
 INTRODUCTION 
 Since 2005, the number of human salmonellosis cases 

reported in Belgium has declined significantly (Collard 
et al., 2008). The reduction was particularly substantial 
for Salmonella enterica serovar Enteritidis, the most 
frequently reported serovar that is most frequently as-
sociated with eggs and egg products (Gantois et al., 
2009; European Food Safety Authority, 2011). In paral-
lel to the reduction of human Salmonella cases, there 
are fewer Salmonella-positive layer farms (European 
Food Safety Authority, 2007, 2011). This is most likely 
due to the implementation of the mandatory Salmo-

nella control program (Anonymous, 2003, 2006) and 
increased voluntary vaccination against Salmonella En-
teritidis (since 2004), followed by the subsequent oblig-
atory vaccination of laying hens against Salmonella
Enteritidis (since 2007; European Food Safety Author-
ity, 2007; Collard et al., 2008). Despite the vaccination 
program, Salmonella Enteritidis is still recovered from 
laying hens and their feces (Davies and Breslin, 2004; 
Dewaele et al., 2012b), and a small number of layer 
farms remain contaminated with Salmonella Enteritidis 
in their environment (European Food Safety Author-
ity, 2011). An important issue of concern remains the 
long-term persistence of Salmonella Enteritidis on these 
laying farms due to environmental contamination and 
ineffective cleaning and disinfection (C&D; Dewaele 
et al., 2012b). As previously described (Wales et al., 
2007; Dewaele et al., 2012b), a large variety of environ-
mental samples can be contaminated on persistently 
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  ABSTRACT   Since 2007, a national Salmonella control 
program including obligatory vaccination has been on-
going in Belgium. In this context, the aim of the pres-
ent study was to investigate the diversity of Salmonella
enterica serovar Enteritidis isolates on 5 persistently 
contaminated Belgian layer farms and to examine the 
potential sources and transmission routes of Salmonella
Enteritidis contamination on the farms during succes-
sive laying rounds. A collection of 346 Salmonella iso-
lates originating from the sampled farms were char-
acterized using a combination of multilocus variable 
number of tandem repeat analysis (MLVA) and phage 
typing (PT). On each farm, one or 2 dominant MLVA-
PT types were found during successive laying cycles. 
The dominant MLVA type was different for each of 

the individual farms, but some farms shared the same 
dominant phage type. Isolates recovered from hens’ 
feces and ceca, egg contents, eggshells, vermin (mice, 
rats, red mites, and flies), and pets (dog and cat feces) 
had the same MLVA-PT type also found in the inside 
henhouse environment of the respective layer farm. Per-
sistent types were identified in the layer farm inside 
environment (henhouse and egg collecting area). Fur-
thermore, this study demonstrated cross-contamination 
of Salmonella between henhouses and between the hen-
house and the egg collecting area. Additional isolates 
with a different MLVA-PT type were also recovered, 
mainly from the egg collecting area. A potential risk 
for cross-contamination of Salmonella between the indi-
vidual layer farms and their egg trader was identified. 
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positive layer farms. However, it is unclear whether 
the contamination is due to true Salmonella Enteritidis 
persistence or repeated reintroductions of Salmonella 
Enteritidis. Besides the knowledge of persisting con-
taminated sites, potential environmental introduction 
sources and transmission routes have to be examined 
before specific measures can be recommended for con-
trolling Salmonella on persistently contaminated layer 
farms. More specifically, the contamination can be self-
maintaining as certain factors can cause one or several 
strains to persist within the layer farm environment. 
For example, wildlife vectors such as litter beetles, flies, 
mice and rats (Liebana et al., 2003; Lapuz et al., 2007, 
2008) and insufficient C&D (Davies and Breslin, 2003; 
Huneau-Salaün et al., 2010; Dewaele et al., 2012b) have 
been shown to play a role in the spread and main-
tenance of Salmonella Enteritidis on layer farms. Al-
ternatively, the contamination may arise from exter-
nal sources (e.g., replacement pullet rearing farms, egg 
traders, feed mills, et cetera). In other words, the con-
tamination can be rather a problem from the integrated 
egg production chain.

Few reports are available on the epidemiology of Sal-
monella Enteritidis on persistently contaminated layer 
farms, studied over an extended period of time. More-
over, in the context of an implemented national control 
program (NCP) including obligatory vaccination since 
2007, it has not yet been investigated in detail where 
the focus should be on controlling Salmonella Enter-
itidis on the remaining persistently contaminated layer 
farms. The aim of the current longitudinal study, per-
formed on 5 Salmonella Enteritidis persistently positive 
layer farms, sampled during subsequent laying rounds, 
was to (i) investigate whether the contamination on 
these layer farms is maintained by one or several per-
sisting strains or caused by repeated introduction by 
occasional strains possibly originating from external 
sources and (ii) identify factors contributing to the 
maintenance or introduction of Salmonella Enteritidis 
in the environment of laying hens.

