU/eggshell count in eggs from furnished cages. Musgrove et al. (2005b) reported 
average Enterobacteriaceae count of 1.32 log CFU/ml from eggs which were collected at the 
accumulator. The difference in the count might be due to the variation in sampling as, in the 
present study, eggs were directly collected from the farm whereas, in Musgrove’s study, 
eggs were collected from the accumulator at a commercial facility. Similarly, Jones et al. 
(2007) reported a higher Enterobacteriaceae count (2.00 log CFU/ml) from egg shell wash. 
However, the study of Jones et al. (2007) was conducted on restricted shell eggs which did 
not meet the quality standard for retail.  The presence of microorganisms on the eggshell 
surface, eggshell pores and the shell membrane is a determining factor for the recovery of 
microorganisms by either surface rinsing/swabbing or by shell blending (Moats, 1980, 1981). 
As bacteria can move from eggshell surface into eggshell pores and further into egg internal 
contents, it is important to study the bacterial count in eggshell pores. In this study,  the 
average Enterobacteriaceae count in eggshell pores was 0.32 log CFU/ eggshell. In the 
present study, we did not find any significant difference in Enterobacteriaceae count (on 
eggshell and in shell pore) across early, mid and late lay. There is a dearth of literature 
regarding Enterobacteriaceae counts in eggshell pores or effect of flock age on 
Enterobacteriaceae count on eggs, which precludes comparison of our findings with those of 
other workers. However, there is a number of studies which have investigated the effect of 
flock age on bacterial contamination of eggshells. De Reu et al. (2006) and Protais et al. 
(2003) reported that there was no significant difference in eggshell contamination between 
beginning and end of the laying period in furnished cages or aviaries. Huneau-Salaun et al. 
(2010) found that eggshell contamination increased significantly with increasing age of flock 
but Mallet et al. (2006) reported that contamination decreased with age. However, both of 
these authors attributed the variation in their results to seasonal or environmental effects 
rather than flock age. 
         Cleaning of poultry sheds is generally limited to the areas which are easily accessible 
(Huneau-Salaun et al., 2010). The area on which an egg is laid has an impact on eggshell 
contamination (Harry, 1963) and  accumulation of dust on egg belt or cage in the shed may 
result in increased bacterial contamination of eggshells (Huneau-Salaun et al., 2010). 
Hence, cleaning of dust from sheds and general hygiene are of vital importance. Our 
findings regarding the presence of various genera of Enterobacteriaceae on eggshells are in 
agreement with Musgrove et al. (2004a) who also reported Escherichia, Salmonella, 
Enterobacter, Serratia, Yersinia, Klebsiella, Pantoea, Kluyvera and Citrobacter on eggshell 
surface. However, Cedecea spp. and Leclercia adecarboxylata were not reported in their 
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study. Out of these, Leclercia adecarboxylata is infrequently isolated from eggshells. This 
microorganism was rarely reported in humans (Hess et al., 2008). There are very few reports 
of Cedecea isolation from eggshells and the clinical significance of Cedecea is not fully 
understood (Abate et al., 2011). In the present study, out of all Enterobacteriaceae genera 
reported, Escherichia was reported most frequently. This finding is in agreement with earlier 
reports by Musgrove et al. (2004a) and Stępień-Pyśniak (2010).  
         In the present study, 4.51% eggshells were found positive for Salmonella. Similar 
findings were reported by Stępień-Pyśniak (2010) who reported 3.2% prevalence of 
Salmonella on egg shells. Cox et al. (1973) reported that less than 10% of the eggshells 
were contaminated in hens individually artificially infected with  Salmonella enterica serovars 
Senftenberg, Thompson and Typhimurium, whereas Jones et al. (1995) reported that 7.8% 
of the egg shells were contaminated. In the present study, Salmonella spp were not detected 
in any of the egg internal contents. This finding is in agreement with Daughtry et al. (2005) 
who undertook a microbiological survey of commercial eggs in Australia to determine the 
prevalence of Salmonella contamination. During Daughtry’s study, Salmonella spp. was not 
isolated from the internal contents of any of the 20,000 eggs sampled. 
         All of the Salmonella Infantis isolates from the present study possessed prgH, sopB, 
spiC, orfL, invA, sifA, sitC, misL virulence genes. These genes play an important role in 
invasion of macrophages and are also essential for survival of Salmonella within 
macrophages. Out of these genes, prgH, sopB, invA and sitC are located on Salmonella 
pathogenicity island (SPI) 1 whereas spiC and sifA are located on  SPI-2.  misL and orfL 
genes are located on SPI-3 and SPI 4 respectively (Skyberg et al., 2006; Gassama-Sow et 
al., 2006). SPI 1, SPI 2 and SPI 3 play an important role in invasion of macrophages and 
survival of Salmonella within macrophages (Hughes et al., 2008) whereas SPI 4 is involved 
in secretion of toxins (Gassama-Sow et al., 2006) and survival of Salmonella in 
macrophages. Salmonella Typhimurium, SPI 1 and SPI 2 are important in causing systemic 
and gastrointestinal tract infection in young chicks (Jones et al., 2007). Salmonella Infantis 
isolates in the present study possessed genes located on SPI 1 (prgH, sopB, invA, sitC) and 
SPI 2 (spiC, sifA) which suggest that these isolates may have the capacity to cause systemic 
and gastrointestinal infection in day old chicks. However, further animal trials are essential to 
confirm these findings. PCR results also indicated that all the Salmonella Infantis isolates 
possessed orfL and misL genes which are involved in survival of Salmonella in 
macrophages. However it is essential to note that possession of a single or a few virulence 
genes does not endow a strain with pathogenic status unless that strain has acquired the 
appropriate virulence gene combination to cause disease in a specific host species (Gilmore 
and Ferretti, 2003).  Salmonella Infantis strains isolated from eggshells may have capacity to 
invade and survive in macrophages. However, further studies such as a macrophage 
invasion assay are essential to confirm these findings.  
         Salmonella Infantis was found to be a prevalent serovar in the poultry industry in a 
number of countries. In Finland, in 1975, a large epidemic of Salmonella Infantis in broiler 
chicken caused human Salmonellosis (Raevuori et al., 1978). Poppe et al. (1991) reported 
Salmonella Infantis as the second most important serovar isolated from layer flocks in 
Canada. Salmonella Infantis was also reported to be the second most important serovar 
after Salmonella Enteritidis in the German layer industry (Hinz et al., 1996). In Australia, 
Salmonella Infantis has been widely isolated from 1987-1992, more frequently from pigs and 
with high frequency in chickens (Murray, 1994). Salmonella Infantis has been isolated from 
the ovaries of commercial layers at the time of slaughter which raised public health concerns 
supported by the hypothesis that transovarian infection is the main cause of transmission of 
this organism to the eggs (Barnhart et al., 1991). 
        Even though, in the present study, the prevalence of Salmonella on eggshells was low, 
proper handlings of eggs in the kitchen is essential as improper handling may cause cross 
contamination of other food materials leading to food poisoning outbreaks (Slinko et al. 
2009). It is essential to adopt safe food handling practises in the food service sector, so that 
cross contamination can be avoided which will, potentially, reduce the risks of Salmonella 
food poisoning cases.  
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Another way to reduce egg related food poisoning cases is egg washing.  Egg 
washing is used to reduce eggshell contamination in many countries such as the United 
States, Australia and Japan (Hutchison et al., 2004). Egg washing can reduce the microbial 
load on the eggshell surface (Messens et al., 2011).  Musgrove et al. (2004a) compared the 
different Enterobacteriaceae present on the eggshell surface of washed and unwashed 
eggs. They found that most of the isolates from the unwashed control eggs belonged to E. 
coli and Enterobacter spp. However, in washed eggs, they were able to recover very few 
isolates and concluded that the egg washing removed many of the Enterobacteriaceae 
species from the eggshell surface. On the other hand, research has also shown that wet 
washing can damage the cuticle layer (which prevents the entry of bacteria across the egg 
shell), thereby leaving pores exposed and potentiating bacterial penetration (Sparks and 
Burgess, 1993). It has been demonstrated that the extent of cuticle deposition can influence 
the egg shell penetration of Salmonella Enteritidis (De Reu et al., 2006). However, it is not 
clear whether the extent of cuticle deposition can also influence egg shell penetration by 
Salmonella Infantis at various temperatures.  
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Chapter 5:  Prevalence of antibodies to Mycoplasma 
synoviae in laying hens and possible effects on egg 
shell quality (Mr. V. Gole, PhD thesis) 
 
 

Abstract 
 
Mycoplasma synoviae can cause respiratory disease, synovitis, or result in a silent infection 
in chickens and turkeys. The importance of M. synoviae is well established in broilers but 
only a few studies have been conducted in layers. In the present study, the prevalence of M. 
synoviae in commercial layer flocks was determined using ELISA.  For this study, 19 
commercial layer flocks have been selected randomly from New South Wales and 
Queensland region of Australia from producers who were willing to participate in the survey.  
Thirty eggs per flock were sampled and used for extraction of antibodies from the egg yolk.  
Similarly, thirty eggs per flock were collected and used to determine various egg shell quality 
parameters. Subsequently, a possible correlation between the serological status of eggs for 
M. synoviae and egg shell quality was studied. In the flocks under study, seroprevalence of 
M. synoviae was found to be high at 69 % (95 % confidence interval (CI) = 47 to 91).  
Statistical analysis showed a possible correlation between serological status for M. synoviae 
and egg quality parameters such as translucency, shell breaking strength, shell reflectivity 
and shell deformation.  On the other hand, there was no significant correlation between 
serological status for M. synoviae and other egg quality parameters such egg weight, shell 
weight, % egg shell or shell thickness.  
 

Introduction 
 
Mycoplasma species are well-known pathogens of domestic poultry, causing significant 
economic losses (Lierz et al., 2007). Mycoplasma synoviae is one of the most pathogenic 
species of this genus and can cause respiratory disease, synovitis or sometimes result in a 
silent infection in poultry. The importance of M. synoviae is well established in broilers but 
only a few studies have been conducted in layers (Hagan et al., 2004).  M. synoviae is 
known to be transmitted vertically through eggs (Jordan, 1975). The prevalence of egg M. 
synoviae antibodies in egg yolk is reported to be an appropriate way of assessing the flock 
prevalence of M. synoviae infection in laying hens (Hagan et al., 2004) and is correlated with 
serum antibodies (Mohammed et al., 1986 a,b).  Vertical transmission of a respiratory isolate 
of M. synoviae was confirmed in broiler breeders (Macowan et al., 1984). Earlier, the Dutch 
strain of M. synoviae was found to be one of the factors causing egg shell translucency 
(Feberwee et al., 2009a,b). However, there is little information available regarding the effects 
of Australian strains of M. synoviae on egg shell quality. In the present study, the prevalence 
of M. synoviae in commercial layer flocks was studied using ELISA. Finally, correlations 
between egg shell quality parameters and the seropravalence of M. synoviae in eggs from 
the same flock were investigated. 

 

Materials and Methods 
 
Eggs were collected randomly from 19 different commercial layer flocks located in New 
South Wales and Queensland, Australia. Of these 19 flocks, three flocks were vaccinated 
(Bioproperties, Vaxsafe® MS). M. synoviae was expected to spread quickly within a flock so, 
from each flock, 30 eggs were collected in order to extract antibodies from the egg yolk 
which were further used in an ELISA. Thirty eggs from each flock were analyzed for egg 
quality parameters: translucency score (0 = no translucency, 1 = mild translucency, 2 = 
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moderate translucency, 3 = severe translucency), shell reflectivity (%), egg weight (g), shell 

breaking strength (Newtons), shell deformation to breaking point (m), shell weight (g), 

percentage shell (%) and shell thickness (m). All the equipment used for egg quality 
analyses, except egg shell thickness, was supplied by Technical Services and Supply, UK. 
Egg shell thickness was measured by taking shell pieces from three equidistant points on 
the equator with shell membrane intact and measuring their thickness using a gauge 
constructed from a Mitutoyo Dial Comparator gauge Model 2109-10. 

 
Antibody extraction from egg yolk and ELISA 
The yolk extraction method was adapted from Mohammed et al. (1986b). For a saline 
extraction, 3 mL of egg yolk was collected from each of the 570 eggs (n=30 from 19 flocks) 

and mixed with 3 mL saline, vortexed and left for 48 h at 4C. For the chloroform extraction, 
0.5 mL saline extraction and 1 mL chloroform were vortexed to a thick paste. This was 
allowed to stand for 30 min at room temperature before being centrifuged at 850 g for 20 
min. The upper aqueous layer was removed and used in the ELISA. These extracted yolk 

antibodies were stored at -20C. Each extracted antibody sample was diluted 1:50 ratio in 
PBS and was then used in the ELISA. The BioChek Mycoplasma synoviae antibody kits 
(BioChek, catalog code CK 115) were used in this study, according to the manufacturer’s 
instructions, in order to study the prevalence of M. synoviae in the sampled commercial layer 
flocks.  Absorbance of controls and test samples was measured at 405 nm (Multiskan 
Ascent pathtech). Dilutions of chloroform-extract egg yolk antibody were prepared from the 
pools of known positive (M. synoviae vaccinated) and known negative eggs and tested for 
the following titres; 1:10, 1:50, 1:100, 1:500 and 1:1000. From the curve produced, the linear 
part was expanded. Reading the known positive and negative samples individually at the 
selected dilution produced a cut-off point for the test. The cut off values were determined 
using the model described by Greiner et al. (1995). The results were used to calculate the 
optimum sensitivity (Se) and specificity (Sp). Depending upon ELISA results, the flocks were 
divided into three groups, infected, uninfected and vaccinated. The flocks with 10% or more 
positive reactions were considered positive serologically, based on the criterion of Kleven 
and Bradbury (2008). Using the ELISA results, seroprevalence of M. synoviae was 
determined at 95% confidence interval and the ANOVA of the S-PLUS statistical software 
was used to compare egg shell quality parameters of infected, uninfected and vaccinated 
groups.   
 

Results and Discussion 
 
Egg yolk antibodies were used for studying the prevalence of M. synoviae amongst the layer 
flock. Using the chloroform-extracted egg yolks, a dilution factor of 1:50 was chosen as it 
was on the linear part of the standard curve produced. The Se and Sp for each threshold 
value were calculated as the proportion of positive results in the positive reference 
population and negative results in the negative reference population, respectively (Greiner et 
al., 1995). It was observed that the optimized cut-off point for egg yolk was 0.390 with 90% 
Se and Sp. Of the 19 flocks screened under this study, numbers of serologically positive 
(infected) and negative (uninfected) flocks were found to be 11 and 5, respectively, and the 
remaining 3 flocks were vaccinated.  Thus, the prevalence of M. synoviae serologically 
positive flocks in commercial layers was high {11/16  (69 %), 95 % CI = 47 to 91}.  Table 1 
shows the individual flock-wise seroprevalence of M. yynoviae. This study has established a 
method for using egg yolk antibodies to test the flock prevalence of M. synoviae in hens. 
Laying hens are efficient producers of antibodies. Following immunization against a specific 
pathogen, higher levels of antibodies are usually found in egg yolk than serum of hens (Malik 
et al., 2006).  Using egg yolk samples for routine screening is beneficial as it avoids the 
expense and stress of blood sampling. The present study was conducted in order to 
determine the seroprevalence of M. synoviae infection in the commercial layer flocks by 
ELISA and a high seroprevalence of M. synoviae in commercial layer stock was found. The 
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prevalence study of Hagan et al. (2004), which was also based on the detection of M. 
synoviae antibodies in eggs, reported a prevalence of 78.6% in commercial layer flocks in 
East England. In another study (Mohammed et al., 1986a), prevalence of M. synoviae was 
87% in commercial layer flocks in Southern California.  Our finding is in accordance with 
other researchers mentioned above. It has been found that multiple age flocks and low 
biosecurity standards amongst the layer farms are responsible for the high prevalence and 
persistence of M. synoviae infections (Stipkovits & Kempf, 1996; Kleven and Bradbury, 
2008). M. synoviae infected commercial layer stocks therefore pose a significant 
epidemiological risk for other categories of poultry. Suzuki et al. (2009) reported a high rate 
of M. synoviae seroprevalence (up to 53%) in backyard flocks in Paraguay, measured by 
ELISA test. Kapetanov et al. (2010) reported that, in Serbia, the overall seroprevalence of M. 
synoviae in the flocks decreased from 47.49% in 2000 to 22.17% in 2009.  

Table 2 shows correlations between M. synoviae serological status and different egg 
shell quality parameters including translucency, egg shell reflectivity, egg weight, shell 
breaking strength, shell deformation, egg shell weight, % egg shell and shell thickness. 
Statistical analysis showed that the vaccinated group (3.1 ± 0.1) had the highest 
translucency score as compared to the infected (2.4 ± 0.1) and uninfected (2.3 ± 0.1) groups 
whereas the infected group (31.5 ± 0.2 %) had significantly higher % shell reflectivity, 
followed by the vaccinated group (29.7 ± 0.5 %) and the uninfected group (28.0 ± 0.3 %), 
respectively. Shell breaking strength (38.9 ± 0.5) was found significantly lower in the infected 
group, as compared to the uninfected and vaccinated groups.  In the uninfected group, shell 

deformation (343.5 ± 6.0 m) was significantly higher as compared to the other two groups. 
However, there was no significant difference for other egg quality parameters such as egg 
weight, egg shell weight, % egg shell and shell thickness among these three groups.    

For the economic viability of the egg industry, it is critical to produce eggs with good 
egg shell quality.  Egg quality problems are responsible for economic losses within the 
Australian egg industry so it is important to study the factors which are responsible for 
decreased egg internal quality and egg shell quality. Many  factors have been identified as 
having direct or indirect effects on egg shell quality including bird strain, bird age, nutrition, 
stress and disease (Roberts, 2004). The mechanism by which M. synoviae affects the 
normal eggshell calcification process and egg shell quality is not clear. Eggshell matrix 
proteins in the uterine fluid are essential for the regulation of the growth of calcite during 
eggshell calcification. M. synoviae may affect the composition and concentration of eggshell 
matrix proteins (Hinke et al., 2003). M. synoviae may also affect the ciliary motility in the 
oviduct, which could lead changes in the uterine fluid content affecting the deposition of 
calcium carbonate crystals (Dominquez-Vera et al., 2000). Feberwee et al. (2009a,b) 
reported that a Dutch strain of M. synoviae was associated with formation of egg apex 
abnormalities (EAA) and also reported a synergism between M. synoviae and infectious 
bronchitis virus. However, there is little information available regarding synergism between 
uterotropic strains of Australian infectious bronchitis virus and M. synoviae. In the present 
study, it was found that shell breaking strength was significantly lower in the infected group 
as compared to the uninfected and vaccinated groups. Also, the vaccinated group had the 
highest translucency score as compared to the infected and uninfected groups, whereas the 
infected group had lighter shells followed by the vaccinated and negative groups, 
respectively. On the other hand, there was no significant difference between serological 
status of M. synoviae and other egg shell quality parameters such as shell reflectivity, egg 
weight, egg shell weight, % egg shell and  shell thickness. Findings of the study are in 
contrast to earlier findings by Lott et al. (1978) who found that M. synoviae infection had no 
effect on egg shell strength in an experimental study. The present study was a field 
investigation and not performed under experimental/controlled conditions, hence there could 
be other confounding factors affecting egg quality. Feberwee et al. (2009a) reported that 
vaccination with a live M. synoviae vaccine reduces the occurrence of M. synoviae-induced 
egg apex abnormality significantly. However, the current study reported a high translucency 
score in the vaccinated group. The high egg shell translucency in M. synoviae vaccinated 
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flocks needs further investigation as it would not be prudent to deduce direct effects of M. 
synoviae on egg shell translucency due to limited sample size.  
 
