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Summary

After hatch, broiler chickens may have immediate (early nutrition; EN) or delayed 
(delayed nutrition; DN) access to feed and water (nutrition) up to 72 h. In several 
countries, EN is frequently applied to improve broiler growth performance and health. 
In the Netherlands, legislation is being developed that obliges hatcheries to provide 
nutrition to broilers within 36 h after hatch, and multiple retailers demand EN for their 
private label chicken meat products. The aim of this thesis was to study early and later 
life effects of EN compared with DN on growth performance, intestinal integrity, and 
the immune system.

Broiler performance and compensatory growth
Early nutrition and transport of day-old-chicks is confounded in studies assessing 
the effect of transport of day-old-chicks on growth performance and broiler welfare, 
including behavior. Therefore, early and later life effects of feeding strategy (EN versus 
DN (38 h1)) and post-hatch transport on growth performance and fear response were 
tested in a 2*2 factorial approach (chapter 2). Post hatch broiler transport did not 
affect broiler performance, but EN compared with DN increased fear responses in 
transported broilers at 3 d of age, likely due to early expression of fear responses in EN 
broilers. As transport was not found to affect growth performance, it was decided not 
to study transport of day-old broilers further. Nevertheless, the higher fear response in 
DN compared with EN broilers at 30 d of age, suggests that further optimization of 
transport of day-old broilers may have long-term effects on broiler behavior. 

A meta-analysis on body weight (BW) data of EN versus DN broilers obtained for this 
thesis indicated that DN broilers can partially compensate their lower BW by short-
term compensatory growth (chapter 6). Full compensation at later ages (> 33 d) seems 
however only possible after shorter durations of DN (< 38 h).

Intestinal development and integrity
Broilers receiving EN compared with DN are ahead in intestinal development during 
approximately the first 7 d of age. Likely, EN broilers have earlier onset of intestinal 
development, as post hatch intestinal development appears to be stimulated by feed 
intake. However, it was unknown whether this also affects integrity of the intestinal 
epithelium, for example via enhanced paracellular permeability due to greater tight 
junction pore size. Therefore, broilers were subjected to EN or DN (72 h) and 
paracellular permeability and mRNA abundance of genes involved in maintaining and 
regulating intestinal integrity were compared (chapter 3). Paracellular permeability was 
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not affected by feeding strategy (EN versus DN) at 4 d of age, but mRNA expression 
levels of most tight junction and host defense genes in ileum and ceca were higher in EN 
broilers. This likely indicates the earlier onset of intestinal and immune development in 
EN broilers due to earlier feed intake, rather than differences in intestinal integrity. Also 
no damage of the intestinal epithelium was observed at 4 d of age. Whether intestinal 
integrity is affected before the onset of feeding, especially during DN, remains unclear. 
As no effects were present at 4 d of age, possible effects on intestinal integrity are limited 
and short-term.

Induction of  low and high sanitary conditions
To obtain better insight in effects of EN on growth performance and immune responses 
in broilers, low (LSC) and high sanitary conditions (HSC) were induced by supplying 
litter from commercial broiler farms every 4 d, from 3 d of age onwards, in LSC pens. 
This allowed to study the immune system of broilers under relatively high (LSC) and 
low (HSC) antigenic pressure. Depression of growth performance was observed in 
broilers kept under LSC, compared with HSC (chapter 5). Low sanitary conditions 
compared with HSC resulted in higher levels of natural antibodies (NAb; IgY) from 14 
d of age onwards, and higher levels of natural auto-antibodies (NAAb; IgM and IgY) 
and IgM and IgY binding lipopolysaccharide (LPS) or muramyl di-peptide (MDP) at 
33 d of age. Higher NAAb levels (IgM and IgY) were observed in LSC compared with 
HSC broilers. Higher fold change of specific antibodies (SpAb) after immunization was 
observed in HSC broilers, but absolute levels of SpAb at 7 d post immunization did not 
differ between LSC and HSC broilers. This was likely caused by higher levels of NAb 
in LSC broilers prior to immunization. This suggests that broilers housed under LSC 
increase levels of NAb. Higher NAb levels may thus be the result of increased exposure to 
antigens and contribute to the first line of defense against pathogenic microorganisms.

Effects of  early nutrition on the immune system: early life effects
Early nutrition could be used as a potential strategy to enhance disease resistance in 
broilers, as early antigenic stimulation (e.g. via feed intake and microbial colonization) 
may result in earlier development of the humoral immune system. The first 3 d after 
hatch are identified as an important developmental window for immune maturation, 
including the development of oral tolerance in chickens. In chapter 4 higher levels 
of systemic IgM in EN compared with DN broilers at 7 d of age, including NAb, 
NAAb, and anti-MDP were found. Although underlying mechanisms have not been 
studied in this thesis, I speculate that greater exposure of the immune system to antigens 
in EN broilers, may have stimulated B-cell differentiation resulting in higher levels of 
antibodies. The higher levels of NAb up to 7 d of age in EN, compared with DN 
broilers, suggest an improved first line of defense during the first week of age. This is 
likely due to greater exposure of the immune system to antigens.
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Later life effects of  early nutrition on the immune system under different sani-
tary conditions
Although consensus seems to have been reached in literature that early life maturation 
of the immune system is enhanced after EN, there seems to be no consensus on later life 
effects. Most studies reported no differences in immune responses between EN and DN 
broilers. This might be caused by the relatively clean environment in which these broiler 
experiments were conducted, so that less regulation of immune responses was required. 
This makes translation to commercial broiler husbandry difficult, as broiler farms are 
expected to vary widely in sanitary conditions. Furthermore, EN broilers might be 
better able to control their immune responses, which would result in better coping with 
LSC by EN, compared with DN broilers. Therefore, later life immunity was studied in 
EN and DN broilers kept under LSC and HSC in chapter 4 and chapter 5. The aim 
of chapter 4 was to study effects of EN compared with DN and its interaction with 
sanitary conditions on levels of NAb and NAAb. Between 14 and 33 d of age, feeding 
strategy or its interaction with sanitary conditions, did not affected NAb and NAAb 
levels. Broilers receiving EN, compared with DN, are likely exposed to a greater number 
and diversity of antigens during the window of opportunity to develop oral tolerance. In 
chapter 5 I therefore studied whether the feeding strategy (EN versus DN) influenced 
the development of oral tolerance, resulting in different later life antibody responses 
(IgM, IgY, IgA), under LSC versus HSC. Broilers were fed a relatively low dose of 
bovine serum albumin (BSA) during the first 3 d of age, and received an intra tracheal 
immunization with BSA and rabbit γ-globulin (RGG) at 21 or 24 d of age. Antibody 
responses towards both antigens were measured afterwards. Irrespective of sanitary 
conditions, attenuated systemic IgM and IgY responses towards BSA, but not RGG, 
were observed. This suggests specific attenuation of antibody responses. Early nutrition, 
however, did not affect systemic antibody responses towards BSA or RGG. Levels of 
biliary IgA binding BSA or RGG were inconsistently elevated in EN versus DN broilers 
among different experiments. The higher levels of biliary IgA suggest that EN compared 
with DN may contribute to immune homeostasis, but the biological relevance of these 
differences are not yet clear. Furthermore, minimal interactions between EN and sanitary 
conditions on growth performance between 7 and 33 d of age were present (chapter 4 
and chapter 5). Minimal interactions were present between EN and sanitary conditions 
on systemic antibody levels or growth performance between 7 and 33 d of age. Taken 
together, it appears that broilers reared in LSC do not benefit from EN, compared with 
DN, with respect to immunity and growth performance.

Conclusion
In conclusion, EN can be applied to induce the earlier onset of intestinal development, 
but intestinal integrity is not permanently affected by the feeding strategy (EN versus 
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DN). Higher levels of systemic antibodies (NAb, NAAb, anti-MDP) up to 7 d of age 
in EN compared with DN broilers, may imply a better first line of defense during the 
first week of age. It appeared that broilers do not benefit from this altered immune 
development in later life: levels of systemic antibodies did not differ between EN 
and DN broilers, and EN did not modulate later life antibody responses. Because of 
minimal interactions between EN and sanitary conditions on levels of antibodies or 
growth performance, it is suggested that broilers do not benefit from EN under high 
antigenic pressure during rearing. Compensatory growth up to 14 d of age was observed 
in all experiments in DN broilers, but only shorter durations of DN (38 h) resulted in 
full compensation of BW at slaughter. 
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Early nutrition (EN) for broiler chicks, meaning immediate access to feed and water 
after hatch, gained attention in the last decades, especially the last 10 years. The opposite 
of EN, whereas broilers have no access to feed and water upon placement in the broiler 
house, is delayed (access to) nutrition (DN). Delayed nutrition has become subject of 
debate in the Netherlands. A Dutch NGO raised attention to the current practice of 
DN and suggested impaired broiler welfare and excessive starvation in broilers receiving 
DN, compared with EN (Wakker Dier, 2013), and initiated a lawsuit to change 
regulation to prevent extended periods of DN. In a recent meta-analysis, investigators 
concluded that prolonged DN (> 36 h) resulted in a relative increase (56 %) of broiler 
mortality up to 42 d of age compared with EN (De Jong et al., 2016; de Jong et al., 
2017). Altogether, new legislation will be therefore developed in the future obliging 
hatcheries to provide feed and water to broilers within 36 h, from 2024 onwards (Dutch 
Trade and Industry Appeals Tribunal, 2019, ECLI:NL:CBB:2018:309). However, this 
may not oblige hatcheries to apply EN when they can maintain the duration of DN 
below 36 h, and it is still not clear what the starting point (e.g. counting after first 
hatcher, first 5% hatchers, or after pulling) of this 36 h time window will be. For specific 
market segments, however, two large Dutch1 and one large German2 retailer already 
demand EN for broilers within their private label products. Furthermore, EN has 
become an interesting concept for broiler farmers as it is suggested a potential strategy 
to reduce antibiotic usage and growth performance by improving broiler health. Studies 
supporting the suggestion that EN contributes to improved broiler health are however 
scarce. The many assumptions present on EN yet are based on “gut-feeling”, rather than 
solid experimental evidence. 

In this introduction, I will first further explain the concept of EN and provide an 
overview of the current application of EN and DN in commercial practice, and the 
legislation around EN and DN in the Netherlands. This will be followed by a summary 
of current knowledge on effects of EN on growth performance and intestinal tract 
physiology and integrity. Second, I will describe how EN may affect activation and 
education (development) of the immune system of broilers, and whether this may affect 
later life immune responses3. The introduction closes with an overview of the research 
done by me as reported in this thesis, and how this relates with existing knowledge gaps.

1	� https://www.ah.nl/over-ah/duurzaamheid/dierenwelzijn/kip; https://www.plus.nl/info-verantwoord/een-verantwoord-assortiment/
onze-kip. Both accessed at 17-04-2020.

2	� https://www.rewe-group.com/de/newsroom/pressemitteilungen/1630-early-feeding-fuer-mehr-tierwohl-von-kueken. Accessed at 
13-05-2020.

3	� With regard to the immune system, I focused on investigating effects of EN versus DN on antibody levels, rather than underlying 
mechanisms causing differences in antibody levels. Antibodies are effector molecules playing a significant role in protecting and 
regulating the immune system, making them good indicators for effects of EN on development of the immune system and later life 
immune responses (reviewed by Vollmers and Brändlein, 2005).
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1. Early nutrition in broiler husbandry

1.1. Definition of  early nutrition
Throughout this thesis, the provision of nutrition at hatch facilitating voluntary, 
immediate feed and water intake is defined as early nutrition (EN), and any delay in 
access to feed and water is defined as delayed nutrition (DN).

In commercial broiler chicken husbandry, chicks hatch in hatcheries and are subsequently 
transported to the broiler farm. After arrival on the farm, they are placed in a broiler 
house and raised upon approximately 42 d, where exact days of age varies depending on 
market demands or realized growth rate. Chickens do not hatch at the same moment 
after onset of incubation: the duration (e.g. hatch window) between the first and last 
broiler hatching in one batch of eggs, may vary between 24 to 48 h (Careghi et al., 
2005; Willemsen et al., 2010). Thus, the time between hatch and placement is longer 
for early hatchers, than for late hatchers (Willemsen et al., 2010). There is commonly 
no provision of nutrition from hatch upon placement in the broiler house. Especially 
long transport durations (> 12 h) that may occur during export or inland transport, 
may increase duration of DN up to 72 h (Van De Ven et al., 2009; Willemsen et al., 
2010). Immediate collection of just-hatched chicks during the hatch window is not 
feasible. Frequent opening of hatchers disturbs the hatching process of the unhatched 
chicks, increases labor demand, and requires transport of multiple small batches of day-
old-chicks to broiler farms. However, precocial avian species such as chickens, have 
higher relative weight and caloric value of residual yolk after hatch, making them less 
dependent on immediate feed availability (from their parents), compared with altricial 
species (Ar and Yom-Tov, 1978). Broiler chicks may therefore survive prolonged periods 
of DN as they possess residual yolk containing macronutrients that can be absorbed 
in the intestinal tract (Noy et al., 1996). Residual yolk, however, supplies insufficient 
amounts of nutrients to induce growth of the broiler. It rather seems that residual yolk 
is used to maintain minimal requirements in order to survive until first feeding, as body 
weight (BW) of DN broilers often decreases during the period of DN, especially during 
prolonged DN up to 72 h (de Jong et al., 2017). Broilers receiving EN compared with 
DN, were shown to have greater BW at 0 and 7 d of age, and prolonged DN (up to 72 
h) resulted in greater BW at 42 d of age (Uni and Ferket, 2004; de Jong et al., 2017). 
This implies that residual yolk may fulfill minimal nutrient requirements to survive, but 
that EN is required to fully support the growth potential of broilers.