MATERIALS AND METHODS

Farms
Five Belgian layer farms (farms A, B, D, E, and G; 

Dewaele et al., 2012b), with a recent previous or cur-
rent Salmonella Enteritidis-positive status in the na-
tional monitoring and control program were visited for 
intensive sampling with permission of the farmer during 
the period of August 2008 until March 2011. All flocks 
were vaccinated against Salmonella Enteritidis during 
rearing. Most flocks were vaccinated with the commer-
cial live vaccine Avipro Salmonella Vac E (Lohmann 
A.H., Cuxhaven, Germany), while live vaccine Nobilis 
SG9R (Intervet, Milton Keynes, UK) was administered 
to the hens of farm B. Farm G had one conventional 
cage (CC); others had a furnished cage system (FC; 
farms A and E) or an aviary (AV; farms B and D) in 

addition to CC. Various breeds of hens were kept, in-
cluding Lohmann Brown, Lohmann LSL Dekalb White, 
and Isa Brown. Some farms were multi-age (farms B, 
D, and E). Both dry and wet cleaning procedures were 
used. On most farms, the disinfection was done by a 
specialized company.

Sampling
Farms were monitored during 2 or 3 successive lay-

ing cycles at end of lay, after C&D, and beginning and 
middle of lay. Additional sampling occasions were in-
troduced when the laying cycle was prolonged or when 
molting was induced. After each sampling occasion, 
the farmer was notified which samples were contami-
nated. During each sampling event, 20 to 26 sites in 
each henhouse and 8 to 11 sites in the egg collecting 
area were sampled (Table 1), depending on the pres-
ence and accessibility of the sites. Surfaces (when pos-
sible, approximately 0.5 m2) were swabbed using pieces 
of sterile cotton or several cotton swabs (used for less 
accessible surfaces) soaked in buffered peptone water 
(BPW; CM0509, Oxoid, Basingstoke, UK). Air sam-
ples (400 L of air) were taken in the henhouse using 
an Air Sampler RCS (Biotest AG, Dreieich, Germany) 
with a brain heart infusion (CM0375, Oxoid) airstrip. 
Flies, red mites, mouse and rat corpses, cat and dog fe-
ces, and other samples were collected as available. From 
the henhouse, 200 freshly laid eggs were collected and 
examined for Salmonella presence (100 on the eggshell 
and 100 in the egg content). In addition, with the per-
mission of the farmer, at the end of the laying period, 
50 hens (Van Hoorebeke et al., 2010) were randomly 
selected to test for Salmonella in the ceca. Immediately 
after sampling, samples were transported to the labora-
tory at ambient temperature and analyses were started 
the same day.

Isolation and Identification  
of Salmonella Enteritidis

Salmonella was isolated from all samples according to 
the ISO6579:2002 (Anonymous, 2002) Annex D proto-
col. For feed and fecal samples, an amount of 25 g was 
weighed for further analysis. The eggshell was analyzed 
by washing each egg in 10 mL of BPW as previously 
described (De Reu et al., 2006a,b). Next, the BPW 
volume used to wash 10 eggs was subsequently pooled 
for further analysis. After aseptically collecting the egg 
content as previously described (De Reu et al., 2006a,b) 
of the remaining 100 eggs per hen house, the egg con-
tents were pooled in groups of 10 eggs in 1 L of BPW 
supplemented with 20 μg/mL of ammonium Fe(3+) ci-
trate for further analysis. Liver, spleen, and intestines 
were removed from mouse and rat corpses and homog-
enized in 225 mL of BPW. Fifty hens were killed by 
cervical dislocation (Close et al., 1996) and necropsied; 
both ceca were aseptically removed and homogenized in 
225 mL of BPW.
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The BPW was incubated for 18 ± 2 h at 37 ± 1°C. 
Subsequently, 3 drops of the pre-enrichment culture 
were inoculated onto modified semisolid Rappaport-
Vassiliadis (MSRV; 355–6139, Bio-Rad, Marnes La 
Coquette, France) agar plates containing 0.001% novo-
biocine and incubated for 24 ± 3 h at 41.5 ± 1°C. If an 
MSRV plate was negative (absence of a halo of growth 
originating from the inoculation spots) after incubation 
for 24h ± 3 h, it was incubated for an additional 24 
± 3 h. One-microliter loop from the edge of a suspect 
halo growth zone was inoculated on xylose lysine de-
oxycholate agar (221192, Becton Dickinson, Franklin 
Lakes, NJ) and BBL CHROMagar Salmonella (214983, 
Becton Dickinson), followed by incubation for 24 ± 3 
h at 37 ± 1°C. Presumptive Salmonella colonies (one 
colony per sample) were biochemically confirmed using 
ureum agar (TV5007N, Oxoid), triple sugar iron agar 
(TV5074D, Oxoid), and lysine-decarboxylase broth 
(TV5028N, Oxoid). The serogroup was determined 
by the Poly A-I-Vi test (222641, Becton Dickinson). 
A specific PCR targeting the SdfI region was applied 
to confirm the isolates belonging to the D-serogroup 
as serotype Salmonella Enteritidis (Botteldoorn et al., 
2010).