 

Table 1: Individual flockwise seroprevalence of M. synoviae with 95% exact binomial 
confidence interval model 
 

Flock age (weeks) M. synoviae serologically 
positive samples/sample size 

Flockwise (%) 
seroprevalence (95% CI) 

22 20/30 66.7 (47.2-82.8) 

24 0/30 0.00 (0.0-11.6) 

26 1/30 3.3 (0.1-17.2) 

27 10/30 33.3 (17.3-52.8) 

31 1/30 3.3 (0.1-17.2) 

41 0/30 0.0 (0-11.6) 

45 11/30 36.7 (19.9-56.1) 

53 12/30 40.0 (22.7-59.4) 

55 4/30 13.3 (3.8-30.7) 

58 29/30 96.7 (82.8-99.9) 

59 8/30 26.7 (12.3-45.9) 

62 15/30 50.0 (31.3-68.7) 

64 11/30 36.7 (19.9-56.1) 

66 0/30 0.0 (0.0-11.6) 

66 3/30 10.0 (2.1-26.5) 

72 12/19 63.2 (38.4-83.7) 

30a 15/30 50.0 (31.3-68.7) 

52a 14/30 46.7 (28.3-65.7) 

74a 20/30 66.7 (47.2-82.7) 
a Vaccinated flocks 
 
 
Table 2:  Association between M. synoviae serological status and different shell 
quality parameters 
 

Variables Infected Uninfected Vaccinated 

Number of flocks 11 5 3 

Translucency a2.4 ± 0.1 a2.3 ± 0.1 b3.1 ± 0.1 

Shell reflectivity % a31.5 ± 0.2 b28.0 ± 0.3 c29.7 ± 0.5 

Egg weight (g) a61.5 ± 0.4 a60.2 ± 0.9 a59.9 ± 0.5 

Shell breaking strength (N) a38.9 ± 0.5 b44.7 ± 0.7 b46.1 ± 1.3 

Shell deformation (µm) a295.8 ± 3.4 b343.5 ± 6.0 a310.8 ± 8.8 

Egg shell weight (g) a5.8 ± 0.1 a5.69 ± 0.1 a5.6 ± 0.1 

% eggshell a9.4 ± 0.1 a9.5 ± 0.1 a9.3 ± 0.1 

Shell thickness (µm) a390.9 ± 2.5 a385.6 ± 3.1 a383.9 ± 3.4 

Means ± SE.  Different superscripts across a row are statistically significantly different 
(P<0.05)
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Chapter 6: Effects of egg shell quality and washing 
on Salmonella Infantis penetration (Samiullah, 
Masters Thesis) 
 

Abstract 
 
The egg industry in Australia is implicated in public health risks due to cases of egg product 
related food poisoning. The egg contents are an ideal growth medium for microorganisms 
which are hazardous to humans. Eggshell characteristics such as shell thickness, amount of 
cuticle present, thickness of individual layers can affect the ease with which bacteria can 
penetrate the eggshell. Egg washing could partially or completely remove the cuticle layer. 
The current study was conducted to study the effects of egg washing on cuticle cover and 
effects of egg shell quality and cuticle cover on Salmonella Infantis penetration across the 
egg shell.  A higher incidence of unfavourable ultrastructural variables of the mammillary 
layer such as late fusion, Type B bodies, Type A bodies, poor cap quality, alignment, 
depression, erosion and cubics appeared to enhance bacterial penetration. The influence of 
egg washing on the ability of Salmonella Infantis on egg shell surface to enter the egg 
internal contents was also investigated. The results from the current study indicate that 
washing affected cuticle cover. There were no significant differences in Salmonella Infantis 
penetration of washed or unwashed eggs. Egg shell translucency may have effects on 
Salmonella Infantis penetration across the egg shell. The q-PCR assay, when used on 
enrichment broths, was more sensitive for detection of Salmonella Infantis from egg shell 
wash and internal contents than traditional direct agar culture. The agar egg and whole egg 
inoculation experiments indicated that Salmonella Infantis penetrated the eggshells but could 
not survive inside the egg, perhaps due to the antimicrobial properties of egg albumen. 
 

Introduction 
 
The egg industry in Australia is implicated in public health risks due to cases of egg product 
related food poisoning. The egg contents are an ideal growth medium for microorganisms 
which are hazardous to humans. An egg can be contaminated during its formation in the 
reproductive tract of a Salmonella spp. infected hen (vertical transmission). It can also be 
contaminated horizontally (after the shell has formed either during oviposition or following 
oviposition) depending upon the nature of the pathogen and architecture of the eggshell. Not 
all Salmonella serovars are transmitted vertically. Salmonella Enteritidis primarily follows the 
vertical transmission route (Barrow and Lovell, 1991; Humphrey, 1994; Keller et al., 1995) 
whereas Salmonella Infantis is transmitted horizontally (Okamura et al., 2001). Cooking can 
destroy or reduce the levels of bacteria in eggs; however it is common practice to eat lightly 
cooked egg in most parts of the world including Australia. Cox et al. (2002) and Chousalkar 
and Roberts (Chapter 3) reported that Salmonella Infantis was the most common serovarin 
the Australian egg industry. It is difficult for bacteria to move across an intact good quality 
egg shell. However, earlier reports indicate that small defects in the egg shell may provide 
means for the predominant bacterial spp. on the egg shell to penetrate the shell and move 
into the egg contents (De Reu et al., 2006). Eggshell characteristics like shell thickness, 
amount of cuticle, thickness of individual layers (mammillary and palisade), pore distribution 
and mammillary ultrastructural variables have been shown to influence eggshell quality and 
the ease of microbial penetration (Berrang et al., 1998; Nascimento et al., 1992; Solomon, 
1991). Translucency is reported as being an egg shell characteristic which results in irregular 
mammillary knobs probably due to the fusion of several mammillary cores during the early 
phases of eggshell formation (Bain et al., 2006). Egg translucency has also been shown to 
be positively correlated with microbial penetration (Chousalkar et al., 2010). Disinfecting 
eggshells is a common and fundamental practice to eliminate or reduce populations of 
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pathogens on the surface of eggshells (Park et al., 2005). Washing of eggs is practiced by 
some commercial layer farmers in order to remove most of the debris including some 
microbes from the outer surface of the eggshell. Some countries like Australia, the United 
States, Canada and Japan allow eggs to be washed and graded before being packaged for 
retail, whereas European Union countries are reluctant to allow the washing of grade A eggs 
(Hutchison et al., 2004; Leleu et al., 2011; Sparks and Burgess, 1993). In Australia, most 
commercially produced eggs are washed before marketing (Hutchison et al., 2004). Egg 
washing can significantly lower numbers of Enterobacteriaceae on the outside of the eggs 
when compared to unwashed eggs (Musgrove et al. 2004a). Egg washing with chemicals 
such as alkaline solutions, sodium carbonate, and sodium hydroxides produced visually 
clean eggs but were hard enough to partially or completely remove the cuticle layers (Wang 
& Slavik, 1998). The current study was conducted to study the effects of egg washing on 
cuticle cover, as well as the effects of egg shell quality and cuticle cover on Salmonella 
Infantis penetration across the egg shell. The influence of egg washing on the ability of 
Salmonella Infantis on the egg shell surface to enter the egg internal contents was also 
investigated. 
 

Materials and Methods 
 
Fresh and visibly clean eggs were collected from a cage system at 42 and 44 wk of flock 
age. Salmonella Infantis strain isolated from egg shell wash, as reported in a previous 
chapter, was used for penetration experiments in this study. 
 

Egg washing 
Egg washing was conducted as described in Chapter 2.  
 

Inoculum preparation 
The inoculum was prepared as described in Chapter 2.  Agar filled eggs or whole eggs were 
immersed for 1 minute in one of three serial dilutions of Salmonella Infantis strain N1/11 a 
control and approximately 105 and 103 colony forming units (CFU) per ml of phosphate 
buffered saline (PBS).  Eggs from the control group were immersed in sterile PBS for 1 min. 
 

Agar method for assessment of the egg shell penetration 
The agar egg method is described in Chapter 2.  Briefly, 64 fresh eggs were obtained from 
the cage front of 42 week old commercial Isa Brown laying hens. Eggs were divided into 
washed and unwashed groups (n=32). All eggs were candled before filling them with agar 
and translucency was scored as 0 (no translucency), 1 (mild translucency), 2 (moderate 
translucency) and 3 (severe translucency). Eggs from washed and unwashed groups were 
further divided into four treatment groups (n=8) based on the translucency score.  Agar filled 
eggs from the treatment groups were immersed for 1 min in 105 CFU of Salmonella Infantis 
per ml of PBS. Eggs from the control groups were immersed in sterile PBS for 1 min. After 
inoculation, agar filled eggs were kept at 20°C for 21 days. The eggs were aseptically 
opened in a biosafety cabinet after 21 days to inspect for growth of typical colonies. Colonies 
seen near to the hole that had been made in the egg shell were not recorded as penetration. 
One sample analysis test (Statview® version 5.0.1 for windows, SAS Institute Inc. Copyright 
© 1992- 1998) was used to study the effect of egg shell translucency on percentage of 
penetrated egg shells. 
 

Scanning electron microscopy (SEM) for studying translucency and cuticle 
scoring of penetrated egg shells. 
Penetrated areas of egg shell were marked and correlated with egg translucency, the 
amount of cuticle present, shell thickness and mammillary layer ultrastructural scoring in 
treatment and control groups. All the penetrated points were marked and counted in a single 
½ shell from which the percentage of penetration points through translucent spots was 
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calculated. For estimation of cuticle cover, eggshells were stained with MST cuticle blue dye, 
as described in Chapter 2 and scored for the amount of the cuticle present (based on Leleu, 
et al., 2011) as shown in Table 1.  Pieces of shell were prepared, observed under a 
scanning electron microscope and scored for ultrastructural features of the mammillary layer, 
as described in Chapter 2. Shell thickness was measured as described in Chapter 2. 
 

Whole egg penetration assay 
A whole egg penetration experiment, as described in Chapter 2, was performed to study the 
effects of egg washing on Salmonella survival on the egg shell surface and penetration into 
the internal contents of the egg. Ninety eggs were collected from 44 week old laying hens. 
These eggs were divided into two groups: washed (n=30) and unwashed (n=60). Eggs were 
further divided into 9 different treatment groups based on washing, dose of infection and 
incubation temperature. Eggs from the treatment groups were immersed for 1 minute in one 
of two serial dilutions for Salmonella Infantis strain N1/11 in approximately 105 and 103 CFU 
per ml of PBS. Eggs from the control groups were immersed in sterile PBS for 1 min. After 
inoculation, infected eggs were kept at 20°C or 37°C for 21 days. 
 

Isolation of Salmonella Infantis from egg shell surface and egg internal 
contents 
In order to recover Salmonella Infantis strain N1/11 after 21 post infection (p.i.), from 
eggshell surface and egg internal contents from the whole egg penetration study, eggs were 
washed in a sterile whirl pak bag (Nasco, USA) containing 20 mL of PBS. The eggs were 
gently rubbed for 90 seconds in order to detach any surviving bacteria and a 100 μL aliquot 
was plated on XLD, the plates were incubated overnight at 37˚C and checked for colony 
growth of Salmonella Infantis.  For processing internal contents of the incubated eggs, eggs 
were dipped in 70 % ethanol for 30 seconds. Eggs were emptied into the whirl pack bags by 
opening the egg on the edge of a sterile container. The contents were mixed thoroughly and 
2 mL was added into 18 mL PBS. 100 μL was plated on XLD plates and incubated overnight 
at 37˚C. Plates were examined for colony growth of Salmonella Infantis strain N1/11. 
 

Real time PCR for quantification of Salmonella Infantis survival on egg shell 
surface and egg internal contents of washed and unwashed eggs 
Salmonella enrichment and DNA extraction 
Two mL of egg shell surface wash or egg internal contents from the whole egg inoculation 
experiment (2.6) were inoculated in 8 mL of buffered peptone water (Oxoid, Australia). The 

inoculated peptone water was incubated at 37C for 18 hrs. The DNA was extracted from 
overnight incubated peptone water samples using the AxyPrep Multisource Genomic DNA 
Miniprep Kit (Axygen, USA) according to the manufacturer's instructions. 
 
Standard curves and quantification 
A proportionality relationship between the CFUs and threshold cycle values (Ct) was 
determined by qPCR following the method proposed by Lyons et al. (2000). Briefly, the 
Salmonella Infantis strain used in the penetration experiment in this study was cultured on 
XLD agar at 37°C. The individual isolated colonies were then suspended in 2 mL of PBS, 
matched with 0.5 McFarland standards (bioMerieux Australia) and serial dilutions were 
performed to achieve 104 CFU/mL. The number of CFUs was determined after spreading 
serial dilutions on XLD agar plates. qPCR was performed on serial dilutions (1:10 to 
1:100,000) of genomic DNA and a proportionality relationship was produced by plotting the 
Ct value against the logarithm CFU number (Lyons et al., 2000). The regression line 
calculated from all the plots obtained was used as the standard reference line.  
 
Real time PCR 
Real time PCR was performed using a Rotor Gene 3000 real time PCR machine (Qiagen, 
Australia) and a TaqMan® Salmonella enterica detection Kit (Applied Biosystems, Australia).  
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Each reaction contained 9 µL of qPCR supermix and 6 µL of RNA template (12 ng) in a total 
reaction volume of 15 µL. The cycling parameters were 95oC for 10 min, then 40 cycles at 
95oC for 15 s followed by 60oC for 60s. 
 

Results 
 

Agar egg penetration assay 
Penetration was observed in all egg shells from the washed group. For the unwashed eggs, 
3 eggs each (out of 8 eggs) from translucency scores 2 and 1 showed no Salmonella Infantis 
penetration. All the control group eggs were negative. 
 

Correlation of shell features with Salmonella Infantis strain N1/11 penetration 
Cuticle cover tended to be more complete in unwashed (Figure 1) compared to washed eggs 
(Figure 2) and there was significant difference between the cuticle cover of washed and 
unwashed eggs (Table 2). There was no significant effect of shell thickness on the incidence 
of bacterial penetration. Shell thickness tended to be lower in the unwashed shells. A 
positive correlation was found between the presence of translucent areas in the eggshell and 
penetration points of bacteria into the egg. Most of the penetration points were through the 
translucent spots and were greater in eggs with a higher incidence of translucency for both 
washed and unwashed eggs.  The exception to this trend was the unwashed eggs with “0” 
translucency score (Figure 3).  
 

 
 

Figure 1: SEM image of eggshell with intact cuticle in unwashed eggs 
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Figure 2: SEM image of eggshell with patchy cuticle in washed eggs 

 

Figure 3:   SEM of the mammillary layer of penetrated area showing 
depression. X200; Scale bar 100μm 

 
There was no significant difference between the washed and unwashed groups of eggs for 
any of the mammillary layer ultrastructural variables except depression. A slightly higher 
incidence of depression was recorded in washed groups (Figure 4). SEM of the penetrated 
points in both groups (washed and unwashed) showed a higher incidence of alignment, late 
fusion, cubic, open pores, Type B bodies, Type A bodies, depression and erosion of the 
mammillary caps (Figure 5).  The non penetrated areas in both groups (washed and 
unwashed eggs) showed good mammillary cap with higher incidence of confluence. 
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Figure 4:   SEM of the mammillary layer of penetrated area showing eroded 
caps. X100; Scale bar 200μm 

 

 

Figure 5:   SEM of the mammillary layer of non-penetrated area showing good 
mammillary cap. X 170; Scale bar 100μm 

 
 

Salmonella Infantis strain N1/11 survival in whole egg penetration assay 
Of all samples incubated at 20˚C and 37˚C, Salmonella was isolated from only the shell 
surface of 1 sample incubated at 37˚C. The total number of colonies on the plate was 95 cfu. 
Salmonella was not isolated from shell surface of washed eggs. All eggs from control group 
were negative for Salmonella Infantis. Salmonella was not isolated from egg internal 
contents from washed or unwashed eggs. 
 

Real time PCR assay 
The log-linear standard curve generated from these plots showed high accuracy of the 
reaction with R2 value= 0.990, y = -3.20 log (x) + 24.34. with various concentrations of 
bacterial DNA. The detection limit the assay performed during this experiment was 10 
CFU/mL (CT = 24.34 ± 0.01) hence the samples below this level were considered negative. 
There was no significant difference between the Salmonella Infantis load on the egg shell 
surface of washed and unwashed eggs (Table 3). Also there were no significant differences 
between washed and unwashed eggs for the egg internal contents. However, the load of 
Salmonella Infantis strain N1/11 tended to be higher on the egg shell surface and in egg 
internal contents of washed eggs. There were no significant effects of temperature or dose 
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levels on survival or penetration of Salmonella Infantis strain N1/11 in washed or unwashed 
eggs.  

In the washed egg group incubated at 20C and infected with 103 CFU, Salmonella Infantis 
strain N1/11 was detected on the shell surface of 8 out of 10 eggs and internal contents of 6 

out of 10 eggs. In the unwashed egg group incubated at 20C and infected with 103 CFU, 
Salmonella Infantis strain N1/11 was detected on the shell surface of 8 out of 10 eggs and 
internal contents of 2 out of 10 eggs.   

  In the washed egg group incubated at 20C and infected with 105 CFU, Salmonella 
Infantis strain N1/11 was detected on the shell surface of all eggs and internal contents of 6 

out of 10 eggs. In unwashed egg group incubated at 20C and infected with 105 CFU, 
Salmonella Infantis strain N1/11 was detected on the shell surface of 6 eggs and internal 
contents of 6 out of 10 eggs.  

In unwashed egg group incubated at 37C and infected with 103 CFU, Salmonella 
Infantis strain N1/11 was detected on the shell surface of 8 out of 10 eggs and internal 

contents of 3 out of 10 eggs. In unwashed egg group incubated at 20C and infected with 105 
CFU, Salmonella Infantis strain N1/11 was detected on the shell surface of 8 out of 10 eggs 
and internal contents of 6 out of 10 eggs.  

Egg shell wash and internal contents from the control group tested negative for 
Salmonella Infantis strain N1/11. 
 

Discussion 
 
In Australia and most European countries, there is still debate about the benefits of washing 
eggs. However, research has also proved that wet washing can damage the cuticle layer 
(which prevents the entry of bacteria across the egg shell) thereby leaving pores exposed 
and potentiating bacterial penetration (Sparks and Burgess, 1993). Egg washing is widely 
used in many countries including Australia (Hutchison et al., 2004). European Union 
countries do not recommend washing grade A table eggs on the basis that the washing of 
eggs increases the likelihood of spoilage and moisture loss from the egg contents, due to 
destruction of the outer cuticle layer (Hutchison et al., 2004).  In the present study, there was 
significant difference between the cuticle cover of washed and unwashed eggs. Trans-shell 
penetration tended to be higher in washed eggs compared to unwashed eggs, although the 
difference was not significant. A high incidence of penetration in the washed eggs might 
explain the importance of the cuticle in preventing microbial ingress, as the washed eggs 
had less cuticle compared to unwashed eggs. The hydrophobic proteinaceous outermost 
layer (cuticle) of the eggshell hinders bacterial penetration (Haigh and Betts, 1991). 
However, the function of the cuticle as a microbial defense tool has been questioned 
(Nascimento et al., 1992). In the egg penetration studies of Messens et al. (2007), a high 
correlation was found between absence of cuticle and Salmonella penetration, but the 
amount of cuticle did not affect bacterial penetration in the studies of Messens et al. (2005b). 
Cuticle removal increased bacterial penetration from 20 to 60% in the studies of Alls et al. 
(1964). It is, however, essential to note that cuticle deposition could be variable in the same 
flock and that eggs were not divided based on the cuticle score for the penetration 
experiment during this study. Washing may have negative impacts on the cuticle; however 
this will depend up on techniques, chemicals or temperature used during washing. 

In the present study, Salmonella Infantis strain N1/11 was isolated from only one 
shell wash sample by the agar culture method. Salmonella was not isolated from any egg 
internal contents. A high Salmonella Infantis strain N1/11 load was recorded on both the egg 
shell surface and in egg internal contents by Q-PCR method for eggs deliberately exposed 
to Salmonella Infantis strain N1/11. However, all the samples were pre enriched prior to the 
Q-PCR assay which may have improved Salmonella detection. The Salmonella Infantis 
strain N1/11 load was lower in the egg internal contents of washed and unwashed eggs.  
The agar egg inoculation experiment indicated that the Salmonella Infantis strain N1/11 used 
in this study was able to penetrate across the eggshell, but from the whole egg penetration 
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study, it appeared that Salmonella Infantis strain N1/11 survived poorly in the egg internal 
contents. This could be attributed to the antimicrobial properties of albumen. Also, a number 
of factors such as the pH of albumen, albumen viscosity and antimicrobial enzymes and 
proteins inhibit bacterial proliferation in egg contents (Mayes and Takeballi, 1983). Trans-
shell penetration was confirmed using the agar moulding technique in which all the washed 
eggs were penetrated whereas the penetration rate in the unwashed group was 69.7± 8.1. 
Earlier studies have shown that Salmonella serovars other than Salmonella Infantis strain 
N1/11 penetrate the eggshell (Sauter and Peterson, 1974; DeReu et al., 2006). Murase et al. 
(2006) suggested that Salmonella serovars including Salmonella Infantis which enter the 
albumen are unlikely to show active motility through the albumen towards the yolk. Some 
albumen proteins like ovotransferrin have antimicrobial peptides (OTAP-92) that could kill 
Gram negative bacteria by crossing the outer membrane of bacteria and thus altering the 
biological function of its cytoplasmic membrane (Ibrahim et al., 2000; Schoeni et al., 1995). 
In the studies of Hughey and Johnson (1987), Salmonella Typhimurium was resistant to the 
antibacterial properties of albumen lysozyme but how lysozyme acts against Salmonella 
Infantis need to be investigated. In the present whole egg penetration study, washed eggs 
were only incubated at 20˚C as washed eggs are not used in the hatchery where incubation 
temperature is 37˚C. In this study, there was no effect of incubation temperature (20 vs 
37˚C) on microbial penetration across egg shell. 