1.2. Application of  early nutrition
1.2.1. Systems to apply early nutrition in practice
The current systems that apply EN in commercial practice can be roughly divided based 
on the location of hatch: either in hatchers in the hatchery (in-hatchery EN) where 
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nutrition is provided in hatching baskets, or in the broiler house on the broiler farm 
(on-farm EN), as illustrated in Figure 1. The on-farm EN systems can be divided into 
single-use (“disposable”) and multiple-use (“non-disposable”) systems. In-hatchery EN 
systems allow better control of the incubation and hatch process, thereby potentially 
controlling day-old-chick quality, but transport of chicks to the broiler farm is still 
required. During on-farm EN, approximately 17 d incubated and candled eggs, are 
transported to the farm and placed in the broiler house to hatch. Thus, hatch takes place 
at the same location as rearing of the broilers, preventing transport of young broilers 
after hatch. The most pronounced differences between various on-farm EN systems on 
the market are the location of the eggs upon hatch (on litter, on egg trays, in racks), 
heating (floor heating, infra-red irradiation), the degree of automation, and the level of 
investment. 

During on-farm EN, incubated eggs (embryos) are transported, while in-hatchery EN 
requires transport of broiler chicks to the farm. Whether omitting post hatch transport 
of broiler chicks has detrimental effects on growth performance or welfare, is however 
hardly studied. In the few available studies, transport is confounded with nutrition 
(Valros et al., 2008; Bergoug et al., 2013; Jacobs et al., 2016; De Jong et al., 2018). 
Therefore, the factor transport was included in the experimental design in the experiment 
described in chapter 2, However, another potentially explaining factor for differences 
in on farm hatching and hatchery hatching is that climate conditions before and after 
hatching may differ. For example higher concentration of CO2 and air speed may occur 
during on-hatchery EN, compared with on-farm EN. Furthermore, pulling, processing, 
and handling during on-hatchery EN could be regarded as potential stressors, but also 
allow effective vaccination, sexing, and removal of second grade chicks, compared with 
on-farm EN.

Taken this all together, application of EN in commercial practice by any of the 
aforementioned systems does not only result in a switch from DN to EN, but also 
affects other factors (transport, climate, chick processing) which may result in different 
outcomes when comparing for example growth performance between EN and DN 
systems. For this thesis, I was specifically interested in effects of EN compared with DN 
on growth performance, intestinal physiology, maturation of the immune system, and 
later life immunity. Therefore, confounding factors such as transport, climate and chick 
processing, were excluded as much as possible in the experiments. As a consequence, 
system comparisons are therefore not discussed, although these may still be considered 
for future research.
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1.2.2. Early nutrition in practice: unknown numbers
Currently, it is unknown how many broiler flocks receive either EN or DN in the 
Netherlands or other countries. However, the obligation to supply EN to broilers in 
specific market segments or private labels for retailers in the Netherlands1 (market 
shares in 2018 are 34.7 % for Albert Heijn, and 6.4 % for Plus (IRI Nederland, 2019)) 
and Germany2, indicates a relative large share of EN. For example, two Dutch retailers 
demand EN for slow-growing broilers reared under conditions of the “Eén Ster Beter 
Leven Keurmerk” (One Star Better Life Quality Mark). This demand is transcending the 
Beter Leven Keurmerk regulations, as these do not obligate EN (Dierenbescherming, 
2016; Stadig, 2019). Also the REWE Group (German retailer) announced in 2018 to 
further implement EN as part of their private label for broiler meat2.

Furthermore, the wide variety of systems available to supply EN, provides indications on 
a wider use of EN in practice. Although a wide variety of systems does not directly mean 
a great market share of EN compared with DN, it indicates the interest and demand 
of such systems by farmers, which may stimulate system manufacturers to develop new 
EN systems. With regard to the Netherlands, two broiler hatcheries converted (part of 
their) hatchers into hatchers that allow provision of EN and to answer market demand 
on EN4. Furthermore, there has been an increasing number of broiler farmers that hatch 
broiler chicks in the broiler house, rather than in a hatchery (Coppens Diervoeding, 
personal communication, 2020). In summary, although official data on the application 
of EN in commercial practice is lacking, current market information indicates interest 
in the application of EN from different parties in the broiler production chain.

1.3. Legislation on delayed nutrition in the Netherlands
Wakker Dier, a Dutch NGO, raised public attention to the fact that DN is a common 
practice in the Dutch broiler husbandry (Wakker Dier, 2013). The authors suggested 
that broilers are subjected to starvation and raised questions about legislation. Wakker 
Dier therefore initiated a lawsuit against 2 Dutch hatcheries to change legislation, that 
would result in a ban on DN. The verdict of the Dutch Trade and Industry Appeals 
Tribunal in 2019 (ECLI:NL:CBB:2018:309, 2019), required a change in legislation by 
the Ministry of Agriculture, Nature, and Food Quality. Although this new legislation is 
not published yet, it will likely imply that broiler chicks should have access to nutrition 
within 36 h after hatch from 2024 onwards, instead of the current 60 h. Whether 
hatch is defined as the first hatcher in a batch of eggs, the first 5 %, or after all broilers 
have hatched, or the median of the hatch window, is yet unclear. Remarkably, the exact 
delay (in hours) of DN broiler chicks that are hatched and reared in the Netherlands 

4	  https://www.probroed.com/nl/; http://www.lagerweybv.com/nl/index.html. Both accessed at 22-04-2020.
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is unknown, making law enforcement questionable. I estimate that most Dutch broiler 
flocks receiving DN, do not exceed the 36 h delay. This can be explained by time between 
hatch of the first chicks in the hatch window and pulling being approximately 30 h and 
the relative short duration of transport in the Netherlands. It is therefore debatable 
whether the current regulation may improve broiler chicken health and welfare in the 
Netherlands, although valid data are required to support this speculation.

Incubation of 

fertilized eggs (~ 18 

days)

Placement in 

conventional hatcher 

(no nutrition)

Transport 

(no nutrition)

Start of rearing

Placement in 

hatcher 

(with nutrition)

On farm-hatching

Chick storage

Processing

Early Nutrition

Broiler breeder 

husbandry

Delayed Nutrition

Hatch

Single use systems Multiple use systems

Hatch

Placement

Transport 

(with nutrition)

Figure 1: Visualization of processes in delayed nutrition (common standard) and early nutrition systems in 
commercial broiler husbandry. Single use systems are disposed after hatch, whereas multiple-use systems are 
cleaned and disinfected after hatch, and re-used for future production cycles.

2. �Review on effects of  early nutrition on broiler growth 
performance, intestinal tract development, and immunity

In this section I provide an overview of current scientific literature comparing EN 
and DN broilers and identify relevant knowledge gaps. I will focus on effects of EN 
on growth performance and its effects on intestinal tract development, with special 
attention to intestinal morphology, integrity, and bacterial colonization. Finally, I will 
review reported studies and suggested mechanisms for effects of EN, compared with 
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DN, on the development of the post hatch immune system, and whether this may affect 
later life immune responses.

2.1. Early nutrition enhances growth performance of  broilers
Comparing growth performance between EN versus DN broilers is relevant, as 
growth performance is directly related to production costs and slaughter earnings of 
broiler farms. In general, broilers receiving EN compared with DN, have higher BW 
at placement in the broiler farm which can be maintained up to slaughter (Uni and 
Ferket, 2004; de Jong et al., 2017). Furthermore, broiler production costs consist of 
approximately 70 % of costs for feeding (KWIN, 2019), which makes improvement 
of feed efficiency an effective measure to reduce cost price. Using EN as a strategy to 
improve feed efficiency gained attention in the broiler husbandry and was also addressed 
in a recent meta-analysis (de Jong et al., 2017). The meta-analysis found impaired feed 
conversion ratio (FCR) between 0 – 42 d of age after 60 to 84 h (3.8 % increase) and 
after ≥ 84 h of DN (10.3 % increase). This suggests that after ≥ 60 h DN, the DN 
broilers become more efficient compared with EN broilers. However, EN broilers have 
higher BW compared with DN at 42 h, especially after long DN (> 60 h5), EN broilers 
have up to 8.3 % higher BW at slaughter, compared with DN broilers (De Jong et al., 
2017). As feed efficiency lowers with increasing BW, the comparison of DN versus EN 
on feed efficiency is confounded with greater BW, and should therefore be interpreted 
with care. However, the observation that EN broilers are heavier at slaughter, directly 
implicates shorter time-to-slaughter when applying EN compared with DN, especially 
after prolonged DN. 

The meta-analysis of studies related to EN and DN (de Jong et al., 2017) also demonstrated 
that prolonged DN up to 72 h results in greater relative differences in BW. This meta-
analysis also demonstrated that relative differences in BW after EN compared with DN, 
decline with age irrespective of duration of DN, also demonstrated by others (Juul-Madsen 
et al., 2004; Lamot et al., 2014). For example, EN compared with DN (48 h) broilers 
had 17 % higher BW at 7 d of age, but this declined to 5.5 % at 42 d of age (de Jong et al., 
2017). This indicates that DN, compared with EN broilers, have higher relative growth 
rate which can be explained by compensatory growth. Compensatory growth is defined 
as a deviation of a standard growth curve, or accelerated growth after illness or feed 
restriction (Zubair and Leeson, 1996; Hornick et al., 2000). Therefore, I investigated if 
compensatory growth occurs after DN compared with EN (chapter 2), and performed 
a meta-analysis on all collected growth performance data in this thesis (chapter 6).

5	  Time between brackets represents the duration from hatch until onset of feeding.
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2.2. Intestinal morphology, integrity, and microbial colonization after early nutrition
2.2.1. Early nutrition stimulates onset of  intestinal development after hatch
Development of the GIT after EN, compared with DN, has been summarized by multiple 
reviews (Uni and Ferket, 2004; Lilburn and Loeffler, 2015; de Jong et al., 2017). From 
these reviews it becomes clear that EN studies on intestinal physiology have focused on 
intestinal weight, length, morphology, and mucus secretion after hatch or after onset of 
feeding of the DN group. The observed effects disappear after approximately 7 d of age 
depending on the duration of DN. These early life effects of EN, compared with DN, 
consist of greater jejunal weight at 4 d of age in broilers (Lamot et al., 2014, up to 26 h 
DN), and greater total intestinal tract length (van de Ven et al., 2013, up to 48 h DN). 
Duodenum, jejunum, and ileum of EN compared with DN broilers (up to 36 h DN), 
were also reported by others to have greater absolute weight and length (Gonzales et al., 
2003). In the same study, greater absorptive area due to longer villi were observed in EN 
compared with DN broilers, which was also reported in other studies that conducted 48 
h of DN (Geyra et al., 2001; Uni et al., 2003; Smirnov et al., 2004). Others, however, 
found no effects of EN on absorptive area in the small intestine of broilers (Lamot et 
al., 2014) or ileum of turkey poults (Potturi et al., 2005), likely due to relative short 
durations of DN varying between 13 – 26 (Lamot et al., 2014) and 48 h (Potturi et al., 
2005). Reduced numbers of goblet cells (Uni et al., 2003), but greater thickness of the 
mucin layer (Smirnov et al., 2004) was observed in duodenum, jejunum, and ileum of 
broilers. In turkey poults receiving EN, less apoptosis of enterocytes in ileum (Potturi et 
al., 2005) was observed compared with DN poults. 

Whether EN enhances development of the intestinal tract or that early feed uptake 
results in earlier onset of intestinal tract development, can be debated. However, 
earlier onset of development after EN seems plausible. For example, the percentage 
of proliferating enterocytes in crypts and villi of duodenum, jejunum, and ileum was 
found to increase after onset of feeding in DN broilers (Geyra et al., 2001), and ileum 
of DN turkey poults (Potturi et al., 2005). Furthermore, all studies on effects of EN 
versus DN demonstrated that differences in intestinal physiology disappear within the 
first week after hatch, as also discussed by others (De Jong et al., 2016). 

In summary, EN compared with DN likely results in early onset of intestinal 
development, for example greater absorptive surface area, mucus thickness and higher 
levels of proliferating enterocytes. The observed differences disappear within the first 
week after hatch, suggesting mainly short-term effects of EN on intestinal physiology.

2.2.2. Unknown effects of  early nutrition on intestinal integrity
Although the aforementioned studies indicate delayed development of the intestinal tract 
after DN, compared with EN, it is unknown whether intestinal integrity is affected by 



Chapter 1

30

DN. This is of importance, as reduced intestinal integrity causes pathogens and smaller 
antigens (e.g. endotoxins) to translocate from the intestinal lumen into the bloodstream 
(Turner, 2009). Also in chickens this is often suggested to increase the risk of onset of 
infectious diseases and inflammatory immune responses, resulting in reduced growth 
performance (reviewed by Gilani et al., 2016). Translocation of pathogens and antigens 
can either be the result of damage of the intestinal epithelium, for example resulting 
from heavy inflammation, or excessive paracellular transport of luminal contents via 
tight junctions (TJ). Tight junctions are composed of transmembrane proteins that seal 
intestinal epithelial cells, and dynamically regulate paracellular transport of molecules 
(e.g. water, ions, and small nutrients) from the intestinal lumen through the epithelium 
into the bloodstream (Schneeberger and Lynch, 2004; Anderson and Van Itallie, 2009; 
Turner, 2009). Studies in humans and rodents found that during nutrient shortages, 
fasting, and stress responses, hormones are secreted that increase TJ pore size, facilitating 
greater paracellular nutrient uptake (De Punder and Pruimboom, 2015). Also in 
older broilers up to 42 d, fasting results in lower intestinal integrity, including greater 
paracellular transport of marker molecules, as a result of greater TJ pore size (Kuttappan 
et al., 2015; Vicuña et al., 2015; Gilani et al., 2017). Although paracellular transport 
was not affected after 24 h of DN (Gilani et al., 2018), prolonged duration of DN up 
to 72 h may still affect paracellular transport.