Phage Typing

Phage typing of the Salmonella Enteritidis isolates 
was performed according to the phage typing scheme 
of Ward (Ward et al., 1987) at ‘The National Phage 
Typing Centre’ (Scientific Institute of Public Health 
WIV-ISP, Brussels, Belgium).

MLVA
The MLVA (Dewaele et al., 2012a) was performed 

as described below. Isolates were grown overnight on 
tryptone soy agar plates (Oxoid, CM0131, Basingstoke, 
UK) at 37°C. A small loopful of cells were resuspended 
in 200 μL of HPLC water. After incubation during 17 
min at 90°C, lysates were stored at −20°C until further 
use. Before use for PCR, lysates were centrifuged for 2 
min at 14,000 × g. Mastermix was prepared in 2 mixes, 
each in a total volume of 25 μL using the Qiagen Type-
it Microsatellite PCR Kit (206243, Qiagen, Hilden, 
Germany). The first PCR mix contained 12.5 μL mas-
termix, 2.5 μL Q-solution, 3.2 μM of primer SE7b, 0.04 
μM of primer SE9, 0.08 μM of primer ENTR13, 0.12 
μM of primer SENTR6, and 1 μL of template DNA. 
The second PCR mix contained 12.5 μL mastermix, 
2.5 μL Q-solution, 0.16 μM of primer SE5, 0.12 μM of 
primer SENTR1, and 1 μL of template DNA. The PCR 
reactions were performed in a GeneAmp 9700 PCR 
system (Applied Biosystems, Foster City, CA). Cycling 
conditions for the first PCR reaction were 94°C for 5 
min, followed by 30 cycles of 94°C for 30 s, 62°C for 1 
min, and 72°C for 1 min. A final extension of 72°C for 
5 min was employed. Cycling conditions for the second 
PCR reaction were 94°C for 5 min, followed by 20 cy-
cles of 94°C for 30 s, 60°C for 1 min, and 72°C for 1 min, 
with a final extension of 72°C for 5 min. Both PCR 
products were mixed in equal amounts before capillary 
electrophoresis on ABI PRISM 3130 Genetic Analyzer 
(Applied Biosystems, Foster City, CA) with the GEN-
ESCAN-1200 LIZ Size Standard at ILVO’s Plant Sci-
ences Unit. Fragment sizes and repeat numbers were 

Table 1. Environmental samples taken (as applicable) in the henhouse, egg collecting area, on equip-
ment, from vermin, and elsewhere 

Location Specific site Location Specific site

Henhouse Ceiling Egg collecting area Floor
Air inlet Wall
Overshoes Wash basin
Floor Toilet
Cracks/gaps floor Egg tray containers
Wall Pallet truck
Cracks/gaps wall Pallets
Ventilators Egg collector/sorter
Gate  Egg sorter
Manure belt  Egg packer head
Hen feces  Egg tray conveyor
Feed hopper  Control panel conveyor
Feed trough Equipment Cleaning machine
Feed from feed trough Scraper
Drinking nipples/cups Ladder
Water reservoir (inside) Wheelbarrow
Cages Shovel
Drain Wiper
Dust Dust pan
Air Bucket
Hygiene mat Brush
Boots Others Feces cat
Egg belt at cages/laying nest Feces dog
Egg cross conveyor Cat litter box

Vermin Mouse/rat feces Mousetrap
Mouse/rat intestines
Flies
Red mites
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assigned for each locus for analysis with BioNumerics 
software version 6.5 (Applied Maths, Sint-Martens-La-
tem, Belgium) using the MLVA plug-in. Each MLVA 
profile consists of 6 numbers, which relates to the num-
ber of repeat units in the 6 loci. A specific MLVA type 
was assigned based on the difference of at least one 
repeat in one locus. Closely related MLVA types were 
considered to be types with a difference in repeat num-
bers in only one locus.

RESULTS
The different types (MLVA-PT combination) present 

on each farm are given with their respective prevalence 
in Table 2. On farms A, B, E, and G, one dominant 
MLVA-PT type was present. Two dominant MLVA-PT 
types were found on farm D. The dominant MLVA type 
was different for each of the individual farms; however, 
some farms shared the same dominant phage type, that 
is, PT4b on farms B and D (75.8% and 50.5%, respec-
tively) and PT6c on farms E and G (74.6% and 100%, 
respectively). Besides the dominant type, other MLVA-
phage types were found at lower prevalence on 4 of the 
sampled farms.