Egg translucency had a positive correlation with microbial penetration in the present 
studies except for the unwashed translucency score “0” eggs. Higher translucency incidence 
may enhance microbial penetration across the eggshell (Chousalkar et al., 2010). The high 
incidence of penetration of eggs from the unwashed group with translucency score of “0” 
might have been due to a translucency score which increased significantly following egg 
collection as the eggs were scored as soon as they were collected. Because translucency 
was not measured 21 days after inoculation/incubation in this experiment, further 
investigation is required to prove this hypothesis. Our finding regarding egg shell thickness is 
in agreement with earlier studies of De Reu et al. (2006) and Messens et al. (2005b) who 
found that eggshell characteristics such as shell pores, shell thickness, area of the shell did 
not affect bacterial penetration of whole eggs and agar eggs. Similarly, in the egg 
penetration studies of Williams et al. (1968), Messens et al. (2005b) and Smeltzer et al. 
(1979), bacterial penetration was independent of shell thickness. However, in the studies of 
Orel (1959) and Sauter and Peterson (1974), a significant effect of shell thickness on 
bacterial penetration was recorded. In the present studies, SEM of the penetrated areas of 
outer shell surface showed open pores not plugged by cuticle. Open pores with diameters 
larger than the bacterial size is the primary route of bacterial entrance to intact eggs (Tyler, 
1956; Board and Halls, 1973). Nascimento et al. (1992) and Nascimento and Solomon 
(1991) reported bacterial penetration to be independent of pore numbers. Pores were highly 
penetrated areas in the studies of Haigh and Betts (1991) but, in the present study, bacterial 
penetration was observed equally in all regions of the shell. In the present study, a higher 
incidence of ultrastructural variables of the mammillary layer such as late fusion, Type B 
bodies, Type A bodies, poor cap quality, alignment, depression, erosion and cubic appeared 
to enhance bacterial penetration. Similarly, Solomon (1991) positively correlated all the 
ultrastructural variables that negatively affect mammillary layer quality with bacterial 
penetration. However, more research is needed to correlate the shell mammillary layer 
ultrastructural features with microbial penetration as, on the basis of a higher incidence of a 
single variable, a true baseline cannot be established. The eroded mammillary caps 
observed at penetration sites (Figure 5) are unusual. They may have been present in the 
shell and facilitated the entry of bacteria or the erosion may have resulted from the activity of 
the bacteria after they had penetrated the shell. 

In the studies of Schoeni et al. (1995), Salmonella other than Infantis either remained 
stable or steadily increased in the egg albumen. Various phage types of Salmonella 
Typhimurium are often isolated from cases of egg product related food poisoning. Hence 
further research is essential to study the survival and egg shell penetration of different phage 
types of Salmonella Typhimurium isolated from layer industry in Australia. It is likely that the 
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motile and non-clustering properties of most of Salmonella enterica serovars enhance their 
penetration across the eggshell more frequently compared to other bacteria (De Reu et al., 
2006).  

It can be concluded from the current experiments that Salmonella Infantis penetrated 
across the eggshells but could not survive well inside the egg, perhaps due to the 
antimicrobial properties of albumen. Research is needed to investigate the effect of the agar 
method on the properties of shell membranes as shell membranes play an important role in 
prevention of microbial entrance into the egg. 
 
  
Table 1:  Scoring sheet for cuticle quantification by SEM 
 

Good intact cuticle 
(91-100%) 

Less patchy cuticle 
(61-90%) 

More patchy cuticle 
(11-60%) 

Negligible or no 
cuticle (1-10%) 

Score= 1 Score= 2 Score= 3 Score= 4 

 
 
 
Table 2: Egg shell characteristics and % penetration in agar penetration experiment 
 

 % penetration Shell thickness 
(µm) 

Cuticle 
score 

Washed eggs 74.7 ± 7.3 407 ± 3.4a 3.9 ± 0.06a 

Unwashed eggs 69.7 ± 8.1 383 ± 9.8b 3.3 ± 0.16b 

 
 
 
Table 3: Q-PCR results of Salmonella Infantis survival on egg shell surface and 
internal contents of washed and unwashed eggs at 200C during whole egg penetration 
experiment 
 

Treatment 
Dose 

Egg shell surface Egg internal contents 

10 3 CFU 10 5 CFU 10 3 CFU 10 5 CFU 

Washed eggs 
(Incubated at 20 0C) 

20.5 ± 0.9 18.5 ± 2.3 23.1 ± 2.2 22.3 ± 3.1 

Unwashed eggs 
(Incubated at 20 0C) 

14.3 ± 6.4 23.9 ± 1.7 22.5 ± 1.5 23.5 ± 1.4 

Unwashed eggs 
(Incubated at 37 0C) 

22.5 ± 1.1 18.2 ± 2.9 21.6 ± 2.9 18.4 ± 2.5 

 
Q-PCR results presented in CT values. CT values are mean ± SE obtained for 10 samples 
from each treatment group.  
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Chapter 7: Effect of egg washing and correlation 
between eggshell characteristics and egg 
penetration by various Salmonella Typhimurium 
phage types (Mr. V. Gole PhD Thesis) 
 
Abstract 
 
Salmonella is an important foodborne pathogen, causing an estimated 9,533 cases of 
infection in Australia per year. Egg or egg product related Salmonella poisoning is a major 
concern for the egg industry.  S.  Typhimurium is one of the most common serovars 
identified in Salmonella food poisoning cases throughout the world. The current study 
investigated the ability of S. Typhimurium phage types (ST PT 9, PT 44, PT 135, PT 170, PT 
193) to penetrate washed and unwashed eggs using whole egg and agar egg penetration 
methods. All S. Typhimurium phage types were able to penetrate eggshells and survive in 

egg albumen (at 20C) according to whole egg penetration results.  Polymerase chain 
reaction results demonstrated that ST PT 44 (103 and 105 CFU/mL), and ST PT 193 (103 and 
105 CFU/mL) egg penetration was significantly higher (p<0.05) in washed eggs when 
compared to unwashed eggs. Statistical analysis of the agar penetration experiment 
indicated that S. Typhimurium was able to penetrate washed eggs at a significantly higher 
rate when compared to unwashed eggs (p<0.05).  When compared to unwashed eggs, 
washed eggs also had significantly damaged cuticles. Statistical analysis also indicated that 
eggshell penetration by S. Typhimurium was correlated with various eggshell ultrastructural 
features such as cap quality, alignment, erosion, confluence, Type B bodies and cuticle 
cover. 

 

Introduction 
 
Salmonella spp. have been one of the most important food poisoning pathogens throughout 
the last century and remains an unsolved conundrum in microbiology and public health 
(Hardy, 2004). It is estimated that 1.3 billion incidences of nontyphoidal salmonellosis occur 
throughout the world annually (Coburn et al., 2007). The annual report of the OzFoodnet 
network (OzFoodnet, 2009) reported 9,533 cases of Salmonella infection in Australia. It is 
estimated that the annual loss due to all food borne illness in Australia is $1.2 billion (Hall et 
al., 2005). The Australian egg industry is often blamed for cases of food poisoning due to 
salmonellosis. Salmonellosis can be acquired by the ingestion of raw or undercooked eggs. 
Cross contamination of ready-to-eat meals with Salmonella also plays a major role in food 
poisoning cases. Intact eggs can be contaminated by Salmonella using two possible routes: 
vertical transmission and horizontal transmission. Vertical transmission occurs as a result of 
Salmonella infection of the reproductive organs i.e. ovaries or oviduct hence also called the 
transovarian route. In the transovarian route, the egg yolk membranes or albumen 
surrounding are directly contaminated (Messens et al., 2005a). The horizontal transmission 
is also called as trans-shell route in which Salmonella penetrates through the eggshell during 
or following oviposition (Miyamoto et al., 1998).  S. Enteritidis is a major cause of egg related 
Salmonella food poisoning cases and the most prevalent serovar in the layer industry across 
the world; however, it is not endemic in Australian layer flocks (Sergeant et al., 2003). In 
Australia, S. Typhimurium is the most common serovar identified in human salmonellosis 
cases (OzFoodnet, 2009). Horizontal transmission is the most common route by which 
Salmonellae other than S. Enteritidis contaminate egg internal contents (Humphrey, 1994). 

Important extrinsic factors such as the bacterial strain, temperature differential, 
moisture on the eggshell, the number of microorganisms in the inoculum and the storage 
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conditions may affect eggshell penetration by Salmonella spp. Intrinsic factors that may 
affect egg penetration include shell porosity, shell thickness and the extent of cuticle present 
on the shell (Messens et al., 2005a). There is also some evidence to suggest that eggshell 
translucency is associated with greater microbial penetration (Chousalkar et al., 2010). 
However, there is a lack of substantial literature on the relationship between translucency, 
eggshell ultrastructure and the penetration of bacteria. 

Faeces, water, caging material, nesting material, insects, hands, broken eggs, blood, 
soil or dust on the egg belt are the most common sources of egg shell contamination (Board 
and Tranter, 1995; Ricke et al., 2001). Egg washing can reduce the microbial load on the 
eggshell surface (Messens et al., 2011) and thus may lower the rate of penetration of 
Salmonella across the eggshell and decrease the incidence of food poisoning. Egg washing 
is used to reduce eggshell contamination in many countries such as the United States, 
Australia and Japan (Hutchinson et al., 2004). However, some researchers believe that egg 
washing chemicals can damage the cuticle layer of the eggshell (Wang and Slavik, 1998) 
which may result in moisture loss and deterioration of the internal quality of the egg. It is also 
possible that egg washing may favour the transmission of Salmonella across the eggshell 
particularly when the post-washing storage and drying conditions are substandard. As a 
result, there is currently a debate over the benefits of egg washing.  Damage to the cuticle or 
alteration of the eggshell surface may change with different egg washing protocols (Wang 
and Slavik, 1998) and may result in variation in the penetration of bacteria across the 
eggshell. There is a lack of information in this area in the Australian context. 

S. Typhimurium has been identified as the most prevalent serovar involved in cases 
of salmonellosis food poisoning in Australia (Ozfoodnet, 2009).  Additionally, S. Typhimurium 
phage types (ST PT 9, ST PT 44, ST PT 135, ST PT 170 and ST PT 193) were frequently 
isolated/detected from egg products related to food poisoning cases in Australia (Ozfoodnet, 
2009). However, there is a lack of information available regarding how well these ST PTs 
survive on the eggshell surface and penetrate the shell to contaminate the internal contents 
of the egg. A preliminary study suggested that eggshell ultrastructure may have an impact 
on eggshell penetration by Salmonella (Chapter 6) but there is a lack of direct evidence. 

The objectives of this study were to examine the effect of egg washing on the 
survival of ST PTs on the eggshell surface, to investigate the penetration ability of different 
ST PTs, and to study the effect of egg washing on penetration of the eggshell by bacteria.  
The effect of egg washing on cuticle ultrastructure and the relationship between eggshell 
quality parameters and bacterial penetration were also investigated. Finally, the correlation 
between translucency and eggshell ultrastructure parameters and ease of bacterial 
penetration was studied. It was hypothesized that egg shell washing increases cuticle 
damage and also increases the rate of egg penetration by S. Typhimurium. 
 

 Materials and methods 
 
Fresh and visibly clean eggs were collected from hens under 45 weeks old from a HyLine 
layer farm. All of the ST PTs (PT 9, 44, 135, 170 and 193), which had been initially isolated 
from Australian layer farms, were obtained from the Australian Salmonella Reference Centre 
in Adelaide, Australia. 

 
Egg washing 
Eggs were washed as described in Chapter 2. 

 
Inoculum preparation 
S. Typhimurium PTs stored at -80C in 80% glycerol were processed as described in 
Chapter 2. Agar filled eggs and whole eggs were immersed for 90 sec in one of three 
dilutions: PBS (control), ~103, and ~105 CFU/ mL S. Typhimurium inoculums. 

 
Agar method for assessment of the eggshell penetration 
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The effects of washing, translucency, and eggshell quality on the bacterial penetration of the 
eggshell were assessed by the ‘agar egg’ method as described in Chapter 2.  Fresh eggs 
were obtained from the cage front of layers. All eggs were candled, scored for translucency, 
and divided into two translucency groups based on candling score (n=32); where 1= low 
translucency, and 2= high translucency. Eggs from each group were then allocated to 
washed and unwashed groups (n=16 each) and subsequently allocated to inoculated (n=10) 
and control groups (n=6).  Agar-filled eggs from each treatment group (washed and 
unwashed) were immersed for 90 sec in approximately 105 CFU/mL solution of S. 
Typhimurium. Eggs from the control groups (washed and unwashed) were immersed in 

sterile PBS for 90 sec. After inoculation, agar-filled eggs were incubated at 20C for 21 days. 
After incubation, the eggs were aseptically opened and the penetration of Salmonella spp. 
was assessed by the blackening of the interior egg shell.  

 
 

Scanning electron microscopy (SEM) for studying relationship of translucency 
and the effect of egg washing on eggshell ultrastructure and cuticle 

Pieces of egg shell were prepared and observed under a scanning electron 
microscope as described in Chapter 2. In this study, eggshell ultrastructural features of the 
mammillary layer were scored as per  the following criteria: Cap size:  similar = 1, variable = 
2; Confluence: low=1, high = 2; Cap quality: good = 1, poor = 2 ; Alignment: low = 1, high = 
2, Type A bodies: low = 1, high = 2; Type B bodies: low =1 , high =2; Argonite :  Absent =1, 
present =2; Erosions: absent =1, present =2; Depression: absent =1, present =2. 

Assessment of the amount of cuticle present was conducted by electron microscopy, 
as described in Chapter 2 and shell thickness was measured as described in Chapter 2. 

 
 Statistical analysis of agar penetration experiment  
All statistical analyses were performed with the statistical software R (R core team 2012). A 
logistic regression was used to assess the effects of washing, eggshell translucency and 
their interaction on eggshell penetration of inoculated eggs. Logistic regression was also 
used to explore the relationship between the overall egg shell structure and S. Typhimurium 
penetration. The overall eggshell structure was defined by the ultrastructural parameters of 
cap size, confluence, caps, alignment, the number of Type A and B bodies, the level of 
argonite, depression, erosion and shell thickness. 

An ordered logistic regression was used to model the effects of washing, 
translucency and treatment on the cuticle score of all 64 eggs. In addition, the relationship 
between translucency score and egg ultrastructure parameters was investigated using 
logistic regression. Model fit was assessed using an Analysis of Variance (ANOVA) and 
based on a significance level of p<0.05, non-significant interactions were removed step-wise 
until only significant terms remained in the model. 

 

Whole egg penetration experiment 
The effects of egg washing on S. Typhimurium survival on the eggshell surface and 
penetration across the eggshell, as well as the survival of S. Typhimurium in the internal 
contents of the egg, were investigated using a ‘whole egg penetration’ approach as describef 
in Chapter 2. Ninety eggs were collected from HyLine Brown hens in early lay and were 
divided into two groups: washed (n=30) and unwashed (n=60). Washed eggs were divided 
into one control (PBS) and two treatment groups (103 and 105 CFU/mL) with 10 eggs each. 

All the washed eggs were incubated at 20C after exposure to S. Typhimurium or the sham 
PBS treatment. Unwashed eggs were divided into two groups of 30 eggs. Group 1 was 
further divided into one control and two treatment groups (103 and 105 CFU/mL) of 10 eggs 
each. Eggs from group 1 were incubated at 20°C after exposure to S. Typhimurium or the 
sham PBS treatment. Group 2 was also divided into one control and two treatment groups 

(103 and 105 CFU/mL) of 10 eggs each. These unwashed eggs were incubated at 37C.  The 

reason that only unwashed eggs were incubated at 37C is that washed eggs are not used 
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for hatching purposes in Australia.  Each egg was dipped into 70% ethanol for 30 sec to 
sterilize the outer shell and allowed to air dry in a biosafety cabinet for 10-15 min. Eggs were 
then immersed for 90 sec in 103 CFU/mL or 105 CFU/mL of S. Typhimurium. After 

inoculation, eggs were incubated at 20C or 37C for 21 days.  

 
Isolation of S. Typhimurium from eggshell surface and egg internal contents 
from whole egg penetration experiment 
After incubation, each egg was placed in a Whirl-Pak bag (Nasco, USA) containing 10 mL of 
buffered peptone water (BPW; Oxoid, Australia) and each egg was massaged for 1 min.  A 
10 µL aliquot of the mixture was spread plated onto XLD plates and incubated overnight at 

37C, and subsequently quantified. 
To investigate the penetration and survival of S. Typhimurium in the internal contents 

of the egg, after the eggshell wash, eggs were dipped in 70% ethanol for 30 sec. Eggs were 
then aseptically opened, emptied into the Whirl-Pak bags and mixed. A 2 mL aliquot of the 
internal contents was transferred to 8 mL of BPW and 10 µL of this mixture was plated on 

XLD agar and incubated overnight at 37C. Plates were then observed for Salmonella 
identification. Slopes of suspected Salmonella isolates were sent to the Institute of Medical 
and Veterinary Sciences (IMVS), Adelaide, Australia for confirmation. Statistical analysis 
was conducted using Fisher exact test (for internal contents samples) and t- test (for 
eggshell surface samples) of statistical software R (R core team, 2012). 

 
Polymerase Chain Reaction amplification for detection of S. Typhimurium on 
eggshell surface and in internal contents of eggs from whole egg penetration 
experiment 
Detection of S. Typhimurium on the eggshell surface and in internal contents was achieved 
using Polymerase Chain Reaction (PCR) of the Salmonella-specific InvA gene (Rahn et al., 
1992). DNA was extracted and purified from BPW using Wizard® PlusMinipreps DNA 
purification system (Promega, Australia) as per manufacturer’s instructions. Extracted DNA 

was suspended in nuclease free water, and stored at −20C until further use. Each PCR 
reaction mixture contained 10×reaction buffer (Fisher Scientific, Australia), 1 mM MgCl2, 
0.25 mM dNTPs, 5 μM forward InvA primer (5’- 
CTGGCGGTGGGTTTTGTTGTCTTCTCTATT-3’), 5 μM reverse InvA primer (5’-
GTTTCTCCCCCTCTTCATGCGTTACCC-3’), 1.65 U Taq polymerase, and 10 ng DNA 
template made up to 20 μL with nuclease free water. Samples were amplified using a 
Kyratech automated thermal cycler (Adelab, Australia) with an initial denaturation step at 

95C for 5 min, followed by 30 cycles of amplification (denaturation at 95C for 30 sec, 

annealing temperature 60C for 30 sec and extension at 72°C for 1 min 30 sec), with a final 

extension step at 72C for 5 min, followed by a holding temperature of 8C. PCR products 
were separated by 1.5% agarose gel electrophoresis in a Trisborate-EDTA (TBE) buffer. 
GelRed was used to visualize bands under ultra-violet light. The size of the PCR products 
was estimated using a 1 kb DNA ladder (Qiagen, Australia), with bands identified at 1062 bp.  

The sensitivity of the agar culture method versus PCR was determined by using 

serial dilutions. S. Typhimurium stored at -80C in 80% glycerol were plated on xylose lysine 

deoxycholate (XLD) agar (Oxoid, Australia) and incubated overnight at 37C. Colonies were 
selected from XLD agar and resuspended in PBS to match the turbidity equivalent with a 0.5 
McFarland standard (BioMerieux, Australia). Enumeration of viable bacteria was performed 
by serial dilution and spread plating 0.1 mL of suspension on XLD agar, and incubated 

overnight at 37C. DNA extraction and Salmonella specific PCR (as described above) was 
performed using enrichment broths inoculated with serial dilutions. Statistical analysis was 
conducted using Fisher’s exact test of statistical software R (R core team, 2012). 