In summary, research on intestinal physiology after EN (intestinal length and weight, 
villus morphology, absorptive area, mucus dynamics, and cell proliferation and 
apoptosis) suggests that EN broilers are ahead in intestinal development compared 
with DN broilers. However, effects of EN disappear within the first week after hatch. 
Nutrient shortages during prolonged DN (e.g. up to 72 h), may increase paracellular 
transport and facilitate transport of luminal contents into the bloodstream during these 
first 2 weeks. Therefore, I compared paracellular transport and gene expression of TJ-
related genes and genes that are involved in TJ pore-size regulation, between EN and 
DN broilers (chapter 3).

2.2.3. Early nutrition enhances early bacterial colonization
Colonization of the GIT by commensal bacteria present on eggshells and dust starts 
at hatch (Apajalahti et al., 2004; Awad et al., 2016), and is further enhanced by intake 
of feed as a source of substrate for the colonizing bacteria or containing bacteria itself 
(Shapiro and Sarles, 1949). Bacterial cell numbers in different segments of the intestinal 
tract increase from hatch onwards and stabilize around 14 d of age in both ileum 
and cecum (Apajalahti et al., 2004). With regard to the composition of the intestinal 
microbiota, the early microbiome consists of facultative aerobic bacteria, consuming 
available oxygen within the intestinal lumen (Wise and Siragusa, 2007; Awad et al., 
2016). The resulting lack of oxygen facilitates a shift towards obligate anaerobes, which 
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is most obvious in ceca, followed by the ileum (Wise and Siragusa, 2007; Awad et 
al., 2016). Up to approximately 14 d of age, species richness and diversity increases 
in both jejunum and cecum (Awad et al., 2016). Bacterial colonization has been 
demonstrated being essential for both GIT and immune development. In germ free 
mammalian models (Hooper et al., 2012; Maynard et al., 2012), which are expected 
being comparable with avian species (Brisbin et al., 2008), it was shown that bacterial 
colonization contributes to maturation of the immune system. This includes regulatory 
functions such as the development of regulatory T-cells and IgA secretion, and further 
development of effector T- and B-cells (Hooper et al., 2012; Maynard et al., 2012). 
Furthermore, rapid colonization by commensal bacteria may prevent colonization by 
pathogens via occupation of mucosal sites and competition of substrates, also known as 
competitive exclusion (Lan et al., 2005).
 
Early bacterial colonization of the intestinal tract can be further enhanced by feed intake 
(Shapiro and Sarles, 1949), suggesting that EN may enhance bacterial colonization, and 
subsequent maturation of the immune system. Bacterial colonization after EN, compared 
with DN, has been studied in hindgut of broilers (Binek et al., 2000; Karpinska et al., 
2001), and ileum of turkey poults (Potturi et al., 2005). Taken together, these studies 
observed lower numbers of aerobic bacteria after EN compared with DN. With regard 
to the aforementioned shift from facultative aerobic to anaerobic bacteria, Binek et al. 
(2000) observed higher numbers of anaerobic bacteria after EN. This indicates that 
EN enhances the shift from facultative aerobes towards anaerobic bacteria. Studies 
genotyping (e.g. 16S rRNA) the composition of the intestinal microbiome between EN 
and DN broilers are scarce. An unpublished study (Simon, 2016) revealed temporal 
differences in ileal microbiota composition on the family level between EN and DN 
broilers, at 3 and 9 d of age, but these differences were no longer present at 21 d of 
age. This indicates only relatively short-term effects of EN on microbiota composition, 
probably due to delayed colonization in DN broilers as a result of delayed feed intake. 
Whether these short-term differences in microbiota composition also affect maturation 
of the broiler’s immune system, is yet unknown. However, studies have suggested that 
EN, compared with DN, results in greater exposure to antigens (deriving from ingested 
feed and commensal bacteria), thereby facilitating accelerated development of the 
adaptive immune system (Juul-Madsen et al., 2004; Bar-Shira et al., 2005; Simon et 
al., 2014).

2.3 Immune system maturation and later life immune responses are altered by 
early nutrition
Effects of EN compared with DN, on the immune system of broiler chickens can be 
divided in early life effects (immune system maturation) and later life effects (immune 
responses). The latter is suggested being an effect of divergent immune development 
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during the early life between EN and DN broilers (Taha-Abdelaziz et al., 2018). Within 
this section I will summarize the current knowledge on how EN and DN affect the 
development of the immune system after hatch, and subsequent later life immune 
responses.

2.3.1. Early nutrition enhances maturation of  the immune system
At hatch, chickens possess lymphoid organs, but the immune system is not yet functional 
and further development is required to produce adequate immune responses (Panda et 
al., 2014; Taha-Abdelaziz et al., 2018). As indicated in the previous section, a link is 
suggested between early life bacterial colonization and immune development (Brisbin 
et al., 2008). Especially in mammals, germ-free models provide clear evidence that 
bacterial colonization is required to develop a right balance between regulatory and 
effector immune responses (Hooper et al., 2012; Maynard et al., 2012), but also the 
absence of food proteins hampered immune development in mice (da Silva Menezes 
et al., 2003). Specifically for chickens, immune complexes consisting of maternal 
antibodies and indigenous E. coli were found to stimulate B-cell differentiation in the 
bursa (Ekino et al., 2012; Sonoda et al., 2013). This suggests an important role for 
intestinal bacteria and maternal antibodies for B-cell development. Also other studies 
concluded that presentation of antigens to the post-hatch immune system is required 
for maturation of both innate and acquired immunity (Bar-Shira et al., 2003; Bar-Shira 
and Friedman, 2006). Whether early presentation of antigens (deriving from diet and 
intestinal microbiome) in EN broilers may enhance maturation of the immune system, 
provides an interesting line of thought and is described hereafter.

Various studies comparing immune development between EN and DN broilers, focused 
on weight of the bursa of Fabricius and its morphological structure. Greater weight of the 
bursa in EN, compared with DN broilers was observed (Dibner et al., 1998; Bar-Shira 
et al., 2005; Ao et al., 2012), while others found no effects (Wyatt et al., 1986; Simon et 
al., 2014; Shinde et al., 2015). It is unclear what have caused these inconsistencies, and 
it therefore might be more of interest to study morphological development of the bursa. 
Dibner et al. (1998) observed greater number of germinal centers from 10 d onwards in 
EN broilers, compared with DN broilers, and in another study (Bar-Shira et al., 2005) 
greater amount of both Bu-1 and CD4+/CD8+ lymphocytes in EN, compared with 
DN broilers, were observed from approximately 7 d of age onwards. Taken together, the 
greater number of germinal centers and lymphocytes indicate accelerated maturation of 
the bursa. Furthermore, Bar-Shira et al. (2005) demonstrated that rectal immunization 
with hemocyanin at 6 d of age, resulted in a greater systemic and intestinal antibody 
response (to hemocyanin) at approximately 12 d of age in EN, compared with DN 
broilers. Another study (Juul-Madsen et al., 2004) compared effects of EN with 24, or 
48 h DN, and found higher number of circulating B-cells and altered CD4+ / CD8+ 
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cell ratio in EN, compared with DN broilers. The underlying mechanism for these 
differences may be that the greater exposure to antigens in EN, compared with DN 
broilers, results in earlier onset of immune development (Bar-Shira et al., 2003, 2005; 
Bar-Shira and Friedman, 2006; Simon et al., 2015). However, others (Taha-Abdelaziz et 
al., 2018) speculate that in DN broilers, delayed development of the acquired immune 
system may be caused by the absence of nutrients that are required for T and B-cell 
proliferation just after hatch (Rudrappa and Humphrey, 2007).

In summary, EN enhances maturation of the acquired immune system compared with 
DN. Although the exact mechanism is not clear yet, the early presence of antigens 
(deriving from feed and microbiota) in EN broilers may stimulate differentiation of T 
and B-cells in lymphoid organs, such as the bursa, and subsequent antibody production. 
Furthermore, the presence of nutrients after EN may fulfill the metabolic demand for 
immune development.

2.3.2. Early nutrition may affect levels of  antibodies
In chickens, the antibody isotypes IgM, IgY, and IgA are present and have the same effector 
functions as in mammals, whereas IgY is the functional homologue of mammalian IgG 
(Ratcliffe, 2006). Antibodies play a key role with regard to host defense and maintenance 
of immune homeostasis. Binding of pathogens by antibodies results in neutralization and 
facilitates innate immune responses such as phagocytosis and activation of the complement 
system via the classical pathway (Tizard, 2018). Antibodies are present as the B-cell receptor 
(BCR) on B-cells and are secreted by plasma cells. B-cells are stimulated to differentiate into 
antibody producing plasma cells and memory B-cells after antigen presentation towards 
the B-cell. Stimulation of B-cells occurs either via direct stimulation of BCR by antigens, 
or indirectly via presentation of the antigen by Th2 cells (Tizard, 2018). Mammalian 
B-cells possess toll-like receptors (TLR) recognizing microbial associated molecular 
patterns (MAMP), such as LPS or CpG oligo-nucleotides (Baumgarth, 2011). After BCR 
triggering by an antigen, co-stimulation of TLR by LPS or CpG was demonstrated to be 
required for induction of differentiation and proliferation of naïve B-cells (Bernasconi et 
al., 2003; Ruprecht and Lanzavecchia, 2006). Stimulation of TLR on memory B-cells 
was found to be required for differentiation and proliferation to maintain immunological 
memory (Bernasconi et al., 2002). Also in chicken’s B-cells, this mechanism is suggested to 
be present (St. Paul et al., 2012). It is therefore tempting to speculate that greater amounts 
of MAMP due to increased bacterial load after EN compared with DN, result in greater 
stimulation of TLR on naïve B-cells and subsequent differentiation, resulting in greater 
antibody production.

Antibodies can be subdivided based on the type of antigen they bind: specific antibodies 
(SpAb), natural antibodies (NAb), and natural auto-antibodies (NAAb). During a 
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classical immune response towards an exogenous antigen, B-cells differentiate into 
plasma cells producing specific antibodies (SpAb), with high affinity towards this 
antigen, resulting in neutralization and removal of the antigen. Yet, the number of 
studies comparing SpAb responses between EN and DN broilers are scarce, and are 
inconsistent in their results (Juul-Madsen et al., 2004; Bar-Shira et al., 2005; Simon et 
al., 2015; Lamot et al., 2016). Whereas SpAb are produced during immune responses 
after exposure to an exogenous antigen, NAb bind antigens that have not been exposed 
to the host before (Parmentier et al., 2004). In laying hens, high systemic NAb levels 
were found associated with greater survival during rearing (Star et al., 2007; Sun et al., 
2011), and after an avian pathogenic E. coli challenge (Berghof et al., 2019). Therefore, 
NAb could be considered as an important first line of defense. Greater levels of NAb in 
broilers, may therefore contribute to better disease resistance. Studies comparing NAb 
levels in EN versus DN in early life broilers are, however, scarce. Levels of KLH-binding 
NAb were lower in EN, compared with DN broilers at 14 d of age, but not in younger 
broilers (Simon et al., 2014). Other studies investigated levels of KLH-binding NAb 
during later life (≥ 21 d) immunizations with LPS + HuSA (Simon et al., 2015) or SRBC 
(Lamot et al., 2016), but found no effects among EN and DN broilers. Whereas SpAb 
and NAb bind exogenous antigens, natural auto-antibodies (NAAb) bind indigenous 
(“self ”) antigens, also called auto-antigens (de Jong et al., 2013; Van Dijk and Parmentier, 
2020). Natural auto-antibodies bind cell debris and thereby facilitate phagocytosis and 
clearance of auto-antigens, preventing unwanted immune responses to self (Lutz, 2007; 
Xu et al., 2015). Therefore, NAAb are suggested to be involved in regulation of immune 
responses and auto-immune diseases, as studied in humans (Nagele et al., 2013). In 
broilers, due to their relatively short live span, the occurrence of auto-immune diseases 
is not expected but should not be excluded. The high metabolic activity due to the high 
growth rates in broilers, may cause tissue damage, which may require NAAb, but has not 
been studied yet. Furthermore, no studies have been conducted that compared NAAb 
levels of EN versus DN broilers. However, recent research demonstrated the role of 
intestinal microbiota for stimulation of NAAb producing B-cells (Kreuk et al., 2019), 
suggesting that accelerated bacterial colonization in EN broilers may affect NAAb levels.
In summary, higher numbers of B-cells are demonstrated in the bursa after EN, compared 
with DN, resulting in elevated SpAb responses in EN broilers after immunization during 
the first two weeks of age, but not at later ages. Whether greater number of B-cells after 
EN affect the development of circulating antibodies such as NAb and NAAB, and how 
these may contribute to coping with later life immune challenges, is unclear. Therefore 
I studied development of systemic NAb and NAAb levels during the early and later life 
in EN and DN broilers in chapter 4.

2.3.3. Modulating later life immune responses via early nutrition
In this thesis, later life immune responses are defined as responses towards antigens that 
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are presented after the majority of maternal antibodies has been reduced, and endogenous 
antibody (secreted by plasma cells) production has started, which can be expected to start 
at approximately 21 d of age (Lammers et al., 2010; Simon et al., 2014). Also from this 
age, commercially kept broilers commonly face multiple challenges such as coccidiosis 
infection and bacterial dysbiosis, which may result in (necrotic) enteritis and wet feces 
(Van Immerseel et al., 2009; Teirlynck et al., 2011). Therefore, it is of interest to know 
whether immune development in early life after EN compared with DN, allows broilers 
to cope better with later life immune challenges. Broilers that received EN compared 
with DN, were found to differ minimally in ileal cytokine expression (Simon et al., 
2014), and circulating levels of NAb (Simon et al., 2014, 2015; Lamot et al., 2016). 
Dibner et al. (1998), however, suggested higher levels of biliary IgA after EN, compared 
with DN, from approximately 8 d of age, while Simon et al. (2014) found no effects of 
EN on IgA+ plasma cells in ileum from 21 d of age onwards.