Salmonella Enteritidis Isolates from Farm A
In total, 96 Salmonella Enteritidis isolates from 

farm A were characterized (Table 3). At the end of 

the first laying round, one main type (4–12–9–2–8–7/
PT8-PT28) was present in the inside environment of 
henhouses 1, 2, 3, the egg collecting area, on mobile 
equipment, and outside environment (crates, the drain, 
the hygiene mat, and boots). This type was still iso-
lated after C&D and during the entire second laying 
cycle. Floor, wall, and feed trough in the henhouse and 
floor, pallet truck, and egg collector/sorter in the egg 
collecting area were contaminated with this type dur-
ing the successive laying cycles. The cat and dog feces 
contained this type, as well as the hens’ feces found 
contaminated during the first and the second sampled 
laying cycle. Salmonella was not detected in the hens’ 
ceca. However, 2 pools of eggshells from henhouse 2 
(after molting in laying round 2) contained the type 
4–12–9–2–8–7/PT23, which was also found on the floor 
of henhouses 2 and 3 (overshoes) during the first lay-
ing round and in cracks/gaps in the wall in henhouse 
1 during the second laying round. In other words, a 
type that was not frequently isolated from the hen-
house was recovered from eggshells. A closely related 
type (4–13–9–2–8–7/PT8–28) was isolated from boots 
outside the henhouses. In henhouse 1, a different type 
(6–8–9–2–8–7/PT51) was isolated from cracks/gaps in 
the wall and from the feed hopper.

Two completely different types [with differences in 
5 of 6 variable number of tandem repeats (VNTR) 
and a different phage type] were also found in the egg 

Table 2. Prevalence of Salmonella Enteritidis multilocus variable number of tandem repeat analysis (MLVA)-phage typing (PT) types 
found on each individual layer farm1 

Farm Type (MLVA/PT)
Prevalence 

(%) Farm Type (MLVA/PT)
Prevalence 

(%)

A (n = 96) 4–12–9–2–8–72/PT8–PT283 76  D (n = 95) 4–10–7–3–8–4/PT4b 48.5
4–12–9–2–8–7/RDNC28 6.3  4–10–7–3–8–4/PT7 38.9
4–12–9–2–8–7/PT23 5.2  4–10–7–3–8–4/PT35 4.3
4–12–9–2–8–7/RDNC23 1  4–10–7–3–8–4/PT6c 2.1
4–12–9–2–8–7/NT 2.1  4–10–7–3–8–4/PT7a 1
5–12–9–2–8–7/PT8–PT28 1  4–10–7–3–8–4/PT30 1
4–13–9–2–8–7/PT8–PT28 1  4–10–7–3–8–4/PT53 1
6–8–9–2–8–7/PT51 2.1  4–10–7–3–8–4/NT 1
4–10–9–2–8–6/PT8–PT28 1  4–11–8–3–8–4/PT4b 1
5–11–8–3–8–3/PT21c 2.1  5–11–8–3–8–4/PT4b 1
5–6–8–3–8–4/PT 7a 1    

B (n = 58) 5–11–8–3–8–04/PT4b 46.5  E (n = 59) 5–9–8–3–8–3/PT6c 69.5
5–11–8–3–8–0/PT35 5.2  5–9–8–3–8–3/PT35 16.9
5–11–8–3–8–0/PT7 1.7  5–9–8–3–8–3/PT4b 3.4
5–6–8–3–8–0/PT4b 3.5  5–9–8–3–8–3/PT6 1.7
5–12–8–3–8–0/PT4b 1.7  5–9–8–3–8–3/PT6a 1.7
5–12–8–3–8–4/PT4b 3.5  5–9–8–3–8–3/p.c. 1.7
5–9–8–3–8–4/PT4b 8.6  5–10–8–3–8–3/PT6c 5.1
5–9–8–3–8–4/PT6a 1.7     
5–9–8–3–8–4/PT7a 1.7  G (n = 38) 5–10–8–3–8–4/PT6c 100
5–11–8–3–8–4/PT4b 10.3    
5–11–8–3–8–4/PT4a 1.7     
5–11–8–3–8–4/PT7 1.7     
5–11–8–3–8–4/RDNC52 1.7     
5–13–8–3–8–4/PT4b 1.7     
5–10–8–3–8–4/PT1b 1.7     
4–10–9–2–8–6/PT8–PT28 3.5     
4–11–9–2–8–6/PT8–PT28 3.5     

1n = number of characterized isolates; PT = phage type; RDNC = reacted did not conform with any phage pattern; NT = not typeable by phage 
typing; p.c. = phage carrying isolate.

2VNTR (variable number of tandem repeats) code (ENTR13–SE5–SE7b–SE9–SENTR1–SENTR6).
3As there is only difference in lyse zone intensity for some phages, PT8 and PT28 were considered as very closely related phage types.
4A “zero” code means that no repeats are present in the respective amplicon.
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collecting area: 5–11–8–3–8–3/PT21c, recovered from 
a dust pan and from the control panel of the conveyor 
and 5–6–8–3–8–4/PT7a, isolated from the egg tray con-
veyor. A third different type (4–10–9–2–8–6/PT8–28) 
was isolated from eggs trays in the egg collecting area.