 

 Results 
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Whole egg penetration experiment  
 
Survival of Salmonella Typhimurium on the eggshell surface after 21 days of 
incubation using agar culture method 
As the penetration of bacteria across the eggshell is dependent on the survival of bacteria on 
the eggshell, we compared the survival of ST PTs on the eggshell surface of washed and 
unwashed eggs.  Results indicated that there was no significant difference in the survival 
rate of ST PTs on the eggshell surface of washed and unwashed eggs.. The effect of 
temperature on the survival of S. Typhimurium on the eggshell surface of unwashed eggs 

was studied using two different temperatures (20C and 37C). The survival rate of ST PT 44 

(p=0.016) and ST PT 193 (p<0.05) was significantly higher at 20C. For all ST PTs, the 

overall trend indicated that a temperature of 20C was more favourable for S. Typhimurium 
survival (Table 1). Using two different doses of infection (103 and 105 CFU/mL), the effect of 
dose on survival was studied and, as expected, results indicated that survival rate was 
higher in eggs infected with a 105 CFU/mL dose (Table 2). However, a significant difference 
was observed only in the case ST PT 170 (p=0.016) and ST PT 193 (p<0.05). 

 
Penetration of eggs and contamination of internal contents by Salmonella 
Typhimurium using agar culture method 
Statistical analysis (using Fisher’s exact test) indicated that, at a dose of 105 CFU/mL, the 
penetration of ST PT 44 into washed eggs was significantly higher (p=0.047) compared to 
unwashed eggs. In contrast, ST PT 135 penetration at 105 CFU/mL was higher (p=0.047) in 
unwashed eggs (Table 3). For the other ST PTs (PT 9, 170 and 193), there was no 
significant difference in the S. Typhimurium penetration of washed and unwashed eggs. The 

effect of temperature on Salmonella Typhimurium egg penetration was studied at 20C and 

37C. ST PT 135 penetration (infected with 105 CFU/mL) was significantly higher (P=0.047) 

at 20C. Temperature had no significant effect on the egg penetration of other ST PTs.  The 
effect of dose on egg penetration was also investigated using two different doses (103 and 

105 CFU/mL). At 105 CFU/mL, the penetration of PT 135 (at 20C) was significantly higher 
(p=0.047) as compared to 103 CFU/mL. However, for ST PTs, there was no significant effect 
of dose on egg penetration. 

 
PCR amplification for detection of S. Typhimurium on eggshell surface and in internal 
contents of eggs from whole egg penetration experiment 
PCR results indicated that, in case of all ST PTs, there was no significant difference in the 
number of Salmonella positive eggshells of washed and unwashed eggs. When the effect of 
incubation temperature on the detection of Salmonella on the eggshell surface was studied, 
it was observed ST PT 193 (105 CFU/mL) detection was significantly higher (p=0.047) at 

20C as compared to 37C. 
 PCR results demonstrated that ST PT 44 (infected with 105 CFU/mL) and   ST PT 

193 (infected with 103 and 105 CFU/mL) penetration was significantly higher (p<0.05) in 
washed eggs than unwashed eggs (Table 3). The effect of temperature on the S. 
Typhimurium egg penetration was studied and results suggested that ST PT 135 (infected 

with 105 CFU/mL) penetration was significantly higher (p=0.047) at 20C as compared to 

37C. When the effect of dose on egg penetration was studied, results showed that ST PT 

135 (20C) egg internal content contamination was significantly higher (p=0.047) for eggs 
treated with 105 CFU/mL as compared to 103   CFU/mL. In other cases (except ST PT 9 at 

20C), egg penetration tended to be higher at an infection dose of 105 CFU/mL as compared 
to 103   CFU/mL but the difference was not significant. 

 
Comparison of agar culture method and non-selective enrichment/PCR 
The sensitivity of the agar culture method versus non-selective enrichment/PCR was 
determined by using peptone water inoculated with serial dilutions. The limit of detection for 
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the agar culture method and PCR was 10 CFU/mL and less than 0.1 CFU/mL, respectively. 
After 21 days of incubation, using the agar culture method, 62% of the eggshells were 
reported positive for Salmonella whereas, using PCR, a significantly higher (p=0.0007) 
number of eggshells (82%) were observed Salmonella positive.  

Using the agar culture method, it was observed that 16% of eggs were penetrated by 
S. Typhimurium but non-selective enrichment/PCR results indicated that 46.66% of egg 
internal contents were Salmonella positive. PCR detected a significantly higher (p=0.0001) 
number of positive egg internal contents as compared to the agar culture method. 

At 20C and as per the agar culture method, 18% of washed eggs and 16% of 
unwashed eggs were penetrated by S. Typhimurium. However, non-selective 
enrichment/PCR results indicated a very different scenario where a significantly higher 
(p=0.0005) number of washed eggs (74%) were penetrated by S. Typhimurium as compared 
to unwashed eggs (38%). 

 
Agar egg penetration experiment  
 
Relationship of washing and translucency with egg penetration by S. Typhimurium  
A summary of the results for the number of washed and unwashed eggs which were 
penetrated for each ST PT and translucency score is given in Table 4. An analysis of only 
inoculated eggs indicated that S. Typhimurium penetrations were significantly higher for 
washed eggs than for unwashed eggs {for ST PT 9 (p=0.016), ST PT 135 (p=0.002), ST PT 
170 (P=0.0005) and ST PT 193 (P=0.015)}. All eggs –irrespective of their washing status or 
translucency score– were penetrated when infected with ST PT 44. For all ST PTs, 80-100% 
of washed eggs were penetrated while only 40-70% of unwashed eggs were penetrated. In 
most cases, there was no significant difference in the number of penetrated eggs between 
translucency scores 1 and 2, but translucency did have a significant relationship with the 
penetration of ST PT 193 (p=0.024).  

 
Relationship of washing and translucency with egg cuticle score  
The results of the ordered logistic regression identified egg washing as having a significant 
effect on the cuticle score for all ST PTs (Table 5). Fig. 1 and Fig. 2 show good quality 
cuticle of an unwashed egg and damaged cuticle/eggshell surface of a washed egg 
respectively. The interaction between washing and translucency was also significant for PT 
135 (p=0.002). Depending on the ST PT, 60-100% of washed eggs have a cuticle score of 3 
or 4 and for ST PT 135, 88% of washed eggs had a cuticle score of 4. This is compared to 
the cuticle scores of unwashed eggs being more evenly distributed between the four 
categories and 30-75% of unwashed eggs had cuticle scores of 3 or 4.   
 
Relationship between eggshell structure and penetration by S. Typhimurium  
To study the relationship between the eggshell structure and the susceptibility of the 
eggshell to penetration, the analysis considered only the inoculated eggs and identified 
correlation between penetration and certain ultrastructure parameters, depending on the 
phage type. With the exclusion of these correlated variables, the level of Type B bodies (fig. 
3) was a significant linear predictor of ST PT 9 penetration (p=0.007).  In the case of ST PT 
135, cuticle (p=0.001), confluence (p=0.030) (fig. 4) and cap quality (p=0.0004) were 
significant predictors of eggshell penetration. Results indicated that the levels of confluence 
(p=0.007), alignment (p=0.040) and erosion (0.007) (Fig. 5) were significantly related to ST 
PT 170 eggshell penetration. It was also observed that ST PT 193 penetration was 
significantly related with eggshell ultrastructure parameters such as the level of confluence 
(p=0.008), cap quality (p=0.018), alignment (p=0.029) (Fig. 6) and erosions (p=0.009) (Table 
6, 7). Statistical analysis also showed that, in most cases (except ST PT 135 (p=0.02)), shell 
thickness was not related to the eggshell penetration. 

 
Relationship between eggshell ultrastructure parameters and translucency score 
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To investigate the relationship between translucency and eggshell ultrastructure parameters, 
the analysis identified different results for each ST PT. None of the ultrastructure parameters 
were significant for ST PT 9 and a significant relationship only existed between cap size and 
translucency for ST PT 170 (p=0.038). All eggs with high translucency (score 2) had a 
variable cap size (score 2) and approximately 9% of eggs with low translucency (score 1) 
had a similar cap size. For ST PTs 44 and 135, there were significant differences in erosion 
counts between eggs of differing translucency scores (p=0.038 and 0.004 respectively). The 
analysis of shell thickness indicated that eggs with low translucency have significantly thicker 
shells on average compared to eggs with high translucency for ST PT 44 (p=0.017) and ST 
PT 193 (p=0.040). In contrast, eggs with high translucency and inoculated with ST PT 135 
have significantly thicker shells on average than eggs with low translucency (p=0.020).  
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Table 1: Survival of Salmonella Typhimurium phage types on eggshell surface of 

unwashed after 21 days of incubation: comparison between 20C and 37C 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Salmonella 
Typhimurium 
phage type 
(ST PT) 

Dose of 
infection 
(CFU/mL) 

   
Temperature 

(C) 

Eggshell 
contamination 
after 
incubation 
(Log CFU/ 
eggshell) 
Mean ± SE 

    p-
value 

 
ST PT 9 
 

103 20 2.511 ± 1.08  0.756 

37 3.039 ± 1.24  

105 20 4.415 ± 0.16 0.287 

37 4.688 ± 0.18 

 
ST PT 44 

103 20 3.582 ± 0.89 0.016 

37 0.000 ± 0.00 

105 20 3.582 ± 0.89 0.016 

37 0.000± 0.00 

 
ST PT 135 

103 20 0.895 ± 0.89 0.374 

37 0.000 ± 0.00 

105 20 1.905 ± 1.17 0.178 

37 0.000 ± 0.00 

ST PT 170 
  

103 20 1.564 ± 0.96 0.178 

37 0.000 ± 0.00 

105 20 3.220 ± 0.85  0.052 

37 0.695 ± 0.69 

 
ST PT 193 

103 20 2.508 ± 1.05 0.075 

37 0.000 ± 0.00 

105 20 4.416 ± 0.20 < 0.05 

37 0.000 ± 0.00 



 

48 

 

Table 2: Survival of Salmonella Typhimurium phage types on the eggshell surface 
after 21 days of incubation: comparison between different doses (103 and 105 CFU/mL) 
of infection 
 

Salmonella 
Typhimurium 
phage type 
(ST PT) 

Temperature 

(C) 

Washing 
status 

Dose of 
infection 
(CFU/mL) 

Eggshell 
contamination 
after incubation 
(Log CFU/ 
eggshell)  
Mean ± SE 

    P- 
Value 

ST PT 9 
 

20 
 

Washed 103 3.087 ± 0.82 0.303 

105 4.087 ± 0.27 

Unwashed 103 2.511 ± 1.08 0.152 

105 4.415 ± 0.16 

37 Unwashed 103 3.039 ± 1.24 0.256 

105 4.688 ± 0.18  

ST PT 44 
 

20 
 

Washed 103 2.686 ± 1.09 0.175 

105 4.491 ± .013 

Unwashed 103 3.582 ± 0.89 1.000 

105 3.582 ± 0.89 

37 Unwashed 103 0.000 ± 0.00 NA 

105 0.0 ± 0.0 

ST PT 135 
 

20 
 

Washed 103 2.232 ± 0.92 0.389 

105 3.418 ± 0.92 

Unwashed 103 0.895 ± 0.89 0.512 

105 1.905 ± 1.17 

37 Unwashed 103 0.0 ± 0.0 NA 

105 0.0 ± 0.0 

ST PT 170 
 

20 
 

Washed 103 0.889  ± 0.89 0.016 

105 4.336 ± 0.21 

Unwashed 103 1.564 ± 0.96 0.233 

105 3.220 ± 0.85 

37 Unwashed 103 0.0 ± 0.0 0.374 

105 0.695 ± 0.69 

ST PT 193 
 

20 
 

Washed 103 1.673 ± 1.04  0.751 

105 2.120 ± 0.88  

Unwashed 103 2.508 ± 1.05 <0.05 

105 4.416 ± 0.20 

37 Unwashed 103 0.0 ± 0.0 NA 

105 0.0 ± 0.0 

                                       NA: Not applicable 
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\Table 3: Relationship of washing and translucency with agar egg penetration by Salmonella Typhimurium  

 
 

 Salmonella 

Typhimurium 

phage type 

(ST PT) 

 Number of 

penetrated/ 

Not-penetrated 

eggs 

Low Translucency 

 (Score 1) 

High Translucency  

( Score 2) 

p-value  

(Relationship of 

washing with agar 

egg penetration) 

p-value 

(Relationship of 

translucency with 

agar egg penetration) 

Unwashed Washed Unwashed Washed 

ST PT 9 Not Penetrated 5 1 5 2  

0.016 

 

0.735 Penetrated 5 9 5 8 

ST PT 44 Not Penetrated 0 0 0 0  

1.000 

 

1.000 Penetrated 10 10 10 10 

ST PT 135 Not Penetrated 6 0 3 1  

0.002 

 

0.409 Penetrated 4 10 7 9 

ST PT 170 Not Penetrated 6 1 6 1  

0.0005 

 

1.000 Penetrated 4 9 4 9 

ST PT 193 Not Penetrated 2 0 6 2  

0.016 

 

0.024 Penetrated 8 10 4 8 

 

 
 
 
 



 

50 

 

Table 4: Effect of egg washing on cuticle score 
 

Salmonella 
Typhimurium phage 

type (ST PT) 

Washing status Number of eggs Average cuticle score 
(Mean ± SE) 

p-value 

ST PT 9 Washed  32 3.60 ± 0.09 0.0001 

Unwashed 32 2.75 ± 0.15 

ST PT 44 Washed  32 3.25 ± 0.15  
0.046 Unwashed 32 2.72 ± 0.19 

ST PT 135 Washed  32 3.50 ± 0.13  
<0.0001 Unwashed 32 2.59 ± 0.14 

ST PT 170 Washed  32 3.19 ± 0.16  
0.007 Unwashed 32 2.59 ± 0.16 

ST PT 193 Washed  32 2.81 ± 0.16  
0.014 Unwashed 32 2.28 ± 0.15 
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Table 5: Relationship between eggshell ultrastructural parameters and penetration by Salmonella Typhimurium  

 

Salmonella 

Typhimurium 

phage type 

(ST PT) 

Number of 

penetrated/non-

penetrated 

eggs 

Alignment Cuticle score Confluence Cap quality 

Low  High P-

value 

1 2 3 4 P-

value 

Low High P-

value 

Good Poor P-

value 

ST PT 9 Penetrated 4 23 0.437 1 4 6 16 0.095 21 6 0.512 9 18 0.971 

Non-penetrated 4 9 0 3 7 3 8 5 6 7 

ST PT 44 Penetrated 11 29 1.000 4 8 12 16 1.000 20 20 1.000 20 20 1.000 

Non-penetrated 0 0 0 0 0 0 0 0 0 0 

ST PT 135 Penetrated 11 19 0.832 0 5 9 16 0.001 22 7 0.030 5 25 0.0004 

Non-penetrated 3 7 0 8 1 1 6 4 3 7 

ST PT 170 Penetrated 4 22 0.040 1 4 11 10 0.094 23 3 0.007 6 20 0.355 

Non-penetrated 7 7 1 7 4 2 7 7 11 3 

ST PT 193 Penetrated 9 21 0.029 6 5 13 6 0.459 29 1 0.008 2 28 0.002 

Non-penetrated 4 6 1 4 4 1 7 3 7 3 
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Table 6: Relationship between eggshell ultrastructural parameters and penetration by Salmonella Typhimurium  

 

Salmonella 

Typhimurium 

phage type 

(ST PT) 

Number of 

penetrated/non-

penetrated 

eggs 

Type A bodies Type B bodies Erosion Argonite Depression 

Low  High P 

Value 

Low High P 

Value 

Absent Present P 

Value 

Absent Present P 

Value 

Absent Present P 

Value 

ST PT 9 Penetrated 25 2 0.391 13 14 0.007 15 12 0.075 27 0 NA 26 1 0.353 

Non-penetrated 12 1 4 9 6 7 13 0 13 0 

ST PT 44 Penetrated 37 3 1.000 24 16 1.000 25 15 1.000 31 9 1.000 39 1 1.000 

Non-penetrated 0 0 0 0 0 0 0 0 0 0 

ST PT 135 Penetrated 30 0 NA 3 27 0.640 13 17 0.093 30 0 NA 30 0 NA 

Non-penetrated 10 0 2 8 8 2 10 0 10 0 

ST PT 170 Penetrated 23 3 0.550 11 15 0.767 8 18 0.007 22 4 0.070 26 0 NA 

Non-penetrated 14 0 7 7 6 8 14 0 14 0 

ST PT193 Penetrated 24 6 0.38 10 20 0.298 6 24 0.010 30 0 NA 30 0 NA 

Non-penetrated 10 0 5 5 2 8 10 0 10 0 
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Figure 1: SEM image of good quality cuticle in unwashed eggs 
with no eggshell pores exposed 

 

 

Figure 2: SEM image of damaged eggshell surface and exposed  
eggshell pore in washed eggs 
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Figure 3: SEM image showing large number of Type B bodies in eggshell 
 

 

Figure 4:  SEM image of good quality mamillary caps with  
better confluence 
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Figure 5: SEM image of extensive erosions throughout the eggshell 
 

 

Figure 6: SEM image showing alignment in the mamillary layer 
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Discussion 
 
It is important to study the survival ability of S. Typhimurium on the eggshell surface during 
storage, not only because S. Typhimurium can contaminate egg internal content through 
horizontal transmission, but it also poses a risk to the health of an individual who is handling 
the eggs. Contaminated eggs may result in cross contamination of other food items. 
However, there is limited information available on the survival ability of different ST PTs on 
the eggshell surface. Our results indicated that all of the ST PTs used in the present study 

were capable of surviving on the eggshell surface after 21 days of incubation (at 20C) 
following contamination.  

In Australia, a large proportion of commercially produced eggs are washed.  The 
penetration of bacteria across the eggshell is dependent on the survival of bacteria on the 
eggshell surface and egg storage conditions. Hence, we compared the survival rate of S. 
Typhimurium on the eggshell surface of washed and unwashed eggs stored at different 
temperatures. Results indicated that there was no significant difference in the survival rate of 
S. Typhimurium on the eggshell surface of washed and unwashed eggs. The pattern of 
survival of S. Typhimurium on the eggshell surface varied greatly and there was no 
uniformity. 

PCR is rapid, reliable and sensitive technique for detecting Salmonella (Rahn et al., 
1992). Hence, in the present study, PCR was used to detect Salmonella positive eggshells 
as well as egg internal contents in the whole egg penetration experiment. The limit of 
detection for the agar culture method and PCR was 10 CFU/mL and less than 0.1 CFU/mL, 
respectively, which clearly suggests that PCR was more sensitive in detecting Salmonella.  
PCR results also indicated that, in case of all ST PTs, there was no significant difference in 
the number of Salmonella positive eggshells of washed and unwashed eggs. It seems that 
the egg washing does not affect the survival ability of S. Typhimurium on the eggshell 
surface.  There is no information available in the literature with which to compare these 
findings. 

When the effect of temperature (20C and 37C) on the survival of S. Typhimurium on 

the eggshell surface was studied, the overall trend indicated that a temperature of 20C is 
more favourable for S. Typhimurium survival on the eggshell surface. This may be due to the 
reduced rate of metabolism by Salmonella at a lower temperature induced by the 
unfavourable growth conditions of a dry eggshell surface (Radowski, 2002a). These findings 
are in agreement with previous experiments which also reported better survival of 
Salmonella on eggshell surface at lower temperatures (Baker, 1990; Radowski, 2002b; 
Botey-Salo et al., 2012); however, there were differences in the incubation temperatures and 
type of Salmonella serovar used in the previous study (S. Enteritidis). Results from PCR 
indicated that S. Typhimurium positive eggshells were more frequently observed when eggs 

were incubated at 20C. 

The present study showed that, if eggs are stored at 20C or 37C, S. Typhimurium 
can survive on the eggshells for three weeks following contamination. For all ST PTs, after 
21 days of incubation, 62% of the eggshells were positive for S. Typhimurium. These 
findings are in agreement with (De Reu et al., 2006) who found a high survival rate of S. 
Enteritidis on the eggshell surfaces after 21 days of infection. 

In order to study the egg penetration ability of ST PTs, a whole egg 
penetration/infection assay was used in the current study as compared to some other 
studies where Salmonella culture was artificially inoculated into the albumen using a syringe. 

Results indicated that all ST PTs used in the present study (at 20C) were capable of 
penetrating the eggshells and surviving in the egg albumen which is considered to be a 
hostile environment for the survival of bacteria. In the current study, it was found that ST PT 
44 penetration was significantly higher in washed eggs than unwashed eggs.  For other ST 
PTs (PT 9, 170 and 193), there was no significant difference in the S. Typhimurium 
penetration of washed and unwashed eggs. Even though the results of the traditional 
method showed that ST PT 135 penetration (at infection of 105 CFU/mL) was higher in 
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unwashed eggs, PCR results indicated that there was no significant difference.  PCR results 
also indicated that ST PT 44 (105 CFU/mL) and ST PT 193 (103 and 105 CFU/mL) egg 
penetration was significantly higher (P<0.05) in washed eggs than unwashed eggs, which 
could be due to damage to the cuticle by egg washing chemicals. These findings are in 
agreement with a previous study (Wang and Slavik, 1998) whose authors observed that the 
washing of the eggs with alkaline sodium carbonate solution resulted in damage to the 

eggshell surface increased S. Enteritidis egg penetration.  At 20C and as per the agar 
culture method, 18% of washed eggs and 16% of unwashed eggs were penetrated by S. 
Typhimurium. However, PCR results indicated a very different scenario where significantly 
higher (p=0.0005) number of   washed eggs (74%) were penetrated by S. Typhimurium as 
compared to unwashed eggs (38%). 