After an overdose (100 x) of a coccidiosis vaccine at 14 d of age, broilers that received 
EN had greater BW and improved feed efficiency compared with DN, at 20 d of age 
(Dibner et al., 1998). Although no immune parameters were measured during this 
challenge, these data suggest that EN broilers are better able to cope with coccidiosis 
infections. In a more recent study (Simon et al., 2015), humoral immune responses 
after LPS + HuSA immunization (28 d of age) were compared between EN and DN 
broilers, housed in either a low (cage-housing) or high antigenic (floor-housing) pressure 
condition. Interestingly, the authors observed that differences among EN and DN were 
most pronounced when housed in floor pens as compared to cage housing, showing 
lower levels of IgY binding HuSA in EN, compared with DN broilers. Furthermore, BW 
gain and feeding motivation of DN broilers was severely depressed after immunization, 
compared with EN broilers. Another study comparing antibody responses after SRBC 
immunization, found no differences among EN and DN broilers (Lamot et al., 2016). 

Taken together, this leads to the formulation of two different hypotheses. Firstly, later 
life SpAb responses can be modulated by EN resulting in higher levels of biliary IgA 
(Dibner et al., 1998) and lower levels of IgY (Simon et al., 2015), as a result from greater 
antigen exposure after hatch in EN, compared with DN broilers, due to feed intake 
(Binek et al., 2000; Karpinska et al., 2001; Potturi et al., 2005; Simon et al., 2016). 
Secondly, differences in later life antibody responses between EN and DN broilers may 
be more pronounced when broilers are housed in an environment with high antigenic 
pressure. These differences in immune status and response, may contribute to smaller 
depression of growth performance during immunological challenges, as observed before 
(Simon et al., 2015). Therefore, I studied levels of systemic antibodies (chapter 4) and 
growth performance (chapter 5) between EN and DN broilers housed under high and 
low antigenic pressure 
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Various studies have shown a “developmental window” during the first 3 d after hatch 
to modulate later life antibody responses. Feeding a model antigen during the first 3 d 
of age was shown to reduce antibody titers against this antigen after subsequent later 
life immunization (Klipper et al., 2001; Ifrah et al., 2016), which is regarded as oral 
tolerance in several studies (Klipper et al., 2001; Friedman, 2008; Yuan and Li, 2012; 
Ifrah et al., 2016). Oral exposure to a broad range of antigens, derived from both ingested 
feed and the intestinal microbiota, during the first 3 d of age, may thus modulate the 
immune responses towards the same antigens during later life. It is tempting to speculate 
that broilers receiving EN, compared with DN, have greater oral exposure to antigens, 
and therefore have modulated antibody responses in later life. Therefore, I studied in 
chapter 5 whether EN, compared with DN, modulates antibody responses in broilers 
that were previously exposed to an orally administered antigen within the developmental 
window (0 to 3 d post hatch). In a subsequent experiment in chapter 5, I tested whether 
differences in oral antigen exposure by means of EN versus DN, resulted in reduced 
antibody responses under high and low environmental antigenic pressure.

3. Aim and outline of  this thesis

Broiler chickens may have either early (EN) or delayed (DN) access to nutrition after 
hatch. Efforts to implement EN have resulted in various systems that facilitate direct 
access to feed and water after hatch, taking place at either the hatchery or in the broiler 
house. Recent legislation compels access to nutrition within 36 h after hatch, instead 
of 60 h, which may further stimulate application of EN in commercial husbandry. 
The available literature describes typically positive effects of EN compared with DN, 
summarized as improved growth performance and accelerated maturation of the 
intestinal tract and immune system. With regard to the intestinal tract and immune 
system, the described effects are however often short-term.

Currently, it is unknown whether compensatory growth in present in DN compared 
with EN broilers, and whether intestinal integrity is impaired by DN or not. With 
regard to the immune system, EN enhances bacterial colonization of the GIT, which 
seems to accelerate immune development. It is unknown, however, how this modulates 
later life immune responses and shapes the antibody repertoire (including NAb and 
NAAb) in early and later life, and its interaction with environmental antigenic pressure. 

The overall aim of this thesis is to provide deeper insight in effects of EN compared 
with DN on growth performance, GIT development, and immune development and 
subsequent immune responses. These insights may facilitate evidence based decision 
making on broiler farms with respect to application of EN.
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Experiment I Experiment II Experiment III Experiment IV

EN vs. DN (38 h)
*

Transport1 (0 vs. 3 h)
EN vs. DN (72 h)

EN vs. DN (72 h)
*

BSA vs. PBS feeding2

EN vs. DN (72 h)
*

HSC vs. LSC3

Growth performance 
and fear responses

Chapter 2

Intestinal integrity
Chapter 3

Oral tolerance and antibody responses under different 
sanitary conditions

Chapter 5

Antibody levels4

Chapter 4

Figure 2: Graphical abstract of experiments conducted with their respective treatments and subject, and 
how these are incorporated in this thesis. 1Transport was conducted after all chickens had hatched. 2BSA: 
bovine serum albumin, PBS: phosphate buffered saline as control. 3LSC: low sanitary conditions, HSC: 
high sanitary conditions. 4Specific, natural, natural auto-antibodies, including maternal antibodies.

The studies described in this thesis are conducted on fast-growing broiler chickens 
(Ross 308) all incubated in commercial broiler hatcheries in the Netherlands. In the 
experiments described in chapter 2 and 3, 18 d incubated eggs were hatched on the 
experimental facility and were subsequently subjected to EN or DN within 3 h after 
hatch. A graphical abstract of the conducted studies and how these are embedded in this 
thesis is given in Figure 2. Chapter 2 describes the first study investigating effects of 
EN and transport separately on growth performance (including compensatory growth) 
and fearfulness in early and later life. Broilers received either EN or DN, and post hatch 
holding and transport was simulated for 3 h. In chapter 3, I studied whether early 
life feeding strategy influenced intestinal integrity. At 4, 10, and 14 d of age, broilers 
received an oral pulse dose with FITC-d, a marker molecule that can only enter the 
blood circulation via TJ. Concentration of FITC-d in the blood thereby reflects the 
degree of paracellular transport. 

Next to FITC-d measurements, expression of TJ genes and genes involved in TJ 
regulation was measured at 4 d of age. In the experiments described in chapter 4 and 5, 
freshly hatched broilers (≤ 3 h after hatch) were obtained from the hatchery and either 
received EN or DN upon arrival at the experimental facility. In chapter 4, levels of 
systemic antibodies were studied between EN and DN broilers, housed under either 
high or low environmental antigenic pressure, with respect to early and later life. At 3 d 
of age, a contrast in antigenic pressure was obtained by either insertion of used litter from 
commercial broiler farms every 4 d (LSC), or not (HSC), up to 35 d of age. Levels of 
circulating specific antibodies were measured after SRBC immunization, while levels of 
NA(A)b were measured during the early (7 d) and later (33 d) life. Chapter 5 describes 
two separate studies on modulation of antibody responses by means of early post hatch 
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feeding of the antigen BSA. Therefore, an existing model to study oral tolerance was 
adapted from literature (Klipper et al., 2001). During the first 3 d of age (parallel to 
the 72 h of DN; within the developmental window), broilers received 6 successive oral 
feedings with BSA, or a negative control (PBS). At 24 d of age, broilers were immunized 
with both BSA and RGG, and antibody responses towards BSA or RGG were studied. 
At the end of the experiment (42 d), bile was collected to measure levels of IgA binding 
BSA or RGG. This experiment was repeated to better understand effects of post-hatch 
oral antigen exposure on modulation of immune responses in EN and DN broilers 
housed in either HSC or LSC. In the general discussion (chapter 6) I integrate the 
findings of the aforementioned studies and their implications and perspectives for future 
research and commercial broiler husbandry.
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Abstract

The importance of optimal early life conditions of broilers to sustain efficient and 
healthy production of broiler meat is increasingly recognized. Therefore, novel 
husbandry systems are developed, in which immediate provision of nutrition post hatch 
is combined with on-farm hatching. In these novel systems, one-day-old-chick handling 
and transport are minimized. To study whether early nutrition and reduced transport are 
beneficial for broiler performance and behavior, the effects of early or delayed nutrition 
and post-hatch handling and transport were tested from hatch until 35 d of age, in a 
2*2 factorial arrangement. In total, 960 eggs were hatched in 36 floor pens. After hatch, 
chicks were given immediate access to water and feed (early nutrition) or after 54 h 
(delayed nutrition). Eighteen hours after hatch, chicks remained in their pens (non-
transported control), or were subjected to short-term handling and transport to simulate 
conventional procedures. Subsequently, chicks returned to their pens. Compared with 
delayed-fed chickens, early-fed chickens had greater body weight up to 21 d of age, but 
not at slaughter (35 d of age). No effects of transport or its interaction with moment 
of first nutrition were found on performance. At 3 d post hatch, transported, early-fed 
chicks had a greater latency to stand up in a tonic immobility test than transported, 
delayed-fed chicks, but only in chicks that were transported. At 30 days post hatch, 
however, latency was greater in transported, delayed-fed chickens than in transported, 
early-fed chicks. This may indicate long-term deleterious effects of delayed nutrition on 
fear response in transported chickens. It is concluded that early nutrition has mainly 
beneficial effects on performance during the first two weeks post hatch, but these 
beneficial effects are less evident in later life. The combination of transport and early 
nutrition may influence the chicken’s strategies to cope with stressful events in early and 
later life.
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1. Introduction

The majority of broiler chickens hatch in conventional hatcheries after 19 to 21 days 
of incubation, having a hatch window of approximately 24 to 48 hours (h) (Careghi 
et al., 2005; Jacobs et al., 2016). The length of the hatch window is mainly affected 
by parent stock and incubation conditions (Lourens et al., 2005). During hatch in 
conventional hatchers, chicks have no access to nutrition until placement at the farm, 
which is considered suboptimal for broiler development and health (Uni et al., 2003b; 
Bar-Shira et al., 2005; Van De Ven et al., 2011; Simon et al., 2015). At the end of the 
hatch window, all chicks are simultaneously pulled and processed (e.g. sorting, sexing, 
counting, vaccinating) following standard procedures, stored for approximately 1 – 4 h, 
and transported to broiler farms.

Immediate post hatch provision of nutrition (water and feed) has been suggested to 
improve intestinal (Lilburn and Loeffler, 2015) and immunological development (Panda 
et al., 2014). Previous studies (Gonzales et al., 2003; Van De Ven et al., 2011; Simon et 
al., 2014, 2015) showed that effects of early nutrition on performance parameters seem 
to vanish in later life, making the long-term benefits of early nutrition on performance 
unclear. Practical implementation of early nutrition is implemented by hatching eggs 
within a broiler house (on-farm hatching), or supplying water and feed in the hatcher. 
Both systems are meant to provide hatchlings with immediate access to nutrition.

Various studies suggest that one-day-old chick transport may have negative effects on 
production performance and the chickens’ ability to cope with stress, depending on 
transport duration (Valros et al., 2008; Mitchell, 2009; Bergoug et al., 2013; Jacobs et 
al., 2016). A drawback from these studies is that the effects of moment of first nutrition 
and transport are confounded, as the chicks that were subjected to a longer transport 
duration also did not have access to nutrition. It is therefore not clear whether the 
observed effects were caused by transport or delayed access to nutrition. Furthermore, 
to our best knowledge, interactions between access to nutrition and transport have not 
been studied so far.

The aim of the current study was to examine the effects of early nutrition and one-day-
old-chick handling and transport, as well as their interaction, on growth performance 
and fear response of chickens in early and later life. Because both nutrition and transport 
in early life may affect neural and cognitive development (Candland et al., 1963; Jones 
and Waddington, 1992), we hypothesize that the chickens’ fear reactions in a stressful 
situation will be affected by early life nutrition and transport procedures. Therefore, a 
tonic immobility test was performed to gain preliminary insights in the fear response 
(Forkman et al., 2007) of the chickens in early and later life.
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2. Materials and methods

2.1. Experimental design
Effects of delayed (DN) or early nutrition (EN) and no transport (NT) or transport 
(T) of one-day-old chicks were tested in a 2*2 factorial arrangement. This resulted in 
4 treatment groups (DN|NT; DN|T; EN|NT and EN|T). In Figure 1 the start and 
duration of these interventions are presented. Chick ages are expressed as chronological 
age (Careghi et al., 2005), starting from the end of the hatch window (0 d) until slaughter 
(35 d), unless specified otherwise.

2.2. Housing and diets
The facility consisted of 36 floor heated pens (1.55 * 0.95 m) covered with wood 
shavings. Before egg arrival, the bedding was covered with chick paper to prevent any 
litter uptake by the chicks. HatchCare baskets (HatchTech B.V., Veenendaal, The 
Netherlands) consisting of a chicken basket and an overlay egg tray were placed in each 
pen. Depending on the treatment, egg trays were filled with a commercial starter diet 
(EN) or left empty (DN), and 2 drinking nipples were attached to the basket (EN) or 
not (DN). Diets were produced by Research Diet Services (Wijk bij Duurstede, The 
Netherlands). Floor temperature was 34 °C and ambient temperature was controlled 
at 36 °C. Average humidity (27.4 ± 2.6 %) and CO2 (1100 ± 156 ppm) levels were 
logged from placement until hatch. As a result of minimal ventilation, air speed was 
negligible. Embryonic temperature of 3 eggs per treatment was monitored indirectly by 
egg shell temperature (EST) and recorded every 5 min until hatch. EST sensors (NTC 
Thermistors: type DC 95, Thermometrics, Somerset, UK) were attached to the egg 
following procedures of Maatjens et al. (2016b). EST was maintained between 35.3 and 
36.7 °C by manually adjusting floor heating and ventilation before and during hatch, 
based on recommendations of Maatjens et al. (2016a; b).