Salmonella Enteritidis Isolates from Farm B
In total, 58 Salmonella Enteritidis isolates from farm 

B were characterized (Table 4). In the henhouses, 
mainly one Salmonella Enteritidis type was present, 
namely 5–11–8–3–8–0/PT4b. Contaminated samples 
in the henhouse were mainly found at the end of the 
first sampled laying period. After C&D and during the 
following laying period, the number of contaminated 
samples in the henhouses was low and the egg collect-
ing area became the main contaminated site. However, 
the main type was still recovered after C&D and in the 

beginning of the third laying round. Moreover, it was 
recovered from mouse intestines and rat feces. Remark-
ably, many different types (although some were closely 
related isolates) were recovered from the henhouses and 
the egg collecting area during 2 subsequent laying cy-
cles. Besides being found on equipment and on the egg 
collector/sorter, type 5–9–8–3–8–4/PT4b was also de-
tected on material originating from or destined for the 
egg trader (e.g., egg tray containers, and the tail-lift of 
a truck) and even on the wash basin in the egg collect-
ing area. Two completely different types (with differ-
ences in minimum 4 of 6 VNTR and a different phage 
type) were found in the egg collecting area: 4–10–9–2–
8–6/PT8–28, recovered from the pallet truck and from 
the egg tray conveyor and 4–11–9–2–8–6/PT8–28, iso-
lated from a dustpan and the pallet truck. Eggshells, 
egg contents, and ceca were found to be negative for 
Salmonella Enteritidis on farm B.

Table 3. Multilocus variable number of tandem repeat analysis-phage typing (MLVA-PT) results of farm A 

MLVA  
type1

Phage  
type2

Sampling  
period3 Area4

Description  
of area Sample type

4–12–9–2–8–7 PT 8/PT 28 End lay LR 1 HH 1 Conventional cage Floor, overshoes, wall, scraper, dustpan, egg cross 
conveyor, and feces cat

   HH 2 Conventional cage Wall, cages, feed hopper, drain, scraper, dust + 
feathers, flies, air, hen feces, and egg cross conveyor

   HH 3 Furnished cage Wall, cages, and air inlet
   ECA Egg collecting area Floor, overshoes, egg sorter, and pallet truck
    Outside Drain, feces dog, boots, and crates
  After C&D LR 1 HH 1 Conventional cage Overshoes and feed trough
   HH 2 Conventional cage Feed trough, cracks/gaps floor, and drain
  Begin lay LR 2 HH 1 Conventional cage Feed hopper, dust + feathers, ventilators, egg belt 

at cage, and egg cross conveyor
   HH 2 Conventional cage Floor, wall, cracks/gaps wall, ventilators, shovel, 

feed, and dust + feathers
   ECA Egg collecting area Floor and pallet truck
  Mid lay LR 2 HH 1 Conventional cage Wall
   HH 2 Conventional cage Cracks/gaps wall
  After molting LR 2 HH 1 Conventional cage Wall
   HH 2 Conventional cage Overshoes, cracks/gaps floor and wall, feed trough 

and hen feces
   HH 3 Furnished cage Overshoes
   ECA Egg collecting area Pallet truck
    Outside Hygiene mat
  End lay LR 2 HH 1 Conventional cage Overshoes, wall, hygiene mat, and hen feces
   HH 2 Conventional cage Overshoes, floor, ceiling, shovel, dust pan, manure 

belt, and egg belt at cage
   HH 3 Furnished cage Overshoes, air, hen feces
   ECA Egg collecting area Floor, conveyor egg trays
4–12–9–2–8–7 RDNC 28 Mid lay LR 2 HH 2 Conventional cage Overshoes and manure belt
  Before molting LR 2 HH 1 Conventional cage Ventilators
   HH 2 Conventional cage Ventilators, dust, hen feces
4–12–9–2–8–7 PT 23 End lay LR 1 HH 2 Conventional cage Floor
   HH 3 Furnished cage Overshoes
  Begin lay LR 2 HH 1 Conventional cage Cracks/gaps wall
  After molting LR 2 HH 2 Conventional cage Eggshell pool a and pool b
4–12–9–2–8–7 RDNC 23 End lay LR 1 ECA Egg collecting area Wheelbarrow
4–12–9–2–8–7 NT After molting LR 2 HH 3 Furnished cage Feed
  End lay LR 2 HH 3 Furnished cage Cleaning machine
5–12–9–2–8–7 PT 8/PT 28 After molting LR 2 HH 2 Conventional cage Floor
4–13–9–2–8–7 PT 8/PT 28 End lay LR 1  Outside Boots
6–8–9–2–8–7 PT 51 End lay LR 1 HH 1 Conventional cage Cracks/gaps wall and feed hopper
4–10–9–2–8–6 PT 8/PT 28 End lay LR 2 ECA Egg collecting area Egg trays
5–11–8–3–8–3 PT 21c Begin lay LR 2 ECA Egg collecting area Dust pan and control panel conveyor
5–6–8–3–8–4 PT 7a End lay LR 1 ECA Egg collecting area Conveyor egg trays

1VNTR (variable number of tandem repeats) code: ENTR13–SE5–SE7b–SE9–SENTR1–SENTR6.
2PT = phage type, RDNC = reacted did not conform with any phage pattern, NT = not typeable by phage typing.
3LR 1 = laying round 1; LR 2 = laying round 2; C&D = cleaning and disinfection.
4HH = henhouse; ECA = egg collecting area.
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Salmonella Enteritidis Isolates from Farm D
In total, 95 Salmonella Enteritidis isolates from farm 