 The effect of temperature on S. Typhimurium penetration was studied at 20C and 

37C. ST PT 135 penetrations (at infection of 105 CFU/mL) was significantly higher at 20C. 
For other ST PTs, there was no significant effect of incubation temperature on egg 
penetration. Similar results were observed when samples were tested by PCR. In previous 
studies (Schoeni et al., 1995; Wang and Slavik, 1998; Braun et al., 1999), there was no 
consistency in the results. It was previously observed that storage temperature did not 
significantly affect the penetration of S. Enteritidis across the eggshell (Wang and Slavic, 
1998).  However, other studies (Schoeni et al., 1995; Braun et al., 1999), reported that, with 
the increase in temperature, the egg penetration of Salmonella was also increased. It is 
difficult to compare findings of these previous studies with the results of present experiment 
as in all these previous studies (Schoeni et al., 1995; Wang and Slavik, 1998; Braun et al., 

1999), eggs were incubated at 4C and 20C whereas in the present experiment 20C and 

37C temperatures were used to incubate eggs.  
The effect of dose on egg penetration was also investigated using two different doses 

(103 and 105 CFU/mL). At 105 CFU/mL, the penetration of ST PT 135 (at 20C) was 
significantly higher (p=0.047) as compared to 103 CFU/mL. PCR results also confirmed that 
the egg penetration by ST PT 135 was dependent on the dose of infection. These findings 
are consistent with a number of previous studies which indicated that the rate of 
contamination of eggs is directly proportional to the number of Salmonella in the culture used 
for infecting the eggs (Schoeni et al., 1995; Miyamoto et al., 1998; Braun et al., 1999), After 

the 20 days of storage at 15C, the higher inoculation dose resulted in 10 times (10.1%) 
more contamination of egg internal contents as compared to the lower inoculation dose (1%) 
(Braun et al., 1999). Similar findings were reported by Schoeni et al. (Schoeni et al., 1995) 
where it was observed that the contents and membranes were more frequently 
contaminated when faeces containing a high dose of Salmonella were used to infect the 
eggs. 

Using the agar culture method, it was observed that, overall, 16% of eggs were 
penetrated by S. Typhimurium but PCR results indicated that 46.66% egg internal contents 
were Salmonella positive. PCR detected a significantly higher (p=0.0001) number of positive 
egg internal contents as compared to the traditional method.Using the whole egg penetration 
approach, out of all the eggs tested, 16% of internal contents were observed to be positive 
for S. Typhimurium. This is due to the antimicrobial properties of albumen. Hence, in order to 
get a better idea of the relationship between egg washing and translucency and eggshell 
penetration by S. Typhimurium, the agar egg penetration approach was used. Statistical 
analysis showed that ST PTs penetration of washed eggs was significantly higher (p<0.005) 
than unwashed eggs. This may be due to the damage of cuticle by egg washing chemicals. 
To evaluate this further, the effects of washing on cuticle deposition was investigated using 
SEM. Results from the ordered logistic regression indicated that, for all ST PTs, egg washing 
had a significant effect on the cuticle score with washing resulting in damage to the cuticle. 
These findings were not in agreement with a previous experiment where it was observed 
that egg washing had no significant effect on the quality of the cuticle (Leleu et al., 2011). 
The difference in the findings may be due to the variation in the age of laying hens and the 
difference in the protocol of egg washing. In the present study, eggs were collected from 
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younger hens (< 45 weeks) in contrast to the previous experiment where eggs were 
collected from old laying hens (> 54 weeks) (Leleu et al., 2011). It was previously observed 
that increasing age of laying hens has a negative impact on cuticle thickness (Sparks and 
Board, 1984; European Food Safety Authority, 2005).  The variation in results of different 
experiments might result from to the difference in the egg washing protocol. Wang and 
Slavik (1998) reported that different chemicals used in the egg washing protocol can result in 
different degrees of cuticle damage.  In the present study, in case of ST PT 135, cuticle 
quality was observed as a significant linear predictor of Salmonella eggshell penetration. The 
mature cuticle closes the pores on the eggshell and protects the egg from the water and 
bacterial invasion (Berrang et al., 1999) and the removal of cuticle can result in three fold 
increase in bacterial penetration (Alls et al., 1964). De Reu et al. (2006) observed that 
penetrated eggs had a significantly lower deposition of the cuticle as compared to non-
penetrated eggs.  

In the present study, using the agar approach, the relationship of translucency with 
the S. Typhimurium eggshell penetration was studied. Results indicated that, in most cases 
(except for PT 193), there was no significant relationship between translucency and eggshell 
penetration. However, Chousalkar et al. (2010) reported a significant correlation between 
egg shell translucency and eggshell penetration by S. Infantis and E. coli. It is also essential 
to note that, in these two experiments, different bacterial strains were used to study eggshell 
penetration.  These differences might also be due to variation in the method of scoring of 
egg translucency. In the present study, a quantitative approach was used to score the 
translucency of eggs.   

The SEM results were also analysed to study the relationship of eggshell quality 
parameters with the eggshell penetration. A higher incidences of alignment, erosions, poor 
cap quality, Type A mammillary bodies, Type B mammillary bodies may result in the 
weakening of the eggshell (Solomon, 1992a). Confluence is required for a stronger eggshell 
region (Roberts and Brackpool, 1994). Our results indicated that, for ST PT 135 (p=0.030), 
ST PT 170 (p=0.007) and ST PT 193 (p=0.008), eggshell penetration was negatively 
correlated with the level of confluence. Results also indicated that, for PT 170 and PT 193, 
eggshell penetration was positively correlated with a higher incidence of alignment and 
erosion. In case of ST PT 135 and ST PT 193, eggshell penetration was negatively 
correlated with good cap quality. All these results are in agreement with the previous findings 
of Solomon (1992a) who reported that good mammillary caps and confluence can resist 
bacterial penetration whereas alignment, erosion and Type B bodies assist bacterial 
penetration. However, in the present study it was not clear as to why Type B bodies were 
negatively correlated with the incidence of ST PT 9 eggshell penetration. Statistical analysis 
also showed that, in most cases, shell thickness was not related to the eggshell penetration. 
Similarly, a number of studies have observed that the shell thickness did not affect whole 
egg and agar egg penetration (Messens et al., 2005b; De Reu et al., 2006). 
When the relationship between translucency and eggshell ultrastructure parameters was 
investigated, the analysis identified different results for each ST PT. ST PT 170 analysis 
indicated that a high translucency score was significantly correlated with a variable cap size. 
For ST PTs 44 and 135, there were significant differences in erosion counts between eggs of 
differing translucency scores (P=0.038 and 0.004 respectively). There is no information 
available in the literature with which to compare these findings.  In conclusion, the whole 
egg penetration experiment results indicated that all the ST PTs used in the present study 
were capable of penetrating the eggshells and able to survive in the egg albumen which is 
considered to be a hostile environment for the survival of bacteria. It was also observed that, 
after 3 weeks of incubation following contamination, all ST PTs still survived on the dry 
eggshell surface. This finding underlines the importance of proper storage and careful 
handling of eggs in the food industry and the domestic environment. Egg washing can 
reduce the level of Enterobacteriaceae (up to 4 log10) on the eggshell surface very efficiently 
(May et al., 2013) but, in the present study, results from agar penetration experiment 
indicated that the trans-shell penetration was higher in washed eggs than unwashed eggs. 
Hence, appropriate attention is essential to make sure eggs are kept at appropriate storage 
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and drying conditions so that they will not come in contact with Salmonella after washing. In 
one study, swabs taken from multiple premises of grading machinery were reported positive 
for Enterobacteriaceae (May et al., 2013); such situation could pose a higher risk of 
contamination of washed eggs. Hence, regular cleaning of the egg washing machine and 
grading equipment is essential to avoid recontamination of eggs once they are washed. All 
these measures will help the egg industry to reduce egg related Salmonella food poisoning 
cases. Only in case of ST PT 44, was 100% eggshell penetration observed in washed and 
unwashed eggs. This suggests that ST PT 44 may have more capacity for trans-shell 
penetration as compared to other ST PTs used in this experiment. However, it is essential to 
keep in mind that, in the present study, only one isolate per ST PT was used; hence further 
investigation using multiple isolates of same ST PT is essential in order to confirm the 
variation in penetration ability of different phage types. There was no significant relationship 
observed between translucency and eggshell penetration. It is possible that egg 
translucency may have increased during the incubation period, after infecting the eggs with 
S. Typhimurium, which may have resulted in no relationship being observed between the 
translucency and S. Typhimurium eggshell penetration. Further experiments are essential to 
confirm this hypothesis. Eggshell penetration of S. Typhimurium was related to different 
eggshell ultrastructure parameters such as alignment, poor cap quality, erosion and poor 
confluence. Hence, studies are essential to determine the factors which are responsible for 
these eggshell ultrastructural changes. 
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Chapter 8:  Eggshell characteristics and egg 
penetration by Salmonella Agona (A. Ray Honours 
Thesis) 
 
Abstract 
 
The ability of Salmonella Agona to penetrate egg shells was investigated using the whole egg 
preparation and the agar egg model.  S. Agona showed some capacity for penetration of 
eggshells.  For the whole egg preparation, four out of 60 eggs had S. Agona in the egg contents 
and there was no difference between washed and unwashed whole eggs for the incidence of 
penetration.  However, for the agar eggs, 22 out of 48 eggs were penetrated and unwashed 
eggs were penetrated more often (87.5%) than washed eggs (50%).  There was no clear 
relationship between translucency score and the incidence of penetration by S. Agona.   
 

Introduction 
 
This study investigated the ability of Salmonella Agona to penetrate the egg shell.  S. Agona is 
not a particularly pathogenic serovar but it does provide a model for other Salmonella serovars. 
 Salmonella Agona is not as virulent as Salmonella Typhimurium or Salmonella 
Enteritidis; however, Foley et al. (2008) list it as the cause of many clinical infections.  Clinical 
presentation of Salmonella Agona infection includes diarrhoea, headaches, abdominal pain and 
fever and some patients have also reported vomiting and giddiness (Synnott et al., 1998).  
 There have been a number of recorded outbreaks of Salmonella Agona; 135 isolates 
were found in England and Wales in 1996 (Synnott et al., 1998). In 1971, Salmonella Agona 
was the second most common Salmonella serotype isolated in the UK and Synnott et al. (1998) 
blamed this on the importation of feed for poultry and pigs. Salmonella Agona became 
widespread in broiler chickens and pork sausages. In egg and chicken products, Agona 
represents <1.5% of clinical cases and 1.9% of non-clinical cases in the United States (Foley et 
al., 2008). Foley et al. (2008) also states that S. Agona is in the top 10 of Salmonella serotypes 
causing both clinical and non-clinical presentations for Salmonella infections from swine and 
turkey products. 

 

Materials and Methods 
 
Eggs were sourced from poultry on the University of Adelaide Roseworthy campus.  All 
microbiological work was conducted in laminar flow hoods to prevent unwanted bacterial 
contamination. 

 
Whole Egg Penetration by Salmonella Agona 
The whole egg penetration study aimed to determine how frequently the shell and internal 
contents are penetrated by Salmonella Agona and at what concentrations penetration occurs. 
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Figure 1:  Experimental design for the whole egg salmonella penetration study.  

 
Ninety eggs were weighed and scored for translucency. The eggs were then divided into 

3 groups, 1 washed and 2 unwashed. These groups were further divided into 3 subgroups of 10 
as shown in Figure 1 and Table 1. Eggs were washed described in Chapter 2. Bacterial 
suspensions were prepared as described in Chapter 2 and doses of 102 and 104 CFU/mL were 
used in this experiment. 
 
Table 1: Group treatments for whole egg penetration studies. 
 

Group Exposure Incubation Washed 

1 Control 20°C Yes 

2 103 CFU 20°C Yes 

3 105 CFU 20°C Yes 

4 Control 20°C No 

5 103 CFU 20°C No 

6 105 CFU 20°C No 

7 Control 37°C No 

8 103 CFU 37°C No 

9 105 CFU 37°C No 

 
Salmonella Agona was streaked on XLD media and incubated overnight at 37°C. 

Individual colonies were selected and inoculated in 20 mL of PBS to enable turbidity matching to 
a 0.5 McFarland standard. Dilutions were prepared with 2ml of infected PBS into 18 mL of fresh 
PBS. By colony counts 102 and 104 CFU/mL doses were prepared in 150ml of PBS. 

Eggs were soaked in 70% ethanol for 30 seconds to remove any bacteria present on the 
shell. Eggs were then dipped into 102 and 104 CFU/mL bacterial suspensions for 60 seconds 
before being allowed to dry in cardboard cartons.  Eggs were stored at 20°C and 37°C for 21 
days. Eggs were washed in the presence of 10 mL of buffered peptone water and a 2 mL 
sample was removed from each shell wash for Salmonella isolation. Eggs were opened 
aseptically and 10 mL of internal contents were homogenised, then a 2 mL sample was 
removed for Salmonella isolation.  A 10 µL aliquot of each sample collected from shell wash and 
internal contents was plated on an XLD plate and incubated at 37°C overnight, colonies were 
counted and stored for future serotyping.  

 
Agar Egg Penetration by Salmonella Agona 
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Salmonella Agona was streaked on XLD media and incubated overnight at 37C. Individual 
colonies were selected and inoculated in 20 mL of PBS to make turbidity matching to a 0.5 
McFarland standards. Dilutions were prepared with 2 mL of infected PBS into 18 mL of fresh 
PBS. By colony counts 105 CFU/mL doses were prepared in 150 mL of PBS. 

Forty-eight eggs were selected, 12 from each of the scores 0-3. Six eggs of each group 
were washed in an experimental egg washing machine designed to simulate commercial 
equipment. A small hole was made in the top (small end) of the egg using a 16 gauge needle on 
a 10 mL syringe. The needle was used to remove the contents of the egg and the inside of the 
egg was washed out with >10mL of BPW (Buffered Peptone Water). The eggs were allowed to 
dry before being filled with > 36mL of molten XLD agar media.  The hole at the top of the shell 
was sealed with cellotape and the shell was wiped with a 70% ethanol solution. Eggs were 
stored overnight in a cardboard carton under UV light to ensure sterility while the agar solidified.  

The eggs were partially submerged (with the hole remaining dry) in 105 CFU/mL of 
Salmonella Agona suspended in a 105 CFU/mL bacterial suspension or PBS (control) for 90 
seconds. The eggs were then incubated at 20°C for 21 days. After 21 days eggs were opened 
in such a manner as to preserve large shell sections and remove the agar. Blackened shells 
denoted penetrated eggs.  

 

Scanning electron microscopy of penetrated eggshells 
Pieces of eggshell were selected  from sites where the bacteria had penetrated the shell and 
prepared for scanning electron microscopy as described in Chapter 2. 

 

Results 

Whole Egg Penetration by Salmonella Serotypes 
Detection of Salmonella Agona in either the egg contents or shell wash proved rare. Of the 60 
eggs exposed to the bacteria, nine shell washes and four internal contents showed positive 
Salmonella results. Only a single egg produced both a positive shell wash and internal contents 
result.  

 Positive shell wash samples were more common in eggs incubated at 20C than 37C, 

(7/40 [17.5%] at 20C, 2/20 [10%] at 37C). In contrast, positive internal contents samples were 

more common at 37C than 20C, (1/40 [2.5%] at 20C, 3/20 [7.5%] at 37C). Washed eggs and 
unwashed eggs had similar penetration rates for both internal contents and shell wash (internal 
contents 1/20 [5%] washed, 3/40 [7.5%] unwashed) (shell wash 3/20 [15%] washed, 6/40 [15%] 
unwashed). None of these results were significantly different among treatments. The 30 eggs in 
the three control groups showed no Salmonella Agona.  
 Egg weights were similar for all groups ranging from 62.89 g in group nine to 67.45 g in 
group four, the differences between the groups were determined not to be statistically 
significant.  

 
Agar Egg Penetration 
A total of 48 eggs were included in this study and a total of 22 (45.8%) were penetrated by 
Salmonella Agona. 12 (50%) washed eggs were penetrated and 14 (87.5%) unwashed eggs 
were penetrated and these results are statistically significantly different between groups. None 
of the 16 control eggs were infected in this study.  
 Table 3.4.3 shows four (33.33%) of eggs with a zero translucency score were infected, 
seven (58%) of eggs with a one translucency score were infected. Seven (58.33%) of eggs with 
a two translucency score were infected and four (33.33%) of eggs with a three translucency 
score were infected.  
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SEM of Penetrated Eggshells 
Examination of the penetrated shells from experiment 2 showed no consistent structural 
features associated with bacterial penetration. One penetrated shell had a region of mammillary 
depressions, others had regions with high number of type B mammillary bodies in the area of 
bacterial penetration. All penetrated shells had mammillary body erosions near the site of 
penetration.  



 

64 

 

Table 2: Experimental preparations and results for whole egg bacterial penetration study 
 

Group Exposure Incubation Washed 
Shell wash 

positive 
Total Number 
of Colonies 

Internal 
contents 
positive 

Total Number 
of Colonies 

1 Control 20°C Yes 0   0   

2 103 20°C Yes 3 (33.33%) 123 1 (10%) 82 

3 105 20°C Yes 0   0   

4 Control 20°C No 0   0   

5 103 20°C No 3 (33.33%) 296 0   

6 105 20°C No 1 (10%) 1 0   

7 Control 37°C No 0   0   

8 103 37°C No 1 (10%) 1 3 (33.33%) Many* 

9 105 37°C No 1 (10%) 1 0   

'Many*' indicates plates that had too many colonies to accurately count (>500). 

 
 

 
Figure 2: Bar graph showing rates of Salmonella Agona identification in shell wash (Blue) and internal contents (Blue) 
divided by washing status. 
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Table 3: Experimental preparations and results for agar egg bacterial penetration 
study. 
 

Translucency 
score Status Total Number Penetrated % Penetrated 

0 Washed 4 1 25% 

0 Unwashed 4 3 75% 

0 Control 4 0 0% 

1 Washed 4 3 75% 

1 Unwashed 4 4 100% 

1 Control 4 0 0% 

2 Washed 4 3 75% 

2 Unwashed 4 4 100% 

2 Control 4 0 0% 

3 Washed 4 1 25% 

3 Unwashed 4 3 75% 

3 Control 4 0 0% 

Total 48 22 46% 

Total  Washed % Penetrated 50% 

Total  Unwashed % Penetrated 87.5% 

 
 

 Figure 3: Number of agar eggs penetrated by Salmonella Agona, divided by 
translucency score group. Blue bars indicate washed egg group and red bars indicate 
unwashed egg group. 

 
 
SEM of Penetrated Eggshells 
SEM analysis of penetrated shells provides a useful tool in determining if there is an 
underlying structural feature associated with bacterial penetration. Although my images 
failed to reveal any constant structural abnormality of the four shell samples analysed, one 

0 1 2 
 

3 
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showed a region of mammillary depressions and another showed increased numbers of type 
B mammillary bodies. The localized features that may be related with bacterial penetration 
may also be involved in the appearance of translucency.  

SEM of non penetrated eggshells showed that five of the ten, 4 translucency score 
samples showed either b type mammillary bodies or cubic formations while the scans of the 
one translucency score group were unremarkable. There were no significant differences 
between the size or number of mammillary bodies between the groups 

One noticeable effect of shell penetration by bacteria is the erosion of mammillary 
caps near the site of penetration. These erosions were not visible on the control shells nor 
the adjacent areas removed for SEM.  
 