After hatch, and before the chicks were taken out of the baskets and placed into the pen, 
each pen was provided with 2 trough feeders, and chick paper was removed.

Until 7 d post chick placement, 2 additional round feeding plates were placed in the pen 
to enhance feed uptake. A three-phase feeding schedule was applied including a starter, 
grower, and finisher diet (Table 1). Water was provided ad libitum by 2 drinking nipples 
per pen. From egg placement until end of hatch, the experimental room was lighted 
continuously with a light intensity varying between 20 and 40 lux on the egg and animal 
level. After placement, a 16-h light : 8-h dark schedule was applied.
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2.3. Animals and treatments
In total, 960 incubated and candled eggs (embryonic age: 18 d) were obtained from 
a commercial hatchery (Probroed & Sloot, Langenboom, The Netherlands) and 
transported in a climate conditioned van (34 °C) to the research facility. Eggs were 
produced by a 50-week-old Ross 308 parent stock. All eggs were randomly assigned to 
one of the 4 treatments, with 27 eggs per pen, except for 4 pens (1 per treatment) in 
which 24 eggs were placed, resulting in 9 replicates per treatment group.

During their stay in the hatching baskets, water and feed were provided ad libitum to the 
EN groups, while DN groups did not receive any form of nutrition. To simulate post 
hatch holding and transport, all T groups were moved to an unconditioned room (20 
°C, no air circulation, continuous lighting) and kept for 1.5 h in their original hatching 
baskets. Subsequently, the baskets with chicks were placed in a climate controlled chick 
transport van (33 °C; dark) and transported for 1 h. After transport, baskets were moved 
to their original pens and, after 0.5 h, all baskets were emptied allowing all chicks ad 
libitum access to water and feed. Thus, the period of handling and transport simulation 
was 3 h. NT groups remained in their hatching baskets within the barn according to 
conditions described in “housing and diets” and were placed in the pens simultaneously 
to the T groups. The experiment was performed according to the Guide For the Care 
and Use of Agricultural Animals in Agricultural Research and Teaching (2010).

2.4. Measurements
2.4.1. Eggs and chick quality
After arrival at the research facility, eggs were weighed per pen. Sixty hours after 
placement of the eggs, i.e. just before transport simulation, the number of unhatched 
eggs were counted and collected for break-out, to determine the cause of not hatching. 
Chick quality of the hatched chicks was assessed before transport simulation, using 
chick length and navel score (n = 100 per treatment group), according to Maatjens et 
al. (2016b). Cloacal temperature was measured in 97 randomly selected chicks divided 
over 28 pens. Chicks with chick length lower than 17 cm or malformations (e.g. open 
navel) were classified second grade, and removed from the study (Tona et al., 2004). All 
non-hatched eggs (n = 19) were opened to determine the reason of not hatching.

2.4.2. Performance
Average body weight (BW) was evaluated per pen at 0, 3, 7, 14, 21, 28 and 35 d 
post placement to calculate average daily gain (ADG). Relative ADG of each week was 
calculated as follows:
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Relative ADG = 

BWend
BWstart( * 100)

7

Average daily feed intake (ADFI) and feed efficiency (G:F) were determined per pen at 
3, 7, 14, 28 and 35 d post placement.

2.4.3. Tonic immobility
Tonic immobility tests were performed at 3 and 30 d post placement on 2 chickens per 
pen from 7 randomly chosen pens per treatment. Different chickens were selected for 
the measurements at 3 and 30 d, to prevent habituation to the procedure (Jones, 1986). 
Results were averaged for each pen, resulting in 7 observations per pen. The procedure 
was adapted from Valros et al. (2008) with minor modifications. Briefly, one chicken 
was taken from the home pen and transferred in a bin to a quiet testing room, to ensure 
isolation from the flock. There, the chicken was restrained on the back for 10 s, using 
one hand to hold the chest and one to cover the neck and head. All tests were performed 
by the same experimenter and observer, who did not made direct eye contact with the 
chicken during both handling and testing. Experimental conditions were similar at both 
3 and 30 d of age (i.e. same procedure of handling and transport to the test room 
(Jones and Waddington, 1992)). If the chicken stood up within 10 s after the end of 
restraining, the restraint was carried out again up to a maximum of 5 times. After 5 
attempts, the test was stopped and the chicken was placed back in the home pen and 
recorded as missing value. The chicken was judged immobile when it stayed down for 
at least 10 s after removal of the hands. The latency (s) from immobility until standing 
was recorded. If the latency of immobility was ≥ 300 s, the test was stopped and the 
maximum latency of 300 s was noted.

2.5. Statistical analyses
Data were processed and analyzed using SAS 9.3 software (SAS, 2011). Model 
residuals were inspected for outliers using histograms and QQ-plots. In total, 1 data 
point was removed because of erroneous recordings. Model residuals were tested to 
meet assumptions for homogeneity and normality. If needed, logarithmic or square 
root transformation was applied to normalize the data. Pen was the experimental unit, 
except for analyses of chick quality parameters, for which individual chicken was the 
experimental unit. All data are expressed as means and standard deviations.

Effects of treatments on ADG, relative ADG, ADFI and G:F were analyzed using a 
generalized linear mixed model (PROC GLIMMIX). Fixed factors were moment of 
feeding, transport, age, and the interaction between moment of feeding, transport, and 
age. Pen was included as random effect and age was modelled as R-side effect to account 
for repeated observations within pen. The covariance structure was selected based 
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on assessing variograms, resulting in using a first order heterogeneous autoregressive 
structure (Wang and Goonewardene, 2004).

Effects of treatments on BW were analyzed per time point, due to heterogeneous 
variation between ages. Data were analyzed using a general linear model (PROC GLM) 
with moment of feeding, transport, and the interaction effect between moment of 
feeding and transport as fixed effects and pen as random effect.

Fixed effects of treatments (DN|NT; DN|T; EN|NT and EN|T) on the latency to stand 
up during the tonic immobility test were analyzed using a non-parametric Kruskal-
Wallis H test, followed by two-by-two comparisons with a Mann-Whitney U test, when 
appropriate.

Data are presented as means and standard deviation, unless stated otherwise. Differences 
among means with P < 0.05 were considered statistically significant. Differences P < 
0.10 were considered to represent statistical tendencies.

3. Results

3.1. Egg and hatching parameters
The length of the hatch window (HW) of the chicks was approximately 33 h (latency 
in between first and last hatch), therefore, the time between end of HW and start of 
transport simulation was 18 h. As time of transport simulation was 3 h, we estimate the 
delay in nutrition to be between 54 for the first hatchers and 21 h for the last hatchers.

Chick quality after hatch (60 h after placement of the eggs of 18d), before transport, is 
presented in (Supplementary Table 1). Average cloaca temperature immediately after 
placement was 0.7 °C higher (F1, 81 = 6.67, P < 0.001) in the EN groups compared with 
the DN groups. Of the non-hatched embryos, 10.5% (n = 2) did not turn, 10.5 % (n = 
2) died during external pipping, 63 % (n = 12) were underdeveloped or malformed, and 
16 % (n = 3) were found to be slow hatchers or had a damaged egg shell. After hatch, 
1 chick was removed as it was classified second grade. Each pen contained between 23 
and 27 chicks after hatch.

3.2. Performance
No interactions between moment of access to nutrition and transport were found on 
performance. BW was significantly greater (46 g) for EN chicks until at least 28 d (F1, 32 
= 4.38, P = 0.045) compared with the DN chicks (Table 2). At slaughter (35 d), there 
was no significant difference between EN and DN chicks (F1, 32 = 2.13, P = 0.152). In 
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Table 3, it is shown that moment of feeding affected ADG and ADFI, with a significant 
greater ADG at 0 – 3 and 3 – 7 d (1.3 and 1.4 g/d, respectively) in EN chicks than 
in DN chicks. Furthermore, relative ADG was significantly (F1, 170 = 4.38, P < 0.001) 
higher in DN chicks compared with EN chicks, from 0 until 14 d of age (Figure 3). G:F 
ratio was not affected by treatment. No effects of transport were found on BW (Table 2) 
or ADG, ADFI and G:F (Table 4).

3.3. Tonic immobility
Latencies to stand up after inducing tonic immobility are presented in Figure 2. Within 
transported chicks, at 3 d, latency to stand up was lower in the DN group compared 
with the EN group. At 30 d, DN|T chicks took more time to stand up than EN|T 
chicks. No differences of latency to stand up were found between EN and DN groups 
that were not subjected to transport. No significant correlations between body weight 
and latency to stand up were found (data not shown).

4. Discussion

This study shows that EN affects production performance in early life, but not in later 
life, which is consistent with prior research (Gonzales et al., 2003; Juul-Madsen et al., 
2004; Van De Ven et al., 2011; Simon et al., 2014, 2015). It should be noted, however, 
that, in our study and those of others, chickens were kept at relatively non-challenging, 
experimental conditions. Effects of EN on later life production performance in more 
challenging, i.e. field conditions, can therefore not be excluded, which can be suggested 
from Simon et al. (2015). Transport, and its interactions with moment of first nutrition 
did not affect production performance. The analysis of the latencies to stand up after 
tonic immobility suggests that EN and DN chicks express a different fear response 
after transport at different ages. To the best of our knowledge, this study is the first 
to investigate effects of early nutrition and transport separately. This is in contrast to 
prior research on post-hatch transport, where effects of transport were confounded with 
nutritional effects (Valros et al., 2008; Bergoug et al., 2013).

4.1. Chick quality and progress of  grow-out period
Our results indicate that chick quality was identical in the different treatment groups. 
The increased cloacal temperature in EN chicks compared with DN chicks, is presumably 
due to heat generated by metabolism (Van den Brand et al., 2010). This increase in body 
temperature in day-old chicks can be favorable, as these chicks might be less susceptible 
to temperature changes during transport and brooding.
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4.2. Moment of  first nutrition * transport
At 3 d of age, latency to stand up after tonic immobility was higher in EN|T chicks 
than in DN|T chicks. Although latency to stand up after tonic immobility is known 
to be a valid measure of fear levels in chickens (Jones and Mills, 1983; Forkman et al., 
2007), no consensus has been reached concerning the validity of the TI test in very 
young chickens (Ratner and Thompson, 1960; Salzen, 1963; Forkman et al., 2007). 
We, however, observed typical signs of immobility, such as no movement, and extended 
legs with tremor (Jones, 1986; Heiblum et al., 1998) at 3 d of age. This seems to support 
the validity of the TI test to assess fear levels in very young chicks, too. The higher 
latency to stand up after tonic immobility in 3-day-old EN|T chicks compared with 
DN|T chicks may therefore indicate that EN|T chicks were more fearful than DN|T 
chicks in early life.

That EN|T chicks expressed higher fear responses than DN|T chicks at 3 d might result 
directly from the impact of early nutrition on brain and cognitive development and, 
thus, on the ability for chicks to express fear responses at such a young age. Various 
studies (Candland et al., 1963; Andrew and Brennan, 1983; Cashman et al., 1989) 
have shown that fear responses develop parallel to body development. It is possible 
that a delay in access to nutrition might have led not only to impaired body and organ 
(brain) development, but also to a delayed development of fear-related behavior in DN 
chicks. Alternatively, early access to water and feed might have acted as an early life 
environmental enrichment, thus stimulating brain development and the early ability to 
express early fear responses in EN chicks (Jones and Waddington, 1992). 

Unlike at 3 d of age, latency to stand up was shorter in the EN|T chicks compared with 
DN|T chicks at 30 d post placement, suggesting that EN|T chicks were less fearful than 
DN|T later in life. Although it remains unclear why the impact of early nutrition in 
transported chicks was reversed from 3 d to 30 d, our results seem to indicate that early 
nutrition provided long-term advantages for the chicken’s ability to cope with stress later 
in life. 

It is worth noting that differences in fear responses between EN and DN chicks were 
only found in chicks that have been transported in early life. This implies that handling 
and transport at very young ages may accentuate the impact of early or delayed nutrition 
on the chickens’ fear responses in both early and later life. Accordingly, research has 
shown that stressful early life events (e.g. transport) can alter TI responses in chickens in 
later life (Al-Aqil et al., 2009) and brain development in rodents and humans (Teicher 
et al., 2003; Hoeijmakers et al., 2014). Although additional research using alternative 
fear tests would be needed to confirm the short- and long-term impact of early nutrition 
on fear responses of transported chicks, the reported findings could have important 
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implication for hatcheries, chick transporters or slaughterhouses. For instance, our 
findings indicate that EN|T chicks may be able to cope better with stressful events in 
later life, such as thinning and pre-slaughter procedures (Jacobs et al., 2017).

4.3. Moment of  first nutrition
The lower BW of DN chicks until 28 d of age is consistent with previous research 
(Juul-Madsen et al., 2004; Van De Ven et al., 2011; Lamot et al., 2014), and might be 
explained by impaired organ and body development and dehydration during feed and 
water deprivation (Uni et al., 2003a; b; Smirnov et al., 2004; Lamot et al., 2014; Lilburn 
and Loeffler, 2015). The significant higher relative ADG in EN chicks compared with 
DN chicks from 0 to 14 d of age (Figure 3), might indicate compensatory growth of 
DN chicks (Zubair and Leeson, 1996). 