D were characterized (data not shown). Two dominant 
types were found in farm D, that is, 4–10–7–3–8–4/
PT4b (48.5%) and 4–10–7–3–8–4/PT 7 (38.9%). Both 
types were isolated during 2 subsequent laying cycles, 
including after the C&D procedure. These types were 
predominantly present in henhouse 3 (CC), which was 
the oldest building. They were found in the environ-
ment, hens’ feces, flies, red mites, eggshells, and egg 
content. These types were also recovered from the 
floor and rat intestines in henhouses 1 and 2 (both 
AV) which had been recently in use. Two other types, 
4–11–8–3–8–4/PT4b and 5–11–8–3–8–4/PT4b, were 
exclusively detected in the egg collecting area on the 
floor and egg trays.

Salmonella Enteritidis Isolates from Farm E
In total, 59 Salmonella Enteritidis isolates from farm 

E were characterized (data not shown). The main type 
found on this farm was 5–9–8–3–8–3/PT6c (69.5%), 

which was isolated during 2 subsequent laying cycles 
and was predominantly present in henhouse 2 (conven-
tional cage), being the oldest building. At the end of the 
first laying round, Salmonella Enteritidis was isolated 
from henhouse 1 (furnished cage) which had been re-
cently in use and Salmonella Enteritidis-negative from 
onset until midlay. The types found in henhouse 1 were 
identical to those isolated from henhouse 2 and were 
recovered from the floor passage between henhouses 1 
and 2, stairs, flies (dominant type 5–9–8–3–8–3/PT6c) 
and from a heater (closely related type 5–10–8–3–8–3/
PT6c) sampled at the entrance of henhouse 1. Ceca of 
4 laying hens and one pool of egg content from hen-
house 2 were contaminated with isolates showing the 
same dominant profile as isolates found in hens’ fe-
ces and the environment, including the feed hopper, 
feed trough, and feed from the feed trough. The same 
was observed for isolates recovered from mouse feces, 
mouse intestines, flies, and red mites. Moreover, some 
vermin samples were carrying the same type (domi-
nant type 5–9–8–3–8–3/PT 6c) during successive lay-
ing cycles. No exclusive types were found in the egg 
collecting area.

Table 4. Multilocus variable number of tandem repeat analysis-phage typing (MLVA-PT) results of farm B 

MLVA  
type1

Phage  
type2

Sampling  
period3 Area4

Description  
of area Sample type

5–11–8–3–8–0 PT 4b End lay LR 1 HH 1 Aviary Overshoes, wall, air inlet, air, grid, brush, manure belt, 
egg cross conveyor, hen feces, and floor anteroom

   HH 2 Conventional cage Brush, hen feces
   HH 3 Conventional cage Floor, overshoes, air inlet, ventilators, manure belt, 

cracks/gaps wall, wheelbarrow, and hen feces
  After C&D LR 1 HH 2 Conventional cage Manure belt
  Begin lay LR 2 ECA Egg collecting area Floor
  End lay LR 2 HH 2 Conventional cage Overshoes, wheelbarrow
  After C&D LR 2 HH 2 Conventional cage Wheelbarrow
   HH 3 Conventional cage Mouse intestines
  Begin lay LR 3 HH 2 Conventional cage Rat feces
5–11–8–3–8–0 PT 35 End lay LR 1 HH 1 Aviary Red mites
   HH 3 Conventional cage Overshoes and cracks/gaps floor
5–11–8–3–8–0 PT 7 End lay LR 1 HH 1 Aviary Ceiling
5–6–8–3–8–0 PT 4b End lay LR 1 HH 1 Aviary Feed trough and drinking nipples/cups
5–12–8–3–8–0 PT 4b After C&D LR 2 HH 3 Furnished cage Egg belt at cage
5–12–8–3–8–4 PT 4b Mid lay LR 2 ECA Egg collecting area Control panel conveyor
  Begin lay LR 3 ECA Egg collecting area Containers egg trays
5–9–8–3–8–4 PT 4b Mid lay LR 2 ECA Egg collecting area Egg cross conveyor and wash basin
  After C&D LR 2 ECA Egg collecting area Conveyor egg trays and containers egg trays
  Begin lay LR 3  Outside Tail lift of truck packing station
5–9–8–3–8–4 PT 6a Mid lay LR 2 ECA Egg collecting area Dustpan
5–9–8–3–8–4 PT 7a After C&D LR 2 ECA Egg collecting area Floor
5–11–8–3–8–4 PT 4b Begin lay LR 2 HH 1 Aviary Wheelbarrow and hygiene mat
   ECA Egg collecting area Floor and conveyor egg trays
  Mid lay LR 2 HH 2 Conventional cage Wheelbarrow
   ECA Egg collecting area Pallets
5–11–8–3–8–4 PT 4a Mid lay LR 2 ECA Egg collecting area Pallet truck
5–11–8–3–8–4 PT 7 Mid lay LR 2 ECA Egg collecting area Floor
5–11–8–3–8–4 RDNC 52 End lay LR 1 ECA Egg collecting area Floor
5–13–8–3–8–4 PT 4b Mid lay LR 2 HH 2 Conventional cage Overshoes
5–10–8–3–8–4 PT 1b After C&D LR 2 ECA Egg collecting area Conveyor egg trays
4–10–9–2–8–6 PT 8/PT 28 After C&D LR 2 ECA Egg collecting area Pallet truck
  Begin lay LR 3 ECA Egg collecting area Conveyor egg trays
4–11–9–2–8–6 PT 8/PT 28 After C&D LR 2 ECA Egg collecting area Dustpan and pallet truck