Discussion 
 
Whole Egg Contamination by Salmonella Agona 
Salmonella Agona is not known as a particularly pathogenic serovar and clinical cases in 
humans are rare. Salmonella Agona has shown the ability to penetrate eggshells in this 
experiment being found in both shell wash isolates and internal contents isolates. Overall, 
positive samples were rare, with all groups showing 15% or lower identification. This may be 
caused by the reduced pathogenicity of Salmonella Agona when compared to other 
Salmonella serovars such as Typhimurium or Enteritidis. However, there is a lack of 
literature on Salmonella Agona and horizontal eggshell transmission.  
  There was little variation between the washed and unwashed eggs, which is 
inconsistent with the results achieved in the remainder of the study (Chousalkar, Chapter 7). 
It was expected that there would be greater penetration in the washed group. Washing has 
been implicated in weakening the shell’s defences to bacteria and there have been a 
number of possible mechanisms proposed. Washing may act to spread bacteria horizontally 
between eggs, although modern commercial washing procedures are designed to prevent 
this. Washing may act to remove some or all of the gram positive bacteria colonizing the 
shell removing competition for Salmonella serovars. Washing eggs soon after oviposition 
may have a negative effect on the still drying cuticle, removing or reducing it thus decreasing 
the organic protection of the pores. 
 Salmonella Agona showed increased presence in the shell wash at 20°C than 37°C; 
however, at 37°C, there was increased penetration of the shell and colonization of the 
internal contents. This may be explained by the defence mechanisms of the egg contents. At 
37°C, Salmonella Agona may be more resistant to the bactericidal effects of the albumen, 
while at 20°C, the external shell may provide a more suitable environment. These results are 
similar to those of Gast et al. (2007), who showed increased yolk penetration at 30°C as 
compared with 20°C in a number of Salmonella strains; however, Salmonella Agona was not 
part of their study. Messens et al. (2004) proposed that, during long term storage at non 
refrigerated temperatures, there may be a leak of nutrients out of the yolk and into the 
albumen which may act to negate the effects of the albumen’s anti-bacterial role. However, 
these authors achieved these results at 20°C. These effects may be amplified at 37°C and 
this is something that should be investigated in future experiments.  

 
Agar Egg Contamination by Salmonella Agona 
The agar egg approach is a good method of comparing eggshell penetration abilities of 
different bacteria.  However, no conclusion can be made about the infection of whole eggs 
as the protective actions of egg albumen, yolk and associated internal structures are not 
examined (De Reu et al., 2006). Unwashed eggs were more readily penetrated then washed 
eggs (87.5% vs. 50%). It is possible that this is a feature of Salmonella Agona but, 
unfortunately, there is little literature on this serovar. 
 There was no clear pattern concerning penetration and translucency, translucency 
scores 1 and 2 had increased penetration as compared with the 0 and 3 scores. In this 
experiment, egg age (post oviposition) was not constant and, in some eggs, translucency 
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was not given time to develop before measuring or beginning experiments. Because of this, 
no conclusions can be drawn about translucency and bacterial penetration from this 
experiment. It is difficult to compare studies in this area as each researcher uses different 
flock ages and different experimental procedures, also few researchers publish data on egg 
storage times prior to inoculation. The current experiment should be repeated and bacterial 
penetration rates should be compared with initial translucency score, final translucency 
score and total change in translucency score. If this is not possible, egg age should be 
standardized throughout the study. 
 Using the agar moulding technique, Messens et al. (2005b) found that between 30 
and 45% of eggs were infected, and De Reu et al. (2006), after storing eggs for 21 days to 
better replicate normal storage conditions, found Salmonella Enteritidis penetration rates of  
approximately 33%.  
 Chousalkar et al. (2010), using the same agar egg procedure, incubated eggs at 
20°C and 37°C and found that there was a positive correlation between increasing 
translucency and increased bacterial penetration. However, Salmonella Agona was not used 
in the study, and there was no information provided concerning egg age at time of candling. 
Berrang et al. (1998), state that "It is likely that factors other than just shell quality are 
involved in bacterial penetration of eggshells". The one consensus in the literature relating to 
bacteria and eggs is that there should be prompt transfer to refrigerated storage immediately 
after laying. 

 
SEM of Penetrated Eggshells 
SEM analysis of penetrated shells provides a useful tool in determining if there is an 
underlying structural feature associated with bacterial penetration. Although my images 
failed to reveal any constant structural abnormality of the four shell samples analysed, one 
showed a region of mammillary depressions and another showed increased numbers of type 
B mammillary bodies. The localized features that may be related with bacterial penetration 
may also be involved in the appearance of translucency.  
 SEM of non penetrated eggshells in the agar egg study showed that five of the ten, 4 
translucency score samples showed either b type mammillary bodies or cubic formations 
while the scans of the one translucency score group were unremarkableThere were no 
significant differences between the size or number of mammillary bodies between the groups 
 One noticeable effect of shell penetration by bacteria is the erosion of mammillary 
caps near the site of penetration. These erosions were not visible on the control shells nor 
the adjacent areas removed for SEM. 



 

68 

 

Chapter 9:  Evaluation of incidence of microcracks 
before and after commercial egg processing and 
grading 

 

Abstract 

The incidence of microcracks before and after commercial automated egg processing was 
evaluated.  There was no difference in the translucency score before and after processing 
but the incidence of microcracks following processing was significantly lower than prior to 
processing.  Commercial crack detectors are able to detect and reject microcracks found in 
commercial eggs. 
 

Introduction 
 
Most commercial eggs in Australia are processed using sophisticated  Such equipment may 
include a light candling box but detection of cracked and defective eggs is often automated.  
Commercial crack detectors can be set to reject cracks of different resonance. 
 This small trial investigated the incidence of microcracks in eggs from a flock both 
before and after processing to provide an indication of the extent to which commercial 
automated crack detectors remove eggs from the egg processing chain. 
 

Materials and Methods 
 
A total of three hundred and sixty eggs were collected from the grading floor of the 
commercial egg farm in South Australia. One hundred and eighty eggs were collected before 
the processing/egg grading and the remaining 180 were collected after egg 
processing/grading. The eggs were brought to the laboratory at Roseworthy and candled for 
scoring translucency and number of micro cracks. The eggs were then stored in the cool 
room for two weeks. All the eggs were again scored for translucency and number of micro 
cracks. Effects of storage on translucency and micro cracks in graded and non graded eggs 
were investigated.  
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Results and Discussion 

Effects of grading/egg processing on egg shell translucency  

 

Figure 1: Effects of grading/egg processing on egg shell on microcracks 
score.  
 
There were no significant differences in the translucency score of the eggs collected before 
and after processing (P=0.11). However a significant difference was recorded in the 
microcrack score before and after egg grading (P<0.0001) with grading resulting in a 
reduction in the number of microcracks. 
 Commercial crack detectors are able to detect and reject microcracks found in 
commercial eggs. 

 

* 
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Chapter 10:  Effect of production system and flock 
age on egg quality and total bacterial load in 
commercial laying hens (Samiullah Masters Thesis) 

 

Abstract 
 
The shell of the egg is essential in providing shape to the egg and ensuring safe packaging 
of the internal contents; however, shell defects have been shown to increase the risk of 
microbial contamination of eggs. Eggs were collected from cage and free range flocks at the 
ages of 25, 35, 45, 55, 65 and 75 wk. From each collection per flock, 30 eggs were 
processed for the eggshell and egg internal quality determination, 30 eggs for cuticle 
estimation, 30 eggs for mammillary layer ultrastructural features scoring and 60 eggs for egg 
microbial enumeration. Translucency score and shell reflectivity were significantly higher in 
free range eggs and increased with flock age in both production systems.  Egg weight, shell 
weight, percentage shell, shell thickness, albumen height, Haugh unit and yolk color were 
higher for cage eggs. The amount of cuticle was higher in cage eggs and fluctuated with 
flock age in both production systems. For the mammillary layer ultrastructural variables, 
there was a significant effect of production system and flock age for early fusion, type A 
body, and type B body whereas aragonite, depression, erosion and hole were rarely 
observed. Variability of mammillary cap size, the incidence of poor mammillary cap quality, 
incidence of late fusion, alignment, Type A bodies, Type B bodies and cubic cone formation 
were greater in free range versus cage system and increased with flock age in both 
production systems. The incidence of confluence and early fusion were greater in cage eggs 
and decreased with age in both production systems. There was significantly lower total 
microbial load for cage eggs compared to free range eggs but the overall bacterial load 
recorded in this study was low. It can be concluded that the cage eggs were better in overall 
quality when directly compared to the free range eggs. 
 
 

Introduction 
 
In Australia, conventional cage and free range are the main commercial egg production 
systems, with an estimated retail share of the Australian egg production market in 2011 of 
55% and 34%, respectively (AECL Annual Report, 2011-2012). Free range production is 
increasing as its market share value in the year 2011 (34%) was higher than for 2010 (28%) 
(AECL Annual Report, 2010-2011). Eggs obtained from conventional cage systems have 
been reported as being cleaner and having better overall egg quality compared to free range 
(Dukic-Stojcic et al., 2009).  

In the present study, the effect of two production systems (cage vs free range) and of 
increasing flock age was evaluated for overall egg quality, the amount of cuticle cover on the 
eggshell, the incidence of various mammillary layer ultrastructural features and the total 
bacterial load on the eggshell surface, in shell crush and egg internal contents. 
 

Materials and Methods 
 
 Eggs were collected at 25, 35, 45, 55, 65, and 75 wk of age from one conventional cage 
(CC) flock and one free range (FR) flock of Hy-Line brown laying hens. The two flocks were 
4 weeks apart in age. Although the feed was not identical for both flocks, diets were 
formulated according to HyLine Australia specifications and contained wheat (or wheat plus 
sorghum), soybean meal, meat meal, vegetable oil, limestone and yolk color pigment as 
major components. The CC flock was in an environmentally-controlled conventional cage 
system with six hens in each cage (550 cm2 per bird). The free range flock size was 16000 
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hens with free access to an outside confined range (10 birds/m2 in the poultry house, 4 
birds/m2 on the range). 

During the study period, a total of 900 eggs were processed from each production 
system (150 eggs per collection per flock). Out of 900 eggs from each flock, 540 eggs (90 
per collection per flock) were processed for the determination of traditional egg external and 
internal quality parameters, amount of cuticle estimation and the scoring of eggshell 
ultrastructural features. The remaining 360 eggs (60 per collection per flock) were processed 
for egg microbiology in which the total bacterial load on eggshells, in eggshell crush and 
internal contents was recovered and enumerated. 

 

Eggshell and Egg Internal Quality Measurements 
Eggshell quality and egg internal quality were measured as described in Chapter 2. 
 

Estimation of the Amount of Cuticle 
The amount of cuticle present on the eggshells was determined as described in Chapter 2. 
 

Ultrastructural Scoring of Shell Mammillary Layer 
The ultrastructural features of the mammillary layer were scored using a scanning electron 
microscope (SEM) (JCM-5000 NeoScope). Samples of shell were prepared and viewed as 
described in Chapter 2. 

 

Egg Microbial Enumeration 
Enumeration of the total bacterial count (TBC) and total Enterobacteriaceae count (TEC) on 
the surface of the eggshell was conducted as described in Chapter 2. 
 

Data Analysis 
Data were analyzed using Statview Software (SAS Institute Inc., Version 5.0.1.0). A two way 
analysis of variance (ANOVA) was conducted taking production system and flock age as 
independent variables and all other variables as dependent. Level of significance was 
indicated by probability of less than 5%. The Fishers LSD test was used to differentiate 
levels of significance between mean values. 
 

Results and Discussion 
 

Eggshell and Egg Internal Quality Measurements 
For the eggshell quality parameters, there was a significant main effect of both production 
system and flock age and interaction between the two for translucency score, shell 
reflectivity (%) (a measure of shell color lightness), egg weight (g), shell weight (g) 
(P<0.0001) and shell thickness (μm) (P=0.0088) (Table 1). Shell breaking strength (N), shell 
deformation (μm) and percentage shell were not significantly affected by production system 
although there was a significant interaction between production system and flock age. For 
the egg internal quality, there was a significant main effect of both production system and 
flock age and significant interaction between the two for albumen height (mm), Haugh unit 
and yolk color. 

Translucency score (P<0.0001) and shell reflectivity (P=0.0001) were higher in the 
free range (FR) flock and increased with flock age in both systems whereas egg weight, 
shell weight, percentage shell and shell thickness were higher in the cage production system 
(CC) (P<0.0001) and generally increased with flock age, irrespective of production system. 
The egg internal quality parameters; albumen height, Haugh unit and yolk color were higher 
in the CC production system as compared with FR (P<0.0001) and decreased with flock age 
except for the yolk color. 

Translucency develops when moisture escapes from the egg albumen through the 
shell membranes into the ultrastructure of the mammillary layer. Most freshly laid eggs show 
relatively few translucent spots, and translucency develops within the first 24 hr after laying 
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(Holst et al., 1931; Solomon 1986; Talbot and Tyler, 1974). The incidence of translucency 
increases with the passage of time until 6 to 7 days after the egg is laid. The incidence of 
translucency varies from egg to egg and is affected by both storage time and factors such as 
flock age. It ranges from small pin points to hair like lines and circular spots of approximately 
1 mm2. The higher translucency in FR eggs might be due to the time lapse between 
collection and processing. The lower shell reflectivity (darker shell color) in cage eggs versus 
eggs from free range birds and increasing shell reflectivity with flock age in both systems has 
been reported previously (Sekeroglu et al., 2010). 

In the current study, shell reflectivity generally increased to a greater extent in the 
free range flock, as flock age increased. Shell reflectivity varies with the amount of pigment 
(protoporphyrin IX) deposited in the eggshell. The lighter the shell color, the higher the shell 
reflectivity and vice versa (Samiullah and Roberts, 2013). Shell reflectivity can be used to 
measure stress conditions in brown shelled laying hens (Mills et al., 1991; Nys et al., 1991) 

Egg weight in the conventional cage flock was significantly higher than for the free 
range birds at all flock ages. In the free range flock, egg weight (g) increased between 25 
and 35 weeks and then remained relatively constant. In contrast, in the cage production 
system there was a consistent slight increase in egg weight with increasing flock age. These 
observations are in comparison to the findings of previous studies (Van Den Brand et al., 
2004; Wang et al., 2009) in which a greater increase in egg weight was observed in free 
range eggs. A slightly higher egg weight in a cage flock compared to a free range flock has 
been reported previously (Pavlovski et al., 2004; Varguez-Montero et al., 2012) which is 
similar to the current findings. 

Shell weight and shell thickness were higher for cage eggs versus free range in the 
present study. No significant difference was recorded for shell weight between cage and 
floor pen and litter system eggs in previous studies (Petek et al., 2009; Banga-Mboko et al., 
2010; Tumova et al., 2011). In the studies of Abrahamsson and Tauson (1998), higher shell 
weight was recorded for cage eggs compared to an aviary system. Shell thickness was not 
significantly different between free range and cage systems in several previous studies (Van 
Den Brand et al., 2004; Wang et al., 2009; Tumova et al., 2011), contrary to the findings of 
the present study. The current results for higher shell thickness in cage eggs cannot be 
compared directly with previous research findings as most of the authors compared cage 
eggs with production systems that were different from the free range production system of 
the present study. 

Housing system had little effect on shell breaking strength in the present study. 
Breaking strength was higher for free range than for cage at 45 and 55 weeks but the 
reverse was the case at 65 wk. Higher shell strength in conventional cage eggs compared to 
all other systems has been reported (Hidalgo et al., 2008) and a higher value for shell 
breaking strength was recorded in cage eggs than for a litter system (Tumova et al., 2011). 
An increase in shell strength towards peak production, followed by a subsequent decrease 
with flock age in cage and outdoor flocks has been reported (Tumova and Ledvinka, 2009). 
Shell deformation (μm) showed a similar pattern to shell breaking strength, with no overall 
difference between production systems, indicating that housing system had little effect on 
shell elasticity or fragility. There was a significant interaction (P<0.0001) between the 
production system and flock age for shell deformation which was higher for cage than free 
range at 45 and 55 wk. Shell deformation was greater in conventional cage eggs versus all 
other systems in a previous study (Hidalgo et al., 2008) and higher shell deformation was 
recorded for cage eggs compared to aviary system (Abrahamsson and Tauson, 1998). 
However, another study reported no significant effect of production system on shell 
deformation (Tanaka and Hurnik, 1992). 

In the current study, percentage shell was not significantly affected by production 
system which is similar to other published data (Sekeroglu et al., 2010). A higher percentage 
shell has been recorded in cage system eggs versus other systems by Hidalgo et al. (2008). 
A slightly higher percentage shell was recorded for free range egg versus cage system in 
other studies (Van Den Brand, 2004; Wang et al., 2009) which is in contradiction to the 
current findings. 
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Albumen height (mm) was statistically significantly different (P≤0.05) between the two 
production systems at different ages. However, there was a longer time interval between egg 
collection and egg analysis of the free range eggs which would explain much of this 
difference. A variable albumen height in cage eggs with increasing hen age, with a linear 
decrease in outdoor hen eggs, has been recorded previously (Wang et al., 2009). A 
relatively higher albumen height was recorded in free range eggs compared with cages, with 
an overall decrease with flock age (Van Den Brand, 2004) although there was no significant 
effect of production system on albumen height (Van Den Brand, 2004; Varguez-Montero et 
al., 2012). 

A statistically significant effect (P≤0.05) of production system and interaction between 
production system and flock age was found for Haugh unit and this followed a similar pattern 
to albumen height. Haugh unit decreased with flock age more in the free range whereas, in 
the cage system, it followed a consistent decline. A higher Haugh unit in cage eggs versus 
other systems was reported previously (Roland, 1979; Tumova and Edeid, 2005; 
Lichovnikova and Zeman, 2008; Tumova et al., 2011). A slight decrease and then increase 
in Haugh unit occurred in an outdoor production system at the same time as a linear 
decrease occurred in a cage production system (26-50 wk flock age)(Wang et al., 2009). 
Free range eggs had the lowest Haugh unit scores compared to other systems (Hidalgo et 
al., 2008). In other studies (Mostert et al., 1995; Petek et al., 2009; Sekeroglu et al., 2010), 
there was no significant effect of production system on Haugh unit and one study reported a 
higher Haugh unit in free range compared to cage and deep litter systems (Pavlovski et al., 
2004). Higher albumen height in cage eggs showed that these eggs were better in internal 
quality compared to free range eggs.  

Yolk color was generally more consistent for the cage production system. A 
significantly higher yolk color in free range compared to cage eggs was recorded in some 
previous studies (Sencic et al., 2006; Petek et al., 2009; Varguez-Montero et al., 2012). In 
other studies (Sekeroglu et al., 2010), there was no significant difference in yolk color 
between free range and cage eggs. A higher yolk color for floor flock versus cage system 
eggs was recorded (Singh et al., 2009). It can be concluded that yolk color varies more with 
flock nutrition than age or production system and will be dependent on both the amount of 
pigment added to the feed and, in the case of free range production, how much vegetation is 
consumed by the birds. 
 

Estimation of the Amount of Cuticle 
There was a significant main effect of production system, flock age and a significant 
interaction between production system and flock age for L* and b* components of the L*a*b* 
space system as shown in Table 2. There was a significant main effect of production system 
and flock age for a* components of the L*a*b* space system but no significant interaction 
between the two. 

The higher values of L* for free range compared to cage eggs indicated less pigment 
in free range compared to cage system eggs. From the current spectrophotometric 
measurements of stained eggs, it can be concluded L* values are less significantly affected 
by MST blue stain. The a* is the most important component in the L*a*b* space system as it 
shows the amount of the MST stain acquired by the cuticle. The more negative values in the 
cage system versus free range indicated more cuticle present in the cage eggs. The lack of 
significant interaction between production system and flock age indicated that flock age had 
similar effects on the amount of cuticle deposition in both production systems. The b* 
component of the L*a*b* color space system is the grading between blue and yellow where 
yellow is towards the positive end of the scale and blue is towards the negative end. There 
were significant main differences between production systems with free range flocks being 
higher. 

 

Ultrastructural Scoring of Shell Mammillary Layer 
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Scanning Electron Microscopic (SEM) observations indicate that no two eggs from the same 
flock at the same age possess the same ultrastructural characteristics which, in turn, reflect 
a high rate of variation in the secretion of eggshell precursors in the shell gland of the hen’s 
reproductive system. Thus, oviducal malfunction may result in the breaching of the shell’s 
inherent defence mechanisms (Nascimento et al., 1992). Analysis of the uterine fluid 
proteins (Gautron et al., 1997) at various stages of shell formation and in vitro crystallization 
experiments (Gautron et al., 1996) have revealed egg specific proteins that influence the 
process of calcification by modifying and modulating crystal growth (Nys et al., 2004). Shell 
quality decreases with increased flock age and old hen eggs are reported to be more prone 
to microbial penetration, as compared to eggs from younger flocks (Solomon, 1992a). 