4.4. Transport
Our results suggest that short-term holding time and transport simulation (3 h) do not 
affect early and later-life performance. This seems to be in contrast with other studies. 
Bergoug et al. (2013) transported broiler chicks from the hatchery under controlled 
climate conditions (0, 4, and 10 h transportation time) to an experimental facility and 
found that NT chicks had increased BW compared with T chicks until 21 d post hatch 
ADFI or G:F were not affected. Valros et al. (2008) found negative effects on fear-
related behavior (e.g. latency to perch after transport, and latency to stand up after tonic 
immobility at 34 d post hatch) with increasing transport duration (4 and 10 h), but not 
on body weight. As no non-transported control was included in this study, effects of 
transport relative to no transport are unknown. As none of the above mentioned studies 
accounted for moment of access to nutrition after transport, the long-transported chicks 
were also deprived longer from nutrition than short-transported chicks. Therefore, the 
effects of transport reported in these studies could actually reflect the effect of DN 
instead of that of transport. This is in line for performance of the DN groups in the 
current study. We suggest that climate controlled transport of one-day-old chickens 
does not affects performance, as long as nutrition is provided. This is probably due to 
the fulfillment of the chicken’s needs. Further investigation is required to explain why 
transport on itself does not result in differences in production performance.
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Tables and Figures

Table 1: Composition of  starter (0 – 14 d) grower (14 – 28 d) and finisher (28 – 35 d) diets  
(%, as-fed basis, unless indicated otherwise).

    Starter   Grower   Finisher
Ingredients            
  Wheat   41.39   50.59   56.52
  Soybean meal   23.66   23.19   22.70
  Maize   20.00   15.00   10.00
  Soybean oil          4.26   5.22   5.82
  Soy protein concentrate (CP: 55%)   1.50   1.00   1.50
  Fishmeal          2.50   -   -
  Potato protein     2.50   1.00   -
  Mineral and vitamin premix1   0.50   0.50   0.50
  L-Lysine   0.17   0.31   0.27
  DL-Methionine   0.28   0.31   0.29
  L-Threonine   0.08   0.14   0.13
  Limestone   1.34   1.20   1.01
  Monocalcium phosphate   1.29   0.98   0.79
  Sodium bicarbonate   0.27   0.33   0.31
  Sodium chloride   0.07   0.07   0.08
  Xylanase2   0.02   0.02   0.02
  Anti-coccidiostat3   0.06   0.06   -
  Sodium butyrate coated   0.10   0.08   0.05
Calculated nutrient composition4            
  Moisture   11.7   11.9   11.8
  Crude protein   22.5   20.0   19.5
   Digestible lysine 5   12.0   11.0   10.3
   Digestible methionine + cysteine 5   8.9   7.9   7.5
   Digestible threonine 5   8.0   7.2   6.9
  Crude fat6   7.3   7.9   8.6
  Crude fiber   2.5   2.6   2.6
  Ash   5.8   4.9   4.8
  Starch7   36   38.4   38.1
  DE (kcal)5   3,000   3,040   3,080
  Calcium   9.0   7.0   6.5
  Available phosphorus   4.1   3.2   3.0

1 Containing Vitamin A (2,500,000 IU); D3 (600,000 IU); E (3,350 IU); K3 (600 mg); B1 (600 mg); 
B2 (1,500 mg); B6 (800 mg) ; B12 (6,000 mg); niacin (9,000 mg); panthothenic acid (2,000 mg); biotin 
(100,000 mg); choline chloride (100,000 mg); Mn (17,000 mg); Zn (18,000 mg); Cu (3,000 mg); Fe 
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(16,000 mg); I (400 mg); Se (50 mg).
2 Commercial bacterial endo-1,3-β-xylanase (Belfeed, Agrimex N.V., Lille, Belgium).
3Starter diet: Mixture of 45 mg narasin and 45 mg nicarbazin /kg feed (Maxiban, Elanco, Greenfield, USA); 
Grower diet: Salinomycin (72 mg/kg feed) (Sacox, Huvepharma, St. Louis, USA).
4 Calculated based on feed table of Schothorst Feed Research (2015) and specified in g/kg unless specified 
otherwise.
5 Apparent total tract digestibility.
6 Ether extract with acid hydrolysis (ISO 6492).
7 Amyloglucosidase method (ISO 15914)
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Hatch window (33 h)

Yes / no Transport simulation Rearing

Egg placement
Provision of nutrition to EN groups Assessment of chick quality Provision of nutrition to DN groups

Pre-hatch

-51 to -18 h 0 to 33  h 21 – 54 h
21 h0 h- 63 hChronological age

Biological age

Yes / no Access to Nutrition

18 – 51 h
18 h 35 d

Figure 1: Experimental procedures and start of treatments (DN = delayed nutrition; EN = early nutrition) 
in time. Chicks were pulled at 63 h post placement, resulting in a biological age (defined by Careghi et al. 
2005) of 0 – 33 h at pulling (chronological age = 0 h). Treatments were applied from 3 h chronological age 
(corresponding with 3 – 36 h biological age).
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Figure 2: Latency to stand up in seconds after induced tonic immobility in the 4 treatment groups (DN|NT; 
DN|T; EN|NT and EN|T) at 2 ages (3 and 30 d). (DN = delayed nutrition; EN = early nutrition; NT = 
no transport; T = transport). Asterisks represent significant (P ≤ 0.05) differences between treatments and 
diamonds represent means.
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Figure 3: Relative average daily gain of chicks that received delayed nutrition (DN) or immediate nutrition 
(EN) after hatch. Asterisks represent significant (P < 0.001) differences between treatments and error bars 
represent standard deviation.
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Abstract

Fasting older broiler chickens (> 7 d of age) enlarges intestinal tight junction pore size, 
resulting in high paracellular intestinal permeability. Broiler chickens often do not receive 
feed and water (nutrition) directly after hatch, which may result in fasting up to 72 h of 
age. Whether perinatal fasting affects intestinal permeability is minimally studied. We 
therefore investigated whether delayed access to nutrition after hatch increases intestinal 
permeability, compared with broilers receiving early access to nutrition. Therefore, 432 
hatched broilers received nutrition 72 h post hatch (delayed nutrition; DN), or directly 
post hatch (early nutrition; EN), and were reared under similar conditions until 14 
d of age. Two hours after application of an oral pulse dose (3.85 mg) of fluorescein 
isothiocyanate-dextran (4000 Da) at 4, 10, and 14 d of age, blood plasma concentrations 
of the marker were measured in 24 to 36 broilers per treatment and time point. Marker 
concentration in plasma did not differ between DN and EN broilers at any age. Villi 
width measured in at least 8 broilers per treatment, was smaller in DN versus EN broilers 
at 4 d for both ileum (92 ± 3 µm vs. 121 ± 4; P < 0.001), and colon (100 ± 3 vs. 120 ± 
4; P < 0.01). Real-time quantitative PCR revealed that the expression of tight junction 
protein claudin 3 in ceca was elevated in DN, compared with EN broilers at 4 d of age, 
whereas that of zonula occludens 1 in ileum was reduced. Expression of host defense-
related genes was reduced in DN, compared with EN broilers, in ileum (cyclo-oxygenase 
2, mucin 2) and ceca (interleukin 1β, cyclo-oxygenase 2). We conclude that 72 h DN 
reduced body weight up to 14 d of age, coinciding with transient effects on villi width 
in ileum and colon, and divergent expression of genes involved in TJ formation and host 
defense. These effects likely reflect delayed onset of intestinal and immune development 
in DN, compared with EN broilers, whilst DN does not fundamentally alter intestinal 
permeability.
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1. Introduction

Newly hatched broilers in conventional hatcheries can experience a delay in access to 
feed and water up to 72 h from hatch (delayed nutrition; DN), caused by a combination 
of spread in individual hatch moments, hatchery procedures, and transport duration to 
the farm. Previous studies observed that broilers receiving DN have lower body weight 
(BW) from farm placement onwards compared with broilers receiving early nutrition 
(EN) (reviewed by de Jong et al., 2017). In addition, intestinal length and weight, villus 
size, absorptive area, and thickness of the mucus layer in duodenal, jejunal, and ileal tissue 
were smaller in DN compared with EN broilers (e.g. Smirnov et al., 2004; Lamot et al., 
2014). These data suggest that DN, compared with EN, delays intestinal development 
in broilers, but it is unclear whether severe DN up to 72 h hampers integrity of the 
intestinal epithelium, allowing for excessive paracellular transport. This may facilitate 
translocation of intestinal bacteria and microbial associated molecular patterns, causing 
(chronic) inflammation resulting in reduced feed efficiency. Furthermore, bacterial 
translocation is suggested to result in lameness in broilers, as translocated bacteria may 
adhere to cartilage of femora and tibiae, causing chondronecrosis (Wideman et al., 
2012).

Intestinal epithelial cells are sealed together by tight junctions (TJ), which dynamically 
regulate paracellular transport of molecules from the intestinal lumen through the 
epithelium into the bloodstream. Tight junctions are composed of transmembrane 
proteins in which claudins (CLD) and junctional adhesion molecules (JAM) are 
suggested to form a physical barrier (Schneeberger and Lynch, 2004; Anderson and 
Van Itallie, 2009; Turner, 2009). Within this network of proteins, pores are present 
to facilitate transport of water, ions, and small nutrients. Zonula occludens (ZO) 
are peripheral scaffold proteins, linking the TJ complex to the actin cytoskeleton. In 
chicken, TJ are already established and functional at hatch (Karcher and Applegate, 
2008; Ozden et al., 2010).

Fasting of broilers at 7 d of age and older was found to increase intestinal permeability 
(IP), likely via greater TJ pore size (Kuttappan et al., 2015b; Vicuña et al., 2015b; 
Gilani et al., 2017b). In mammals, it is hypothesized that stressors elevate cortisol levels, 
subsequently increasing TJ pore size to raise influx of nutrients that are required to meet 
increased metabolic demands (De Punder and Pruimboom, 2015). Broilers subjected 
to 32 h DN, had greater blood corticosterone levels, compared with EN broilers (van 
de Ven et al., 2013). This may suggest that DN induces a stress response, increasing IP, 
to ultimately facilitate nutrient uptake. Unfortunately, this strategy may also enhance 
paracellular translocation of bacteria and microbial associated molecular patterns via TJ 
into the bloodstream (De Punder and Pruimboom, 2015).



Chapter 3

66

Although a recent study (Gilani et al., 2018) did not show excessive IP in broilers 
subjected to 24 h DN, the effects of longer feed and water withdrawal periods on IP 
are unknown, whereas in common broiler husbandry systems broilers may be withheld 
from feed and water for up to 72h . The objective of this study was therefore to evaluate 
differences between severe DN (72 h) compared with EN on intestinal morphology, 
paracellular transport, and expression of several TJ and IP-regulatory genes in ileum and 
ceca, to better understand effects of DN on IP in broilers.

2. Materials and methods

2.1. Experimental design
The experimental design and procedures were ethically approved according to Dutch 
law under application number AVD104002016441. This manuscript describes part of 
a larger study testing effects of EN versus DN (72 h), and three dietary treatments 
starting from 4 d post hatch onwards, in a 2 x 3 factorial arrangement. Data from 
dietary treatments were pooled because no dietary treatment effects were observed (P 
> 0.10). To account for effects of hatch moment, EN and DN groups were divided 
into either early (first 12 h of hatch window) or late (second 12 h of hatch window) 
hatchers. Ages are expressed as biological ages (Careghi et al., 2005) in days post hatch 
throughout the manuscript.

2.2. Animals and nutrition
Seventeen days incubated Ross 308 eggs (n = 477) were obtained from a commercial 
hatchery, transferred to the experimental facility, and placed in HatchCare baskets 
(HatchTech B.V., Veenendaal, the Netherlands). Eggs were hatched in a climate 
respiration cell with observed room temperature of 35.7 ± 0.1 °C and relative humidity 
of 55.7 ± 0.1 %. From the moment of first hatch, hatched broiler chicks were collected 
every 3 h and weighed, checked for absence of abnormalities, feather sexed, and neck-
tagged for individual identification. First and last 5 % of hatchers, and broilers with 
abnormalities, were excluded from the experiment and culled. Broilers within each 3 h 
hatch block were alternately assigned to DN or EN treatments, and placed back in the 
climate respiration cell for 3 d in baskets containing either feed and flowing water (EN), 
or not (DN). This procedure was repeated every 3 h resulting in a total of 8 hatch groups 
within a time window of 3 h (total hatch window: 24 h). Hatch groups were pooled 
into early (0 – 12 h) or late hatchers (12 – 24 h). Average observed room temperature 
during holding was 34.4 ± 0.4 °C, and relative humidity was 55.8 ± 0.2 %. Seventy-two 
hours after hatch, 432 broilers were weighed and placed in 72 floor pens (3 males and 3 
females per pen) until 14 d of age (end of experiment), and the surplus of broilers was 
culled. From placement onwards, all broilers had ad libitum access to water and a starter 
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diet (Supplementary Table 1, Supplementary material). 

2.3. Body weight
All broilers were individually weighed within 3 h after hatch (0 d) and at 3 d of age. 
At 4, 10, and 14 d, two broilers per pen were weighed. Of these two broilers, the first 
was selected for organ collection, and the second for repeated measurements on IP as 
described hereafter.