1VNTR (variable number of tandem repeats) code: ENTR13–SE5–SE7b–SE9–SENTR1–SENTR6.
2PT = phage type; RDNC = reacted did not conform with any phage pattern; NT = not typeable by phage typing.
3LR 1 = laying round 1; LR 2 = laying round 2; LR 3 = laying round 3; C&D = cleaning and disinfection.
4HH = henhouse; ECA = egg collecting area.
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Salmonella Enteritidis Isolates from Farm G

In total, 38 Salmonella Enteritidis isolates from farm 
G were typed (data not shown). In contrast to the other 
farms, only one type (5–10–8–3–8–4/PT6c) was present 
on this farm. It was recovered from the henhouse and 
the egg collecting area at the end of the first sampled 
laying cycle, after C&D and during the following laying 
cycle. This type was isolated from 7 ceca and was also 
found in the hens’ feces, feed trough, and feed from 
the feed trough. Again, the same type of isolates were 
recovered from mouse intestines, mouse feces, and red 
mites as well as from the building and mobile equip-
ment. This type was also found on one pool of eggshells.

DISCUSSION
Since the implementation of an NCP based on sani-

tary measures and obligatory vaccination, the preva-
lence of Salmonella Enteritidis-contaminated flocks has 
decreased gradually in Europe, including in Belgium 
(European Food Safety Authority, 2007, 2011). How-
ever, there are some remaining Salmonella Enteritidis-
contaminated layer farms that cannot successfully con-
trol their persistent Salmonella contamination. Reports 
on the epidemiology and characterization of Salmonella 
Enteritidis on persistently contaminated layer farms 
as studied over successive laying cycles are still rare. 
Moreover, no detailed reports have been published 
about where to focus on controlling Salmonella Enter-
itidis on layer farms that remain persistently contami-
nated in spite of 5 yr of an NCP including obligatory 
vaccination. The prevalence and degree of Salmonella 
Enteritidis-contaminated environmental sites during 
the laying period and after C&D has been described 
(Dewaele et al., 2012b). Results showed that persis-
tently Salmonella Enteritidis-positive layer farms had a 
high prevalence of Salmonella Enteritidis in their envi-
ronment and that C&D on these farms did not elimi-
nate the contamination. The latter study already clear-
ly showed that vaccination alone cannot completely 
solve the Salmonella Enteritidis problem in the laying 
hen industry and that the obtained information is in 
fact relevant for all layer farms (including Salmonella-
negative layer farms) to further optimize the NCP. To 
define the potential vectors and contamination routes 
of Salmonella Enteritidis on persistently contaminated 
layer farms, the present study included sensitive typing 
methodologies. Both PT and MLVA were applied for 
characterization of the Salmonella Enteritidis isolates 
(Dewaele et al., 2012a). The MLVA is an upcoming 
molecular typing method with excellent discriminatory 
power, practical performance, and ease of analysis and 
interpretation of results (Beranek et al., 2009; Cho et 
al., 2010). Phage typing has been traditionally used for 
surveillance of common Salmonella serovars in humans, 
food, and food-producing animals (van Duijkeren et al., 
2002; Collard et al., 2008; Majtanova et al., 2011).

Results of MLVA and PT in the present study indi-
cate that a polyphasic approach for the characteriza-
tion of Salmonella Enteritidis isolates recovered from 
a particular laying farm is best, as it allowed further 
discrimination than the use of a single typing tech-
nique. More specifically, both MLVA and PT were able 
to further subdivide some types obtained by the other 
method. The fact that genotypic methods are able to 
further subdivide phage types has been previously de-
scribed (Liebana et al., 2002; Gatto et al., 2006; Peters 
et al., 2007).

Pointing out vectors and contamination routes was 
difficult as Salmonella Enteritidis isolates were recov-
ered from many and varied sites on each of the sampled 
layer farms. This longitudinal study showed that the 
environment of persistently contaminated layer farms 
can be a reservoir for certain Salmonella Enteritidis 
types on each farm. Phenotypic (PT) and genotypic 
(MLVA) differences were observed among Salmonella 
Enteritidis isolates within each farm sampled. However, 
one or 2 dominant types were detected in all sampled 
flocks within each farm. These main types were pres-
ent during successive laying rounds in the henhouses 
and the egg collecting area, including after C&D. This 
confirms previous observations (Wales et al., 2007), 
where it was shown that various phage types can be 
detected on a farm, multiple henhouses can be affected 
by the same phage type, and Salmonella Enteritidis can 
persist after C&D. Interrelationship between PT4 and 
PT7 has been previously indicated (Chart et al., 1989). 
Moreover, Baggesen et al. (1997) reported the isola-
tion of PT7 from flocks in which PT4 occurred as well. 
Therefore, there is an indication that PT4b and PT7, 
both found on farms B and D, are closely related phage 
types.