For the ultrastructural variables of the mammillary layer, a significant main effect of 
production system was recorded for: mammillary cap size, mammillary cap quality, early 
fusion, Type A bodies, Type B bodies, aragonite, cuffing and erosion (Table 3). A significant 
interaction between production system and flock age (P<0.05) was found for mammillary cap 
size, late fusion, alignment, Type A bodies, Type B bodies, cubic cone formation, cuffing, 
and changed membrane. There was no significant effect of production system or interaction 
between production system and flock age for the incidence of confluence, cubics, 
depression or hole. Variability of mammillary cap size, the incidence of poor mammillary cap 
quality, incidence of late fusion, alignment, Type A bodies, Type B bodies and cubic cone 
formation were greater in free range (FR) versus cage system (CC) and increased with flock 
age in both production systems. The incidence of confluence and early fusion were greater 
in CC and decreased with age in both production systems. More variable mammillary cap 
size leads to poor membrane attachment and poor cap quality which can affect the overall 
quality of the shell ultrastructure. Overall, cap quality was poorer in free range compared to 
cage eggs. Good caps quality cones show higher affinity for membrane attachment, thus 
making the shell stronger. A higher incidence of early fusion has a positive impact on shell 
strength and vice versa (Solomon, 1991). The overall incidence of early fusion was slightly 
higher in cage eggs versus free range. A higher incidence of early fusion increases the 
effective thickness of palisade columns (Solomon, 1991).  and is a positive feature of the 
mammillary layer. Increased incidence of cuffing has a positive effect on the mammillary 
layer, and its higher incidence in cage eggs suggests better ultrastructural quality (Solomon, 
1991). 

Late fusion, alignment, cubics, cubic cone formation, changed membrane, 
depression and hole negatively affect mammillary layer quality. Their incidence was not 
significantly different between the two production systems. The higher incidence of 
mammillary layer variables like Type A bodies, Type B bodies and aragonite in free range 
eggs compared to cage eggs indicates better quality of cage eggs. 
 

Egg Microbial Enumeration 
A significant main effect (P<0.05) of production system and flock age and interaction 
between the two was recorded only for total bacterial count (TBC) on the eggshell surface. 
There was a significant main effect of flock age on TBC in shell crush but no significant 
effect of production system or interaction between production system and flock age as 
shown in Table 4. The total Enterobacteriaceae count (TEC) on shell was significantly 
affected by flock age and interaction between production system and flock age, whereas 
TEC in shell crush was only significantly affected by flock age. None of the egg internal 
contents were positive for bacteria. 

Understanding external contamination of shells is important in order to evaluate the 
shelf life and food safety of commercial eggs. In most cases, egg internal contamination 
results from penetration of bacteria deposited on the shell surface as it is being laid or after it 
has been laid (Schoeni et al., 1995). Salmonella poisoning related to egg products has 
attracted the attention of food safety authorities in Australia and all over the world. The shell 
wash method used in the current study has been used successfully by other workers for 
microbial enumeration from the eggshell surface (De Reu et al., 2005). In the current study, 
the TBC on shell surface was significantly higher in free range eggs compared to cage eggs. 
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On average, 20-30 times more bacteria have been isolated previously from the surface of 
litter floor eggs compared to a wire floor (Quarles et al., 1970). There is a greater chance of 
eggshell contamination in litter and free range systems compared to cages as freshly laid 
eggs can be contaminated when coming in contact with contaminated surfaces (Harry, 1963; 
Gentry and Quarles, 1972). A 15 times greater bacterial load on the eggshell surfaces of 
deep litter eggs compared to cage eggs has been reported (Harry, 1963). Total aerobic flora 
were higher (more than 1.0 log) on eggs from an aviary housing system compared to 
conventional and furnished cage systems (De Reu et al., 2005). In another study (Wall et al., 
2008), the total bacterial load and Enterobacteriaceae on the eggshell were significantly 
higher for furnished cage eggs compared to conventional cage eggs. In the present study, 
the TBC in shell crush was not significantly different between production systems and 
remained below 2 log cfu/mL of rinsate throughout production in both systems. The TEC on 
the shell and shell crush was not affected by the production system and compared to TBC, 
was quite low. Bacterial contamination of the eggshell is greatly affected by factors such as 
diet (Smith et al., 2000) and poultry house environment (De Reu et al., 2005). A significantly 
higher Enterobacteriaceae count on eggshells from furnished cage production (12.3%) 
compared to conventional cages (5.8%) was recorded but the egg internal contents from 
both production systems were free from bacteria (Wall et al., 2008). In the present study, 
egg internal contents from both production systems were free from bacteria.. Comparing 
different housing systems, previous studies (Quarles et al., 1970; Smeltzer et al., 1979; De 
Reu et al., 2005; Mallet et al., 2006; Wall et al., 2008) have shown that eggs produced by 
cage systems have generally lower bacterial counts compared to other production systems 
but the differences found between the cage and non cage system eggs in terms of 
contamination are less pronounced under commercial conditions (De Reu et al., 2008). The 
lack of differences in total microbial load between the cage and free range production 
system could be attributed to proper hygienic measurements followed on the farms during 
the study period. 
 

Conclusions 
 
The eggshell quality variables; egg weight, shell weight and shell thicknesses increased with 
flock age and were higher in the conventional cage flock versus the free range flock. 
The egg internal quality variables albumen height and Haugh units decreased with flock age 
and were higher in cage flock compared to free range whereas yolk color was higher in cage 
eggs and fluctuated with flock age in both production systems. 
The amount of cuticle present on the eggshell varied significantly with flock age and was 
significantly higher in cage eggs versus free range. 
The increased incidence of late fusion, alignment, type A body, and type B body with 
increasing flock age indicates that shell quality decreases as hen age increases. In the 
present study, a significantly higher incidence of poor mammillary cap quality, incidence of 
late fusion, alignment, Type A bodies, Type B bodies and cubic cone formation was 
recorded in free range versus cage eggs.  
The total bacterial and Enterobacteriaceae load was relatively low and was significantly 
higher in free range eggs compared to cage eggs. 
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Table 1: Eggshell and egg internal quality measurements 

Variables 

Flocks age (weeks) 

P value 
Conventional Cages Free Range 

25 35 45 55 65 75 25 35 45 55 65 75 P A P*A 

Translucency 
score  

2.23 
±0.20 

1.17 
±0.18 

1.03 
±0.19 

2.40 
±0.21 

1.63 
±0.26 

1.43 
±0.21 

2.77 
±0.27 

*2.40 
±0.25 

*3.97 
±0.17 

*3.13 
±0.19 

*2.97 
±0.18 

*3.10 
±0.17 

<0.0001 0.0002 <0.0001 

Shell 
reflectivity 

(%) 

27.10 
±0.67 

30.33 
±0.41 

28.87 
±0.59 

30.17 
±0.82 

29.70 
±0.67 

29.40 
±0.57 

*29.67 
±0.79 

*32.57 
±0.92 

*33.37 
±0.52 

*37.63 
±1.30 

*38.70 
±0.98 

*33.97 
±1.2 

<0.0001 <0.0001 0.0001 

Egg weight 
(g) 

60.35 
±0.87 

63.90 
±0.75 

63.27 
±0.89 

62.97 
±0.78 

64.47 
±0.82 

68.60 
±0.82 

*51.68 
±0.59 

62.57 
±0.85 

64.30 
±0.58 

61.73 
±0.84 

*61.97 
±0.85 

*63.84 
±1.0 

<0.0001 <0.0001 <0.0001 

Shell 
breaking 

strength (N) 

40.07 
±1.4 

41.83 
±0.96 

39.55 
±0.90 

38.19 
±0.99 

40.22 
±1.60 

36.67 
±1.70 

41.31 
±1.60 

38.45 
±1.50 

*42.74 
±1.30 

*41.50 
±1.30 

*35.52 
±1.50 

37.49 
±1.50 

0.9182 0.0173 0.0112 

Deformation 
unit (μm) 

328.3 
±12.0 

307.3 
±5.45 

298.0 
±5.37 

299.0 
±5.04 

294.0 
±7.62 

320.0 
±15.8 

334.6 
±7.55 

316.6 
±6.58 

*322.6 
±8.01 

*321.3 
±6.57 

294.0 
±12.0 

261.6 
±8.04 

0.8885 <0.0001 <0.0001 

Shell weight 
(g) 

5.40 
±0.07 

5.88 
±0.07 

5.85 
±0.08 

5.67 
±0.08 

5.99 
±0.12 

6.14 
±0.13 

*4.73 
±0.09 

*5.20 
±0.11 

5.81 
±0.06 

5.51 
±0.12 

5.70 
±0.09 

5.94 
±0.12 

<0.0001 <0.0001 0.0009 

Percentage 
shell 

9.02 
±0.09 

9.21 
±0.09 

9.26 
±0.11 

9.03 
±0.14 

9.29 
±0.13 

8.96 
±0.17 

9.15 
±0.15 

*8.33 
±0.15 

9.05 
±0.09 

8.92 
±0.13 

9.22 
±0.14 

9.33 
±0.15 

0.0853 0.0048 0.0002 

Shell 
thickness 

(μm) 

370.1 
±3.49 

389.4 
±3.82 

378.0 
±3.85 

376.9 
±5.13 

392.4 
±6.02 

389.0 
±5.86 

*354.8 
±5.41 

*352.5 
±5.74 

385.3 
±3.55 

381.5 
±6.01 

387.3 
±4.60 

389.3 
±4.72 

0.0088 <0.0001 <0.0001 

Albumen 
height (mm) 

11.04 
±0.14 

10.65 
±0.18 

10.24 
±0.21 

9.39 
±0.20 

10.07 
±0.20 

9.95 
±0.28 

*9.04 
±0.18 

*9.33 
±0.23 

*8.53 
±0.20 

*6.76 
±0.29 

*7.32 
±0.23 

*4.81 
±0.24 

<0.0001 <0.0001 <0.0001 

Haugh Unit 
103.5 
±0.62 

101.0 
±0.77 

99.23 
±0.92 

95.40 
±0.96 

98.60 
±1.03 

96.67 
±1.57 

*96.50 
±0.89 

*95.17 
±1.14 

*90.77 
±1.11 

*80.13 
±1.98 

*84.20 
±1.38 

*63.33 
±2.31 

<0.0001 <0.0001 <0.0001 

Yolk color 
10.07 
±0.09 

10.90 
±0.16 

11.03 
±0.13 

10.50 
±0.15 

11.70 
±0.13 

11.40 
±0.16 

*7.73 
±0.31 

*10.03 
±0.15 

*9.80 
±0.11 

10.07 
±0.19 

*9.37± 
0.19 

11.80± 
0.21 

<0.0001 <0.0001 <0.0001 

Mean ± SE  

* Indicates significant difference from cage system at the same age;  
P- Production system; A- Age; P*A- Production system & Flock age interaction 
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Table 2: Spectrophotometry (L*a*b*) values of stained eggshells 

Variables 

Flocks age (weeks) 

P value 
Conventional Cages Free Range 

25 35 45 55 65 75 25 35 45 55 65 75 P A P*A 

L* 
51.06 
±0.49 

54.76 
±0.61 

56.47 
±1.23 

54.28 
±0.86 

55.09 
±0.53 

53.09 
±0.86 

*56.12 
±0.75 

*57.09 
±0.53 

*59.79 
±0.65 

*60.44 
±0.93 

*62.08 
±0.96 

*60.96 
±0.73 

<0.0001 <0.0001 0.0029 

a* 
-2.67 
±0.75 

0.26 
±0.78 

-3.84 
±1.20 

-4.83 
±1.14 

-1.05 
±0.66 

-4.61 
±1.01 

*3.15 
±0.98 

2.52 
±0.83 

-0.85 
±0.92 

-2.15 
±1.02 

-1.35 
±0.97 

-2.58 
±1.24 

<0.0001 <0.0001 0.0699 

b* 
32.31 
±0.30 

32.4 
±0.41 

28.46 
±0.64 

29.44 
±0.29 

31.92 
±0.43 

28.97 
±0.42 

*34.47 
±0.42 

*34.67 
±0.50 

*32.42 
±0.45 

*33.65 
±0.88 

30.76 
±0.58 

*31.29 
±0.54 

<0.0001 <0.0001 <0.0001 

Mean ± SE 
* Indicates significant difference from cage system at the same age 
P- Production system; A- Age; P*A- Production system & Flock age interaction 
L* is between white (100) and black (0). 
a* is between green (-ve) and red (+ve) 
b* between blue (-ve) and yellow (+ve) 
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Table 3: Scores for ultrastructural features of shell mammillary layer 

Variables 

Flocks age (weeks) 
P value 

Conventional Cages Free Range 

25 35 45 55 65 75 25 35 45 55 65 75 P A P*A 

Mammillary 
cap size 

1.48 
±0.11 

1.70 
±0.11 

2.33 
±0.12 

2.13 
±0.18 

2.00 
±0.09 

1.90 
±0.10 

*1.83 
±0.09 

*2.10 
±0.12 

2.03 
±0.14 

2.13 
±0.12 

2.27 
±0.11 

*2.20 
±0.09 

0.0067 <0.0001 0.0090 

Confluence 
3.00 
±0.11 

2.83 
±0.11 

2.37 
±0.13 

2.23 
±0.14 

1.77 
±0.14 

1.83 
±0.16 

2.70 
±0.14 

2.73 
±0.11 

2.33 
±0.14 

2.30 
±0.17 

1.87 
±0.16 

*1.40 
±0.12 

0.1401 <0.0001 0.3149 

Cap quality 
1.48 
±0.11 

1.67 
±0.15 

2.07 
±0.14 

2.57 
±0.11 

2.37 
±0.18 

2.23 
±0.11 

1.60 
±0.12 

2.03 
±0.18 

*2.57 
±0.18 

2.73 
±0.16 

2.43 
±0.16 

2.40 
±0.12 

0.0070 <0.0001 0.6687 

Early 
fusion 

3.21 
±0.11 

2.80 
±0.10 

2.77 
±0.08 

2.20 
±0.13 

2.37 
±0.09 

2.40 
±0.09 

3.00 
±0.09 

*2.37 
±0.10 

*2.37 
±0.11 

2.13 
±0.12 

2.20 
±0.12 

2.33 
±0.09 

0.0003 <0.0001 0.3285 

Late fusion 
2.45 
±0.14 

3.40 
±0.12 

2.67 
±0.09 

3.00 
±0.07 

3.07 
±0.08 

3.07 
±0.07 

2.73 
±0.13 

3.13 
±0.08 

*2.97 
±0.09 

3.03 
±0.03 

2.97 
±0.03 

3.00 
±0.05 

0.5407 <0.0001 0.0062 

Alignment 
2.17 
±0.17 

2.00 
±0.14 

2.30 
±0.11 

2.87 
±0.13 

2.77 
±0.12 

2.47 
±0.12 

1.97 
±0.12 

2.33 
±0.10 

*2.77 
±0.09 

2.77 
±0.10 

2.67 
±0.11 

*2.87 
±0.12 

0.0600 <0.0001 0.0111 

Type A 
body 

1.17 
±0.07 

1.37 
±0.12 

1.23 
±0.08 

1.50 
±0.09 

1.57 
±0.09 

1.47 
±0.09 

*1.00 
±0.00 

1.27 
±0.08 

1.30 
±0.08 

1.77 
±0.10 

1.70 
±0.11 

*1.90 
±0.09 

0.0440 <0.0001 0.0082 

Type B 
body 

1.52 
±0.12 

1.83 
±0.14 

2.00 
±0.14 

2.13 
±0.12 

1.87 
±0.09 

1.90 
±0.11 

1.40 
±0.12 

1.97 
±0.11 

2.20 
±0.16 

*2.53 
±0.10 

*2.63 
±0.14 

*2.80 
±0.18 

<0.0001 <0.0001 0.0006 

Aragonite 
1.00 
±0.00 

1.10 
±0.06 

1.03 
±0.03 

1.13 
±0.09 

1.07 
±0.05 

1.00 
±0.00 

1.00 
±0.00 

1.20 
±0.11 

1.17 
±0.09 

1.33 
±0.10 

1.07 
±0.05 

1.03 
±0.03 

0.0381 0.0032 0.5660 

Cubic 
1.10 
±0.06 

1.13 
±0.06 

1.17 
±0.08 

1.13 
±0.08 

1.13 
±0.06 

1.07 
±0.05 

1.03 
±0.03 

1.03 
±0.03 

1.20 
±0.07 

1.07 
±0.05 

1.03 
±0.03 

1.10 
±0.07 

0.4327 0.1947 0.7456 

Cubic cone 
formation 

1.00 
±0.00 

1.37 
±0.09 

2.90 
±0.12 

1.90 
±0.12 

2.87 
±0.12 

1.93 
±0.13 

1.00 
±0.00 

*2.10 
±0.15 

*2.57 
±0.11 

2.13 
±0.11 

*2.40 
±0.13 

2.13 
±0.13 

0.3520 <0.0001 <0.0001 

Cuffing 
2.86 
±0.12 

2.83 
±0.09 

1.93 
±0.11 

1.47 
±0.12 

1.37 
±0.09 

1.30 
±0.09 

2.90 
±0.14 

*2.13 
±0.14 

1.97 
±0.11 

1.27 
±0.08 

1.17 
±0.07 

1.20 
±0.07 

<0.0001 0.0024 0.0069 

Changed 
membrane 

1.86 
±0.22 

1.20 
±0.07 

1.23 
±0.10 

1.40 
±0.10 

1.10 
±0.06 

1.10 
±0.06 

*2.63 
±0.17 

*1.53 
±0.10 

1.10 
±0.07 

*1.00 
±0.00 

1.17 
±0.08 

1.00 
±0.00 

0.1350 <0.0001 <0.0001 

Depression 
1.07 
±0.05 

1.03 
±0.03 

1.00 
±0.00 

1.10 
±0.06 

1.13 
±0.06 

1.00 
±0.00 

1.00 
±0.00 

1.20 
±0.09 

1.10 
±0.06 

1.07 
±0.05 

1.10 
±0.05 

1.20 
±0.10 

0.0854 0.5658 0.0577 

Erosion 
1.00 
±0.00 

1.00 
±0.00 

1.07 
±0.05 

1.07 
±0.05 

1.10 
±0.06 

1.03 
±0.03 

1.00 
±0.00 

1.03 
±0.03 

1.07 
±0.05 

1.23 
±0.08 

1.10 
±0.06 

1.17 
±0.07 

0.0393 0.0131 0.2626 

Hole 
1.00 
±0.00 

1.00 
±0.00 

1.00 
±0.00 

1.00 
±0.03 

1.00 
±0.00 

1.00 
±0.00 

1.00 
±0.00 

1.03 
±0.00 

1.03 
±0.00 

1.00 
±0.03 

1.00 
±0.00 

1.00 
±0.00 

0.5527 0.9999 0.3104 

Mean ± SE; * Indicates significant difference from cage system at the same age; P- Production system; A- Age; P*A- Production system & Flock age 
interaction 
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Table 4: Bacterial load in cfu per eggshell of whole shell and shell crush 

Variables 

Flocks Age (weeks) P Value 
 Conventional Cages Free Range 

25 35 45 55 65 75 25 35 45 55 65 75 P A P*A 

TBC on 
eggshell 

3.42 
±0.08 

1.55 
±0.52 

3.09 
±0.35 

3.48 
±0.59 

3.29 
±0.22 

4.07 
±0.11 

*3.81 
±0.12 

*2.50 
±0.33 

2.89 
±0.20 

3.47 
±0.29 

*3.79 
±0.15 

*4.39 
±0.09 

<0.0001 <0.0001 0.0012 

TBC in 
shell 
crush 

0.35 
±0.35 

1.56 
±0.53 

1.31 
±0.45 

1.19 
±0.41 

1.96 
±0.55 

0.86 
±0.48 

0.34 
±0.22 

1.46 
±0.37 

1.20 
±0.28 

1.26 
±0.26 

1.88 
±0.33 

1.47 
±0.40 

0.6112 0.0332 0.5984 

TEC on 
eggshell 

1.63 
±0.45 

0.58 
±0.39 

1.79 
±0.52 

3.08 
±0.36 

1.57 
±0.44 

1.68 
±0.47 

2.10 
±0.38 

0.84 
±0.27 

1.42 
±0.31 

*2.06 
±0.35 

*1.26 
±0.29 

1.32 
±0.29 

0.0671 0.0265 0.0133 

TEC in 
shell 
crush 

0.00 
±0.00 

1.51 
±0.41 

1.71 
±0.38 

0.20 
±0.20 

0.20 
±0.20 

0.43 
±0.29 

0.05 
±0.03 

1.74 
±0.38 

1.23 
±0.26 

0.20 
±0.13 

0.64 
±0.22 

0.91 
±0.29 

0.2111 <0.0001 0.0709 

Mean ± SE   
TBC- total bacterial count; TEC- total Enterobacteriaceae count; cfu is colony forming units; 
* Indicates significant difference from cage system at the same age 
P- Production system; A- Age; P*A- Production system & Flock age interaction 
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Chapter 11:  CT scanning of eggshells to elucidate 
underlying causes of translucency (A. Ray Honours 
Thesis) 
 
Abstract 
 
The use of computed tomography to examine the phenomenon of translucency was 
investigated.  Successive experiments determined the optimal settings for visualising the pores 
within the egg shell.  A very high resolution was required to enable the pores to be seen clearly 
and to be categorised into straight, branching on the inside of the egg shell or branching on the 
external side of the egg shell.  Doping of shells with iodine solutions did not improve the 
resolution.  The most common pore type was straight pores passing directly through the egg 
shell.  However, there was a correlation between a high incidence of translucency and a higher 
percentage of pores that branched towards the outside of the egg shell. 
 