2.4. In vivo intestinal permeability
Intestinal paracellular transport of 4000 Da fluorescein isothiocyanate-dextran (FITC-d), 
reflecting paracellular transport, was measured by blood plasma concentration of FITC-d 
after an oral pulse dose of FITC-d, according to previous studies (Vicuña et al., 2015b; 
Gilani et al., 2018). Briefly, at 4, 10 and 14 d of age, 2 broilers per pen received an 
oral dosage of 3.85 mg FITC-d (4000 Da, Sigma-Aldrich CO, St. Louis, MO, U.S.A.) 
dissolved in 0.35 mL of phosphate buffered saline. After 2 h, one broiler was taken 
from the pen, weighed, and blood (0.4 mL) was collected from the jugular vein using 
heparin-flushed needles and syringes. After blood collection, the broiler was placed 
back in the pen for repeated procedures at 10 and 14 d of age. Blood was centrifuged 
directly after sampling (12000 x g, 2 min), and 100 µL of plasma were transferred to 
black 96 well plates and stored in the dark at –20 °C pending analyses. After thawing, 
fluorescence was measured at an excitation wavelength of 485 nm and an emission 
wavelength of 528 nm on a Spectramax M5 Multi-Mode Microplate Reader (Molecular 
Devices, Sunnyvale, California, USA). A linear standard curve was developed by adding 
known amounts of FITC-d to naive broiler blood plasma. An 8-step dilution series was 
made ranging from 1000 to 2 µg / mL with four replicates per dilution. A standard 
linear curve was fitted on optical density as a function of dilution (R2 = 0.98). Levels of 
FITC-d in plasma were expressed in µg / mL plasma. The detection limit was set at 2.4 
µg / mL (mean + 2 x standard deviation) based on naive plasma.

2.5. Organ collection
Selected broilers were weighed and subsequently euthanized by decapitation for organ 
collection. An ileal mid-section of approximately 2 cm was collected between the 
Meckel’s diverticulum and the ileocecal junction, as well as the whole colon, and one 
randomly selected cecum from in total 12 broilers per treatment per age (4, 10, 14 
d). Intestinal sections were laterally opened, and after removing intestinal contents, 
Swiss rolls (Moolenbeek and Ruitenberg, 1981) were made and directly frozen in liquid 
nitrogen and stored at – 80 °C. From broilers dissected at 4 d, residual yolk was collected 
and weighed.
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2.6. Villi width
A subset of collected ileum and colon tissues was selected with the random sampling 
procedure in base R version 3.5.0. (R Development Core Team, 2018), from both 
DN and EN broilers. Swiss rolls from ileum and colon were cut with a microtome at 
-20 °C (7 µm), 6 sequential tissue sections were mounted on a glass slide, and stained 
with hematoxylin and eosin. The software package LAS X (Leica Microsystems B.V., 
Amsterdam, the Netherlands) was used to measure villi width. Villus height could not 
be measured due to shrinkage of villi after freezing. Villi width was measured from at 
least 5 villi from 6 sections, resulting in 30 measurements per slide that were averaged 
per sample. 

2.7. RNA isolation and cDNA synthesis
A total of 10 ileal and 10 cecal tissue samples per treatment group (n = 40), obtained 
at 4 d of age, was randomly selected by the random sampling procedure in base R. 
Approximately 100 mg of tissue were ground in liquid nitrogen and total RNA was 
extracted using TRIzol reagent (ThermoFisher Scientific, Bleiswijk, the Netherlands) 
following the manufacturer’s instructions. Following extraction, genomic DNA was 
eliminated by an on-column DNase digestion step using an RNeasy kit (Qiagen, Venlo, 
the Netherlands). Concentration and purity of RNA was determined using a NanoDrop 
ND-1000 (Thermofisher Scientific). Integrity of RNA was evaluated using a Bioanalyzer 
2100 and RNA 6000 Nano LabChip kit (Agilent, Santa Clara, California, U.S.A.) 
revealing RNA integrity (RIN) values ranging from 9 to 10. Four cecal tissues displaying 
a too low RNA concentration were discarded, resulting in a total of 36 samples for 
further analyses. For first strand cDNA synthesis, 200 ng RNA was reverse transcribed 
with Superscript III Reverse Transcriptase (200 U; Thermofisher Scientific) in the 
presence of random hexamer primers (250 ng; Roche Diagnostics, the Netherlands), 
DTT (10 mM), and dNTP (1 mM), in a 20 µL reaction volume at 50 °C for 60 min, 
followed by 55 °C for 15 min. Reactions were terminated at 70 °C (15 min). Upon real-
time quantitative PCR (RT-qPCR) analysis, cDNA was stored at -20 °C.

2.8. Real-time quantitative PCR
Real-time quantitative PCR (RT-qPCR) was performed with a QuantStudio 5 qPCR 
system (Thermofisher Scientific) using the SensiFAST SIBR Lo-ROX kit (Bioline, 
London, United Kingdom), following the manufacturer’s instructions. Primers were 
designed with Primer Express Software (Life Technologies, Bleiswijk, the Netherlands), 
and recommended primer sets that span an intron were selected (Table 1). Amplification 
conditions consisted of 95 °C for 2 min, followed by 40 cycles (95 °C for 15 s followed 
by 60 °C for 30 s). A final melting protocol with ramping from 60 °C to 95 °C with 0.1 
°C increments / s confirmed PCR specificity. Absolute quantitative mRNA measurement 
was performed by establishing a linear calibration curve using 10-fold serial dilutions of 
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cDNA template for corresponding genes. Abundance of RNA was normalized to that of 
ribosomal protein lateral stalk subunit P0, since the Normfinder algorithm (Andersen et 
al., 2004) pointed out this gene was most stably expressed among our samples compared 
with β-actin and glyceraldehyde-3-phosphate dehydrogenase.

2.9. Statistical analyses
All data were processed, statistically analyzed, and presented using R version 3.5.0. 
General linear models were established using the nlme package (Pinheiro et al., 2018) 
to estimate effects of DN and EN per time point on BW (day 3, 4, 10, and 14), 
villi width (day 4, 10, and 14), and absolute and relative yolk weight (day 4 ), with 
treatment (DN, EN), hatch moment (early, late), and their 2-way interaction as fixed 
effects. Gene expression at day 4 was estimated for each gene within organ (ileum, ceca), 
with a general linear model using treatment as fixed effect. Model fits were assessed 
by normality and homoscedasticity of residuals by qq-plots, plotting residuals against 
fitted values, and if needed by testing likelihood ratios between models (Pinheiro and 
Bates, 2000). Logarithmic transformation was performed on the following dependent 
variables: BW at day 3, villi width, and residual yolk weights. Data from one broiler 
that represented a biological impossible value (DN; day 4) for body weight and residual 
yolk were excluded from further analyses. Data from FITC-d plasma levels (day 4, 10, 
and 14), and gene expression of ZO-1 in ileum, did not met model assumptions of 
homoscedasticity and were therefore analyzed with a Kruskal-Wallis test. All data are 
represented as (back-transformed) estimated marginal means ± standard error (SEM) 
unless stated otherwise. Differences among means were considered significant if P ≤ 
0.05, and statistical tendencies were considered if P ≤ 0.10.

3. Results

3.1. Broiler performance parameters
At 3 d post hatch, DN broilers had smaller BW compared with EN broilers (Δ = 30.1 g; 
P < 0.001; Table 2), particularly in early hatchers (feeding x hatch moment P < 0.001). 
Residual feed intake of EN broilers varied between 7.2 to 18.8 g during holding (0 to 72 
h after hatch).  Body weight was smaller in DN compared with EN (P < 0.001; Table 
3) at day 4 (Δ = 30.0 g), 10 (Δ = 85.0 g), and 14 (Δ = 122 g), without significant effects 
of hatch moment (data not shown). Absolute weight of residual yolk was not affected by 
hatch moment, nor by feeding (DN: 0.7 ± 0.09 g; EN: 0.7 ± 0.08 g P = 0.30).

3.2. Villi width and plasma FITC-d levels
In DN versus EN broilers, villi width was smaller in ileum (Δ = 29 µm; P < 0.001) and 
colon (Δ = 20 µm; P < 0.01), however, no differences were observed at 10 and 14 d. 
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(Table 3). Plasma levels of FITC-d at 4 d were not affected by feeding at 4, 10, and 14 d 
of age (Figure 1). Multiple plasma samples had FITC-d concentrations below detection 
limit at 10 (23 out of 47) and 14 d of age (37 out of 48), but not at 4 d.

3.31. Gene expression
RT-qPCR analysis in ileum and ceca collected at 4 d revealed that gene expression of 
TJ protein claudin 3 (CLD-3) was greater (P = 0.001) in ceca of DN broilers compared 
with EN, but not in ileum (Figure 2). Expression of scaffold protein zonula occludens 
1 (ZO-1) was lower (P = 0.05) in ileum of DN broilers compared with EN broilers. 
Expression of junction adhesion molecule 2 (JAM-2) was not affected by treatment in 
both segments. With respect to genes related to host defense pathways, we found lower 
gene expression of cyclo-oxygenase 2 (COX-2) in both ileum (P = 0.01) and ceca (P = 
0.003) in DN, compared with EN broilers. Expression of the cytokine interleukin 1β 
(IL-1β) tended to be lower (P = 0.10) in the ceca of DN broilers, whereas expression of 
mucin 2 (MUC-2) was greater (P = 0.05) in the ileum of DN broilers.

4. Discussion

The objective of this study was to study effects of 72 h DN, compared with EN, on 
intestinal epithelium integrity in broilers, as measured by villi width and IP. Abundance 
of RNA was measured by RT-qPCR to study gene expression of TJ related genes, and 
expression of genes related to host defense pathways. Our data are in line with current 
literature on effects of DN, compared with EN, with regard to BW, villi width, and IP. 
We observed smaller villi width and divergent expression levels of genes involved in TJ 
formation and organization in ileum and ceca of DN and EN broilers at 4 d of age, but 
no effects of feeding strategy on IP.

4.1. Effects of  delayed nutrition on broiler growth performance and intestinal 
integrity
Body weight was greater in EN compared with DN chickens throughout the experiment 
(77 % at 4 d to 39 % at 14 d), as expected (de Jong et al., 2017; Hollemans et al., 
2018). Residual yolk weight was evaluated to compare yolk disappearance in EN versus 
DN broilers. We observed no differences in residual yolk weight between DN and EN 
broilers or among hatch moments, suggesting that yolk resources may be sufficient to 
meet nutrients requirements for periods of DN up to 72h. Width of intestinal villi was 
measured to confirm that in our study, DN resulted in impaired intestinal morphology. 
Villi width was smaller in ileum (32 %) and colon (20 %) at 4 d of age in DN, compared 
with EN broilers, and diminished rapidly upon feeding, as expected (Geyra et al., 2001; 
Lamot et al., 2014). These findings indicate smaller absorptive area in DN compared 
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with EN broilers (Kisielinski et al., 2002).

We are the first to report effects of prolonged DN for 72 h on IP, and found that levels 
of FITC-d in plasma were unaffected by feed and water deprivation after hatch. The 
absence of treatment effects on FITC-d plasma levels suggests that DN has no, or at 
least short-lasting, effects on paracellular transport across the intestinal epithelium. This 
is in accordance with previous findings in broilers subjected to a 24 h duration of DN 
(Gilani et al., 2018).

Claudin, JAM, and ZO proteins play an essential role in maintaining intestinal integrity 
and paracellular transport (Schneeberger and Lynch, 2004; Anderson and Van Itallie, 
2009). In a dexamethasone model in broilers that invokes intestinal inflammation, 
greater paracellular transport of FITC-d via the intestinal epithelium was found to 
be associated with greater gene expression of CLD-3, ZO-1, ZO-2, and occludin, a 
TJ-associated transmembrane protein, in the ileum (Barekatain et al., 2019). These 
observations demonstrate a relation between paracellular transport and expression of 
certain TJ genes. This relation is further demonstrated in murine in vitro models, where 
greater CLD, JAM, and ZO gene expression resulted in elevated abundance of these 
proteins (Zhang et al., 2014). For example, greater gene expression of CLD-1, 2, 3, and 
4 resulted in greater transepithelial resistance in intestinal cell monolayers (Lu et al., 
2013). 

To gain insight in effects of DN on epithelium integrity on the molecular level, we 
measured expression of genes involved in the construction of TJ (CLD-3, JAM-2, ZO-
1). Whereas FITC-d plasma levels were unaffected by our feeding treatments (DN versus 
EN), we observed downregulation of CLD-3 and upregulation of ZO-1 in EN broilers. 
This may either indicate that the FITC-d method did not accurately reflect IP, or that 
IP was unaffected and that our observations on gene expression reflected maturation of 
the intestinal tract, rather than IP. With regard to maturation, it was found in rodents 
that expression of genes from the claudin family changes during the perinatal period 
(Holmes et al., 2006). 

Other studies suggest that metabolites of intestinal bacteria play a role in the 
maintenance of intestinal integrity by affecting expression of TJ-related genes (reviewed 
by Ulluwishewa et al., 2011). The expression of genes related to host defense was also 
studied, including immune responses (IL-1β, COX-2), and mucin dynamics (MUC-2), 
which can indirectly control IP (Turner, 2009; Lee, 2015; Volynets et al., 2016). Gene 
expression levels of COX-2 and IL-1β were lower (P ≤ 0.05) in DN, compared with 
EN broilers, primarily in the ceca. Remarkably, we observed no differences in IP, while 
elevated levels of COX-2 and IL-1β are known to induce inflammatory processes and 
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are associated with greater IP (Schneeberger and Lynch, 2004; Fredenburgh et al., 2011; 
Lee, 2015). For example, IL-1β levels were elevated during intestinal inflammation and 
decreased TJ integrity in CaCo-2 cells (Al-Sadi et al., 2008), probably via activation 
of myosin light chain kinase (Turner, 2009). The enzyme COX-2 is responsible for 
formation of prostanoids, and is involved in inflammatory processes (Fredenburgh et 
al., 2011). Mice deficient in COX-2 were shown to have greater IP, as COX-2 was 
found to upregulate expression of occludin, ZO-1, and CLD-1 (Fredenburgh et al., 
2011). Mucin 2 is a gel forming glycoprotein which covers the luminal surface of the 
gut, and was elevated in EN compared with DN broilers. This finding is in accordance 
with other studies (Uni et al., 2003; Smirnov et al., 2004), and may suggest differences 
in colonization of the intestinal tract by bacteria (Deplancke and Gaskins, 2001). 