The role of mice and rats on poultry farms in the 
spread and persistence of Salmonella Enteritidis has 
been described extensively (Liebana et al., 2003). The 
present study confirms these previous observations as 
the types detected in mouse and rat intestines were 
identical to those recovered from the environment. In 
addition, on farms D, E, and G, identical types were 
recovered from mice and rats during the laying period 
and after the C&D procedure.

Isolates recovered from hens’ ceca on 2 farms (E and 
G) showed a different MLVA type on each farm, but 
they all belonged to PT6c. Their MLVA-PT type was 
found to be identical to the predominant type found 
on the respective farm. It was recovered from the hens’ 
feces and environmental samples, demonstrating the 
close relationship between infected birds and the envi-
ronment within the henhouse. Such an observation was 
also made by Schulz et al. (2011), who found the same 
phage types in environmental samples and in cloacal 
swabs of the same flock.

On farms E and G, feed from the feed trough, the 
feed trough itself, feed hopper, and drinking nipples/
cups were found to be contaminated with the same Sal-
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monella Enteritidis type as found in the ceca; there-
fore, one can assume that the hens may have been 
contaminated by either consuming contaminated feed 
or by coming into contact with contaminated drinking 
nipples/cups.

On farms D, E, and G, isolates found in the egg 
content or on eggshells also belonged to the dominant 
types found in the hens’ feces and environment of the 
respective farms. On farm E, one isolate recovered from 
the egg content also had the same type as the isolates 
recovered from the hens’ ceca, and on farm G, identi-
cal types were recovered from one pool of eggshells and 
the hens’ ceca. As such, it was not possible to predict 
whether egg contamination occurred by horizontal or 
vertical transmission.

Several isolates cultured from the environment within 
the henhouse were the identical type as isolates recov-
ered from the egg collecting area. This clearly indicates 
the occurrence of cross-contamination between the hen-
house and the egg collecting area and underlines the 
importance of henhouse-specific biosecurity. However, 
additional types were recovered from the egg collecting 
area. Several hypotheses can be formulated for this ob-
servation. First, these types could have been introduced 
by an external source (e.g., replacement pullet rear-
ing farms, egg-packing plants, feed mills). These types 
could be recently introduced to the egg collecting area, 
but it is also possible that these types had already been 
present in the egg collecting area for a longer period, as 
the egg collecting area is often not subjected to C&D. 
Second, it is possible that these types were present in 
the henhouse in previous years, were transmitted to 
the egg collecting area, and were since then residing 
there. This clearly underlines the importance of thor-
ough C&D, not only in the henhouses but also in the 
egg collecting area. Nevertheless, results also show the 
risk for cross-contamination between individual farms 
and the egg-packing plant. On 3 layer farms, different 
strains were found on the conveyor of the egg trays. 
Moreover, on farm B, identical types were recovered 
from the egg tray conveyor, containers with egg trays 
in the egg collecting area, and the tail-lift of a truck 
from the packing plant. Remarkably, one MLVA-PT 
type isolated from the egg collecting area of farm B 
was found to be identical to an isolate recovered from 
the egg collecting area of farm A. Information obtained 
from both farmers revealed that they had a common 
egg trading company.

In conclusion, the present study showed the occur-
rence of one or 2 dominant Salmonella Enteritidis types, 
spread over the henhouses and egg collecting area that 
persisted during several laying cycles.

The C&D procedure was not able to eliminate the 
persistent type in the henhouse. In addition, completely 
different types (with a difference in tandem repeat copy 
numbers in multiple VNTR and a different phage type) 
can be present on persistently Salmonella Enteritidis-
contaminated layer farms, which indicates previous or 
current additional Salmonella Enteritidis contamina-

tion. Furthermore, more closely related types can also 
be present on persisting layer farms. Results suggest 
that the environment within the henhouse and vermin 
present on layer farms may constitute a major reser-
voir for Salmonella Enteritidis strains and that laying 
hens and eggs (internally and externally) may become 
contaminated with strains present in the henhouse en-
vironment. Some indications were also noted for risk of 
cross-contamination between individual farms and the 
egg trading companies. The characterization of Salmo-
nella Enteritidis strains in the present study resulted 
in a better understanding of the factors (for example, 
vermin, the floor, the egg collecting area) which con-
tribute to the maintenance of Salmonella Enteritidis 
contamination on persistently contaminated farms and 
demonstrated that various additional measures will be 
necessary to reduce the persistent contamination and 
to improve the Salmonella status of layer farms.
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