Introduction 
 
Computed Tomography or CT has, to our knowledge, never been used to analyse egg shells. 
CT allows us to view high resolution cross sections of the shell. CT involves placing the sample 
between the X-ray source and a detector; this allows a 2D density map to be taken, the sample 
is then rotated and further density maps are taken. These multiple images are used by 
reconstruction software to produce a 3D image of the object (Hausherr et al., 2006). CT is non 
destructive allowing the sample to be used again for further testing. CT is also a rapid process 
when compared to the preparations required for SEM. 
 CT allows us to artificially colour objects of different densities which allows better 
comparison of objects that are of similar densities. Discussing carbon compounds, Hausherr et 
al. (2006) comment how CT can be more effective then SEM when characterizing similar 
materials. 
  Samples for CT scanning may be exposed to an iodine “doping” agent; this solution 
would enter the specimen and invade the same spaces as water. However, due to the higher 
density of the iodine solution any areas invaded by the doping agent should be readily 
identifiable. This would, potentially, allow detailed measurements of pores and spaces within the 
palisade layer of the shell.  
 One limit of CT is that the resolution or maximum magnification is linked to the size of 
the object being imaged, the larger the sample size the lower the resolution, providing lower 
magnification.  

 

Methods 
 
A GE Phoenix CT scanner was used in addition to the Neoscope JM-5000 SEM to investigate 
shell structure in relation to translucency.  Shell fragments were broken by hand into 
approximately 5cm square samples and the membrane was removed manually by rubbing 
under running water. After an initial scan, translucent features were marked on the outside of 
the shell sample using a Dremel tool and small engraving attachment.  
The initial scans were completed using the following settings, 
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 Phoenix GM V-tomex Standard tube 80 kV 
 X-ray: 80 kV 
  Microamps: 130 
  Modus: 1 
 Images per scan: 800 
 Timing: 800 ms 
 Voxel size (resolution): 35.27 microns 
 Power: 14.4; 0.86 watts 
 Filter: 0.5 Cu  
 
Analysis of the images involved reconstituting the individual X-ray images into a 3D figure. To 
standardize the individual samples, a 5mm sphere was isolated from each image, and the 
greyscale histogram of each image was standardized to a similar pattern to produce the best 
view of the pores. In order to produce a volume measure, a region of shell was selected with a 
tolerance of 2000 units of variance.  These scans provided a good starting point; however they 
proved to be of limited use due to their low resolution. In subsequent CT scans, higher 
resolution scans and doping agents were investigated. 

The initial CT studies failed to show any internal structures of the shell; in order to 
optimise the results of iodine doping the nanotube X-ray tube was used to achieve a higher 
resolution. The following CT settings where used.  
 Phoenix GM V-tomex Nano tube 180 kV 
 X-ray: 80 kV 
  Microamps: 180 
  Modus: 1 
 Images per scan: 800 
 Timing: 800 ms 
 Voxel size (resolution): 5.64 microns 
 Power: 14.4; 0.86 watts 
 Magnification: 70.974 
And 
 Phoenix GM V-tomex standard tube 180 kV 
 X-ray: 80 kV    
  Microamps: 130 
  Modus: 0 
 Images per scan: 800 
 Timing: 800 ms 
 Voxel size (resolution): 35.27 microns 
 Power: 14.4; 0.86 watts 
 Magnification: 11.342 
 
Initial CT studies provided low resolution images that were inadequate to determine the internal 
structures of the shell. In order to view the mammillary bodies and the internal pores, samples 
were scanned at a higher resolution.  In order to scan samples at a higher resolution, the 
sample size had to be reduced. In order to achieve a resolution of ~5 um the sample size was 
reduced to ~5 mm/~5 mm square. Samples were scanned using the two available X-ray tubes. 
The following scan settings were used. 
 Phoenix GM V-tomex Nano tube 180 kV 
 X-ray: 80 kV    
  Microamps: 180 
  Modus: 1 
 Images per scan: 800 
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 Timing: 800 ms 
 Voxel size (resolution): 5.64 microns 
 Power: 14.4; 0.86 watts 
 Magnification: 70.974 
And 
 Phoenix GM V-tomex standard tube 180 kV 
 X-ray: 80 kV    
  Microamps: 130 
  Modus: 0 
 Images per scan: 800 
 Timing: 800 ms 
 Voxel size (resolution): 35.27 microns 
 Power: 14.4; 0.86 watts 
 Magnification: 11.342 
 
In order to standardize the area observed for all samples, a 1 mm radius sphere was isolated 
and digitally extracted. Volume of the shell within the 1mm radius sphere was recorded using 
the volume metric within the software and a tolerance of 2000 units of variance. The mammillary 
layer of the shell was examined for any distinctive features which were then recorded. The 
number and type of pore (non-branching, internally-branching or externally-branching) were 
recorded on the XY axis. 3D reconstruction was conducted with VG Studio Max Version2.0. 

 

Results 
 
The initial CT scans produced images of insufficient resolution to visualize the internal 
structures of the shell. Pore counts were attempted, however reliable results were not achieved. 
Figure 1 shows a low resolution CT image.  Doped CT samples failed to provide increased 
visibility of pores and internal structures than the high resolution CT studies. The Doped CT 
scans were not used for analysis.  Figure 2 shows a comparison between a doped CT image, a 
low resolution CT scan and a high resolution CT scan.  The high resolution CT scans allowed 
visualization of both the mammillary bodies and the internal structures of the shell. The high 
resolution CT scans revealed no apparent structural cause for translucency. 

Pore counts were possible in these high resolution scans and their branching status was 
visible. Pore count averages are shown in Table 1 and Figure 4. Eggs with translucency score 
of 1 showed 57 straight pores per 3.14 mm2 from 13 samples with an average of 4.38 pores per 
3.14 mm2. Translucency score 3 showed 40 pores per 3.14 mm2  from 7 samples with an 
average of 5.71 pores per 3.14 mm2 and translucency score 4 showed 66 pores per 3.14  mm2  
from 12 samples with an average of 5.5 pores per 3.14 mm2. Straight pore counts per unit area 
were statistically different between translucency score groups. 

Externally branching pores were found to be more common in the translucency score 4 
group with an average of 1.917 externally branching pores per 3.14 mm2. The translucency 
score 3 group had an average of 0.429 externally branching pores per 3.14 mm2  and the one 
translucency score group had an average of 0.091 externally branching pores per 3.14 mm2 . 
The result for the translucency score 4 group was found to be significantly different from the 
other groups for externally branching pores per 3.14 mm2. 

The internally branching pore counts were similar for all groups, with no statistically 
significant differences among translucency score categories. The translucency score 1 group 
had an average internally branching pore count of 0.820 pores per 3.14 mm2, the translucency 
score 3 group had an average internally branching pore count of 0.787 pores per 3.14 mm2 and 
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the translucency score 4 group had an average internally branching pore count of 0.674 pores 
per 3.14 mm2.  

The volume measurement completed using VG Studio Max Version2.0 showed 
increasing volume with increasing translucency score (Figure 5). The average volume, of 
translucency score group 1 eggs was 0.893 mm3. The average volume of translucency score 3 
group eggs was 0.903 mm3. And the average volume of translucency score four group eggs 
was 0.954 mm3. The difference in volume between the three scores was not significant. 

 

Discussion 
 
The initial CT images were a starting point to determine the settings that needed to be used for 
studying egg shell structure; however the results from these scans were not suitable for 
identifying which if any internal structures were related to the appearance of translucency.   A 
second attempt involved marking out translucency features with a Dremel engraving tool to 
allow their identification through the CT; however, this failed to show anything significant. In 
another preliminary experiment, samples were divided on the basis of their 'type' of translucency 
(pole, region & feature). In this experiment and previous experiments there was no difference 
between the groups and in future experiments the translucency score was used to divide 
groups. 

With the addition of a “doping” agent came hopes of viewing the precise location of water 
within the shell; however the doped CT samples were not as clear as the un-doped samples in 
the high resolution CT study. While only a small number of CT samples were doped with iodine 
doping agents, it was clear that there was no advantage in doping shell samples. The doped 
samples were of lower resolution and provided lower visibility of internal structures then the non-
doped nano-tube scanned shell samples. There were two iodine doping solutions prepared and 
both produced similar results.  Samples where allowed 48-72 hours to soak in two different 
iodine solutions, the 48-72 hour timeline was used to simulate the saturation time of shells to 
show full translucent features. This provided enough time for the iodine solution to fully enter the 
gaps in the shell that are occupied by water in a translucent shell. 

As the results of the CT are dependent on the relative difference in the electron density of 
adjacent objects, a doping agent must increase this relative difference. The objects in an un-
doped sample are air and the shell calcium carbonate. When a sample doped with iodine 
solution is used, the relative objects become shell calcium and iodine which occupies the gaps 
within the shell. If a doping agent was required for future CT images it should be of a far greater 
electron density then iodine. It appeared that the air present in the pores of the egg shell 
provided a better contrast with the calcium carbonate of the egg shell than did the iodine doping 
agents. 

High resolution CT scans provided much greater image quality and resolution than 
previous scans. Images from the CT nano-tube were used for analysis as they provided better 
quality images and greater magnification than the standard X-ray tube.  While the higher 
resolution scans do limit the size of the sample area being examined, the advantages here 
outweigh the negatives. When examining the mammillary bodies or internal structures of the 
shell, the area viewable (5 mm2) is adequate, even when that area is further reduced to ensure 
a standard area for all samples. One mm spheres were used in this experiment and they 
contained a sufficient number of mammillary bodies and pores for analysis.  The nature of CT 
allows two-dimensional frame by frame analysis of the internal structures of the shell. It is using 
these transverse cuts though the shell that allowed the identification of pores and their 
branching structures. 
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Figure 1:  Low resolution CT scan showing possible pore structures. 

 

 
Figure 2:  Doped high resolution CT scans, (top IKI, bottom I2E). 

 

 
Figure 3: High resolution CT scan showing externally branching pore.
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Table 1: Pore counts and volume measurements for translucency score groups one, three and four. 
Values with different superscripts are significantly different 
 

Translucency Score 
Group 

Average number of Pores per 
sample 

Volume (mm3) 
per 5mm sphere 

  Straight Internal External 

1 a4.55 0.55 b0.09 0.89 

3 b5.86 0.57 b0.43 0.90 

4 c3.08 0.50 a1.92 0.95 

 
 

 
 
Figure 4: Average pore counts for translucency score groups one, three and four, divided into straight, internally branching 
and externally branching pores.  

3 4 
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Figure 5: Bar graph showing volume of shell (mm3) of a 4.19 mm3 sphere (1 mm radius) of 
shell from translucency score groups one, three and four. 

 
In all translucency score groups, the number of internally branching pores remained 

similar as did the total number of normal (un-branched) pores. However, as the translucency 
score increased, the number of externally branching pores increased. The difference in 
externally branching pores was found to be significantly higher in the translucency score 4 
group, although not all samples in this group featured externally branching pores. It is 
possible that not all pores were visible with the high resolution CT; some pores may not have 
been counted because of their small size or direction. The nature of the transverse cuts may 
prevent viewing of pores that are moving perpendicular to the field of view.  

The identification of differently branching pores is not consistent with the work of Tullet 
(1978), who states that, in domestic fowl, the pores transverse the shell radially without 
branching. Tullet (1978) may not have observed internally or externally branching pores due 
to the method used. In order to view pore structures through SEM, shells must be randomly 
broken and a single cut is viewed per sample. In all groups in the present study, there are far 
more normal (unbranched) pores than branching pores. Also, the branches of the internally 
and externally branching pores were, in some cases, more difficult to observe indicating 
smaller structures.  It was the variation in the pore counts between translucency groups that 
led to the investigation of the relationship between conductance, direct pore counts and 
translucency. 

The volume of shell measure is the volume of calcium carbonate in a digitally extracted 
region. The volume present in the analyzed area showed a consistent increase with 
translucency score. Although the difference between groups was small and not statistically 
significant, the trend observed may indicate a relationship. The accuracy of the volume 
measurement may also be questioned as the resolution may not have been high enough to 
fully capture the intricate shell structure. There have been no previous measures with which 
to compare these findings. However, in the future, increasing the size of the sample groups 
may provide more reliable results. In the future, higher resolution results may be possible 
using a synchrotron.  
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General Discussion 

 
Eggs will continue to be viewed as a risk for human Salmonella infections, as evidenced by 
the recent OzFoodNet Working Group reports (2009, 2010).   

Ensuring good egg quality is a first line of defence against movement of bacteria into 
eggs.  The results of the current study confirm previous reports that egg shell quality (as 
measured by traditional quality measures as well as shell ultrastructure) and egg internal 
quality decline with increasing flock age.  However, the extent of cuticle cover, which is 
widely accepted as being of significance in preventing bacterial ingress into the egg did not 
vary significantly across the laying life of commercial flocks.  The use of cuticle blue dye was 
verified by scanning electron microscopy as being a reliable indicator of the extent of cuticle 
cover on egg shells.  This provides a simple means by which cuticle cover can be visualized 
by commercial egg producers. 

The enumeration of total bacteria on and in eggs and the enumeration and 
identification of Enterobacteriaceae associated with eggs indicated that the levels of bacteria 
on the outside of commercial eggs in Australia compare favourably with those from other 
developed countries such as the United States and Europe.  Fortunately, in Australia the 
serovar which is most commonly involved in vertical transmission, Salmonella Enteritidis, is 
not endemic in commerical layer flocks.  However, the presence of bacteria on the outside of 
eggs poses a threat to consumers as these bacteria can contaminate eggs during the food 
preparation process.  The horizontal study (different flocks at different ages - Chapter 3) 
found that there was no difference in the levels of Enterobacteriaceae among different flock 
ages.  However, the vertical study (same flock sampled at different ages) on one cage and 
one free range flock reported in Chapter 10 found that there were some differences with 
flock age for the free range flock.  This suggests that monitoring of free range flocks may be 
even more important than for cage flocks, particularly if the egg collection system does not 
separate eggs quickly from the birds and/or permits contact between eggs and contaminated 
surfaces. 

The identification of bacteria reported in Chapter 4 indicated that the most prevalent 
serovar of Salmonella on eggs was Salmonella Infantis, consistent with previous reports 
from Australia and overseas Salmonella Infantis has been demonstrated to cause food-
borne illness in humans and therefore needs to be monitored in Australia layer flocks.  Also 
the sample size used for this study was small and hence a nation-wide prevalence study to 
investigate Salmonella transmission (bird-environment-egg movements) is required. The 
Salmonella transmission from bird-environment-egg in cage farm is currently being 
investigated through another Poultry CRC project. 

The studies on the prevalence of Mycoplasma synoviae (MS) in layer flocks was 
estimated by measuring antibodies in egg yolk.  As shown in Chapter 5, the prevalence of 
antibodies for MS is variable across different farms but can be quite high.  However further 
experimental studies are essential to study the possible effects of Australian strains of 
Mycoplasma synoviae on egg quality and production. 

 Several studies were conducted into the ability of different serovars of Salmonella to 
penetrate the egg shell of both washed and unwashed eggs.  Chapter 6 reports on 
Salmonella Infantis, Chapter 7 on various Salmonella Typhimurium phage types and 
Chapter 8 reports on Salmonella Agona.  Egg washing, as conducted in these studies, 
appeared to result in removal of the cuticle.  For S. Infantis, there was no difference in the 
incidence of bacterial penetration of washed and unwashed eggs and this serovar was not 
isolated from egg contents of either washed or unwashed eggs.  In contrast, the phage types 
of S. Typhimurium were all able to penetrate the shell of both washed and unwashed eggs 
with the incidence of penetration of washed eggs being higher than that of unwashed eggs.  
S. Typhimurium was also able to survive in eggs (externally and internally) incubated at 

20C.  S. Agona showed some capacity for penetration of eggshells although there was no 
difference between washed and unwashed whole eggs for the incidence of penetration.  
However, for the agar eggs, unwashed eggs were penetrated more often than washed eggs.  
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For all these penetration studies, there were correlations between the incidence of 
penetration or points at which penetration occurred and egg shell features (ultrastructure, 
cuticle cover) which are associated with poorer quality egg shells. 

The project investigated a number of potential causes of egg shell translucency.  
There were correlations between translucency score and some ultrastructural features of the 
mammillary layer which are usually associated with poorer quality shells.  A study using CT 
scanning found that there appears to be a correlation between translucency score and the 
incidence of egg shell pores that branch towards the outside of the shell.  Eggs with higher 
translucency score also tended to have higher porosity. 

A small study was conducted to evaluate the incidence of microcracks before and after 
commercial egg processing.  Microcracks almost certainly contribute to the appearance of 
translucency.  However, they are difficult to identify with certainty.  Following commercial egg 
processing the incidence of microcracks was significantly lower than before processing.  
This indicates that the commercial egg processing crack detectors are identifying and 
removing some of the eggs with microcracks. 
 

Implications 
 
The results of this series of studies indicate that egg shell quality is important in determining 
the ease with which bacteria are able to pass across egg shells.  Bacteria are always 
present on the outside (and to a lesser extent in the pores) of egg shells and there is a risk 
that bacteria will enter the egg contents either by passing through the shell (via pores or 
shell defects) or during handling of eggs in domestic or commercial food preparation.  The 
fact that eggs are regularly consumed either raw or undercooked, adds to the potential risk.  
The findings from the limited range of serovars and phage types of Salmonella tested in this 
series of studies suggests that some serovars and phage types penetrate the egg shell more 
efficiently than others.  A better understanding of this process would inform the management 
of food safety in the egg industry.  The underlying causes of egg shell translucency are still 
being investigated, supported by a Poultry CRC Postgraduate Scholarship.  However, some 
causes have been identified.  A high incidence of translucency, along with poor shell quality, 
appears to increase the risk of bacterial ingress into the egg. 
 

Recommendations 
 
The investigators recommend that the Australian Egg Industry continues to support 
research, development and extension in the area of food safety, with Salmonella serovars 
and phage types being the main target.  The Australian Egg Industry needs to proactive, and 
to be seen to be proactive in addressing risks of food borne disease associated with eggs. 
 Extension activities arising from the outcomes of this sub-project could include 
seminars and workshops at which the issues could be addressed.  This would be particularly 
helpful if the findings of Dr. Margaret Sexton’s egg washing project (Sub-project 3.2.1) were 
also included. 
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Sub-Project 
Overview 

This sub-project investigated the incidence of bacterial 
contamination of commercial eggs and the relationship between 
egg quality and the ability of bacteria to penetrate the egg shell 
and enter the egg contents.  Shell quality varies with flock age and 
shell quality was also found to be related to the ease with which 
bacteria are able to pass across the egg shell.  Certain shell 
quality aspects were found to increase the risk of bacteria moving 
across egg shells. 

Background Although the eggs produced by the Australian commercial egg 
industry are generally regarded as being of very high quality, eggs 
are commonly implicated in cases of food borne salmonellosis.  An 
intact, good quality egg shell provides a significant barrier to 
bacterial entry into the egg contents.  However, defects in the egg 
shell may potentiate bacterial entry into the egg.  The main source 
of bacteria is from the outside of the egg and bacteria may enter 
the egg via pores or defects in the egg shell or they may 
contaminate the egg contents during food preparation.   Therefore, 
it is important to know what bacteria are found on commercial 
eggs in Australia and to understand the risks of these bacteria 
entering the egg contents. 

Research  A horizontal study (different flocks at different ages) was 
conducted involving 34 commercial flocks of laying hens.  Egg 
quality and bacterial contamination of the eggs were evaluated.  A 
vertical study of one cage flock and one free range flock was also 
conducted.  Many aspects of egg quality were found to decline 
with increasing flock age.  The bacteria found on the outside of the 
egg shell and in the pores were identified.  The most common 
serovar of Salmonella found was S. Infantis.  A number of 
serovars and phage types was used to determine how easily the 
bacteria could move from the outside of the egg shell into the egg 
contents and it was found that there were differences among the 
types of Salmonella.  The incidence of the phenomenon of 
translucency and the extent of cuticle cover, along with the 
ultrastructural features of the mammillary layer were all found to 
be associated with the risk of bacterial ingress. 

Implications   The incidence of organisms capable of causing food borne illness 
needs to be monitored regularly in the Australian egg industry. 
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