In DN broilers, delayed bacterial colonization compared with EN broilers is suggested 
(Binek et al., 2000), including differences in microbiota composition in the ileum up 
to 9 d of age (Simon, 2016). In addition, it was suggested that development of gut 
associated lymphoid tissue (GALT) after first feeding post hatch may be accelerated, 
likely as a result of antigenic stimulation by intestinal microbiota and feed (Juul-
Madsen et al., 2004; Bar-Shira et al., 2005; Bar-Shira and Friedman, 2006; Simon 
et al., 2014). Bar-Shira and Friedman (2006) suggested that immune stimulation by 
microbial colonization in the intestinal tract, and subsequent upregulated expression of 
pro-inflammatory cytokine genes in duodenum, colon, and ceca during the first days 
after hatch, is responsible for this accelerated development of GALT. We speculate, that 
the observed effects of DN on ileum and ceca gene expression, may reflect delayed 
development of GALT, due to the lack of feed intake and reduced bacterial colonization 
in DN compared with EN broilers, rather than differences in IP.

4.2. FITC-d procedure to measure paracellular intestinal permeability
Various methods to quantify IP are described in literature (reviewed by Gilani et al., 
2016a; Wells et al., 2017). In this study we have used the FITC-d method to measure 
paracellular transport, as this a well-known method to evaluate IP in broilers between 
4 to 38 d of age (Kuttappan et al., 2015a; b; Vicuña et al., 2015b; Gilani et al., 2016b, 
2017b, 2018; Baxter et al., 2017; Barekatain et al., 2019). However, retrospectively, 
our results suggest that the method requires further optimization to accurately measure 
effects of dietary treatments on paracellular transport of FITC-d in young broilers. 
Firstly, we reported a relatively large number of plasma samples below detection limit 
at 10 (23 out of 47) and 14 (37 out of 48) d of age. We could not compare these values 
to literature, as detection limits were not reported (Kuttappan et al., 2015a; b; Vicuña 
et al., 2015b; Gilani et al., 2016b, 2017b, 2018; Baxter et al., 2017; Barekatain et al., 
2019). However, our data indicate poor sensitivity of the method for broilers ≥ 10 days 
of age, using the dosing protocol according to the aforementioned studies.
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In addition, we observed large contrasts in BW at all ages, as a result of the treatments 
(DN versus EN), pointing out the need for BW-correction of pulse doses. Remarkably, 
adjustment of the oral pulse dose of FITC-d for BW is commonly not reported (Tellez 
et al., 2014; Kuttappan et al., 2015a; Vicuña et al., 2015b; Gilani et al., 2017b; a, 
2018; Barekatain et al., 2019). When not corrected for BW, FITC-d levels in blood may 
be confounded with absorptive capacity of the gastro-intestinal tract (GIT). Delayed 
nutrition broilers are reported to have a smaller GIT, compared with EN broilers 
(Lamot et al., 2014), and have lower absorptive area (e.g. Smirnov et al., 2005). This 
suggests lower absolute levels of paracellular transport of FITC-d in DN, compared with 
EN broilers. Apart from differences in absorptive area, BW is positively correlated with 
blood volume (Medway and Kare, 1959; Kotula and Helbacka, 1966). Due to their 
lower BW, DN broilers had lower blood volume compared with EN broilers, resulting 
in greater dilution of FITC-d plasma levels. Therefore, FITC-recovery in our study 
was calculated as follows. FITC-d levels in plasma were multiplied by the estimated 
blood volume (Kotula and Helbacka, 1966), and subsequently divided by the amount 
of FITC-d supplied as oral pulse dose. This resulted in estimated FITC-d recoveries 
ranging between 0.35 and 2.51 % w/v, which is in accordance with existing literature 
on broilers up to 10 d of age (0.3 to 1.3 % w/v) (Tellez et al., 2014, 2015; Vicuña et al., 
2015a; Gilani et al., 2018). Baxter et al. (2017) concluded that accuracy of the FITC-d 
method can be optimized in 10 d old broilers by a greater oral pulse dose (up to 8.32 
mg FITC-d / kg BW), and earlier collection of blood after the oral pulse dose (1 h after 
dosing). However, we were not able to determine whether FITC-d recovery after the 
oral pulse dose was indeed greater in this study compared with our study, as BW was 
not published. 

Secondly, we also presume that measuring IP using FITC-d in the fed state, might 
be confounded by a lack of standardization of feed intake and gut fill. However, this 
standardization is also not reported in other studies measuring IP in vivo (Tellez et al., 
2014, 2015; Vicuña et al., 2015a; Baxter et al., 2017; Gilani et al., 2018). Variation 
in the amounts of digesta in the GIT will result variable dilutions of FITC-d in the 
intestinal lumen, thus affecting the amount of FITC-d that will have contact with 
the intestinal epithelium. Finally, the 24 h habituation period after DN in our study, 
following procedures of Gilani et al. (2018), may have resulted in rapid regeneration 
of TJ pore size. As TJ pore size is known to be highly dynamic (Shen et al., 2008; De 
Punder and Pruimboom, 2015), this habituation period may have diminished potential 
effects on FITC-d permeability. In summary, we propose that future studies comparing 
IP between DN and EN broilers using the FITC-d procedure, should (1) adjust the 
amount of marker supplied as oral pulse dose for BW, (2) apply a short period of 
fasting to standardize gut fill, and (3) omit habituation periods. Nevertheless, our data 
obtained on 4 days of age, where all samples had plasma FITC-d concentrations above 
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the detection limit, even if corrected for blood volume in DN versus EN broilers, did 
not point out any differences between DN and EN treatments. This confirms that DN 
has no, or at least short-lasting, effects on paracellular transport across the intestinal 
epithelium. 

5. Conclusions

Our data confirm that impaired growth during the first 14 d observed in DN broilers, 
coincides with transient effects on ileal and colonic villi width. Paracellular transport 
through the intestinal epithelium, measured with FITC-d, was unaffected by DN. The 
divergent expression of TJ and host defense genes, together with findings on villi width, 
may reflect delayed intestinal and immune development in DN compared with EN 
broilers, whilst DN does not fundamentally alter intestinal permeability.
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Table 2: Effect of early (EN) or 72 h delayed nutrition (DN) on body weight (g) of broiler chickens at 3 
days post hatch, for early and late hatched broilers.

Treatments   Mean SEM n

Early hatchers 1        

DN   39.4 a 0.46 115

EN   71.2 c 0.47 111

         

Late hatchers 1        

DN   40.2 a 0.52 90

EN   68.5 b 0.54 85

         

P-values 2        

Feeding*Hatch moment < 0.001    

Feeding   < 0.001    

Hatch moment   0.07    

Data are presented as estimated marginal means with their standard errors (SEM), and number of broilers 
within each group (n). Means lacking a common superscript  differ (P ≤ 0.05)
1 Early hatchers hatched in the first 12 h, and late hatchers in the second 12 h of the hatch window. First 
and last 5 % of hatchlings were removed from the study.
2 Model established P-values for fixed effect of feeding, hatch moment, and their interaction.
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Table 3: Effects of early (EN) or 72 h delayed nutrition (DN) on villi width in ileum and colon, and body 
weight (g), at 4, 10, and 14 days post hatch in broiler chickens.
    Villi width 1  

Bodyweight
    Ileum   Colon  

Treatment Age (d)   Mean SEM n   Mean SEM n   Mean SEM n

4                        

DN   92 3.18 8   100 3.45 9   39.2 0.86 34

EN   121 3.74 10   120 3.92 10   69.2 0.93 29

Fixed effect 2   <0.001   <0.01   <0.001

  10                        

DN   134 7.33 4   126 6.05 4   175.0 4.19 23

EN   136 7.44 4   127 6.09 4   260.0 4.19 23

Fixed effect 2   0.92   0.92   <0.001

  14                        

DN   132 8.32 4   132 6.43 4   315.0 8.03 23

EN   140 8.86 4   149 7.28 4   437.0 7.86 24

Fixed effect 2   0.12   0.12   <0.001

Data are presented as estimated marginal means with their standard errors (SEM), and number of broilers 
within each group (n).
1 Mean width of 30 villi measurements per broiler in µm.
2 Model established P-values for fixed effect of feeding.
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30 29 24 23 24 24

Figure 1: Effects of 72 h delayed (DN) or early nutrition (EN) on fluorescein isothiocyanate-dextran 
(FITC-d) blood plasma concentrations (µg FITC-d / mL) after an oral pulse dose of  3.85 mg FITC-d at 
4, 10, and 14 days post hatch in broiler chickens. Circles represent concentrations measured in individual 
plasma samples. The horizontal line in the boxplots represents the median, and whiskers span the 1.5 * 
interquartile range from the box. The dotted horizontal line indicates the lower detection limit (2.4 µg / 
mL). No differences among means (P > 0.10) were observed. Numbers represent number of observations 
for each treatment group for each age.
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*

* *

*

† **

Figure 2: Relative expression levels of genes involved in tight junction formation and organization affected 
by early (EN) or 72 h delayed nutrition (DN) in ileum (panel A) or cecum (panel B) at 4 d post hatch in 
broiler chickens. Absolute mRNA levels were normalized to the corresponding mRNA levels of RPL-P0. 
Circles represent individual broilers. The horizontal line in the boxplots represent the median and whiskers 
span the 1.5 * interquartile range from the box. Differences among means are indicated with ** (P ≤ 0.01) 
or * (P ≤ 0.05), and tendencies (P ≤ 0.10) with †. For all treatment groups and organs, n = 10, except for 
cecum from EN (n = 6).



Chapter 3

80

Supplementary Table 1: Ingredient and calculated nutrient composition of control diet provided during 
the experiment (in %, as-fed basis, unless indicated otherwise).
     

Ingredients (in %)    

  Wheat   36.4
  Soybean meal   23.2

  Extruded full-fat soybeans   10.0
  Rye   20.0

  Soybean oil          5.9
  L-Lysine   0.3
  DL-Methionine   0.3
  L-Threonine   0.2
  Limestone   1.4
  Monocalcium phosphate   1.4
  Sodium bicarbonate   0.4
  Sodium chloride   0.1
  Premix1   0.5
  NSP enzyme2   0.03

     
Calculated nutrient composition3    

  Moisture   118

  Crude protein 4   229

    Digestible lysine5   12.0

    Digestible methionine + cysteine5   8.6

    Digestible threonine5   7.4

  Crude fat6   84

  Crude fiber   25

  Ash   65

  Starch7   304

  DE (kcal/kg)   2850

  Calcium 8   9.5

  Phosphorus 8   6.5

1 Containing Vitamin A (2,500,000 IU); D3 (600,000 IU); E (3,350 IU); K3 (600 mg); B1 (600 mg); 
B2 (1,500 mg); B6 (800 mg) ; B12 (6,000 mg); niacin (9,000 mg); panthothenic acid (2,000 mg); biotin 
(100,000 mg); choline chloride (100,000 mg); Mn (17,000 mg); Zn (18,000 mg); Cu (3,000 mg); Fe 
(16,000 mg); I (400 mg); Se (50 mg).
2 Commercial bacterial endo-1,3-β-xylanase (Belfeed, Agrimex N.V., Lille, Belgium).
3 Calculated based on feed table of CVB (2007) and specified in g / kg unless specified otherwise.
4 Conversion factor: 6.25
5 Apparent total tract digestibility.
6 Ether extract with acid hydrolysis (ISO 6492).
7 Amyloglucosidase method (ISO 15914)
8 Total amount
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Abstract

Immune maturation of broiler chickens may be affected by management, such as early 
life feeding strategy (early versus delayed nutrition) or by low or high sanitary conditions 
(LSC versus HSC). We compared systemic maternal (MAb), natural (NAb), natural 
auto- (NAAb), and antigen specific antibody (SpAb) levels (IgM, IgY) between broilers 
(n = 48 per treatment) that received early (EN) or delayed nutrition for 72 h (DN) 
housed in either low (LSC) or high sanitary conditions (HSC) between 7 and 35 d of 
age. We found minimal interactions between feeding strategy and sanitary conditions. 
At 7 d of age, broilers receiving EN compared with DN, had elevated levels of IgM 
binding keyhole limpet hemocyanin (KLH), phosphoryl-conjugated ovalbumin (PC-
OVA), and muramyl dipeptide (MDP), whereas effects of feeding strategy diminished 
at later ages. In LSC compared with HSC broilers, levels of NAb agglutinating RRBC 
and sheep red blood cells (SRBC) were already elevated from 14 d of age onwards. At 33 
d of age, antibody levels (NAb, NAAb, anti-LPS, anti-MDP) were all elevated in LSC, 
compared with HSC broilers, for both IgM and IgY, but not IgM against KLH. Western 
blotting revealed different binding patterns of NAAb against chicken liver homogenate, 
which may indicate that the NAAb repertoire is affected by antigenic pressure. Our 
data suggest that antibody levels are affected for an important part by environmental 
conditions (feeding strategy and sanitary conditions), but not by their interaction. 
However, it remains to be further studied whether the enhanced levels of antibodies as 
initiated by EN and LSC contribute to enhanced resistance to infectious diseases.
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1. Introduction

Activation and maturation of the immune system, including generation of antibodies, 
is suggested to be dependent on antigen exposure in the intestinal tract during the first 
days after hatch of broiler chickens (Bar-Shira et al., 2005; Bar-Shira and Friedman, 
2006; Simon et al., 2014). Early exposure to intestinal microbiota and feed derived 
antigens may contribute to accelerated immune maturation (reviewed by Friedman et 
al., 2003). Therefore, the amount of these antigens after hatch may determine how fast 
antibody production will be established. Early (access to) nutrition (EN) and rapid 
exposure to dietary and microbial antigens in the intestinal tract as a result of feed intake 
(Binek et al., 2000; Karpinska et al., 2001; Potturi et al., 2005; Simon, 2016) may 
thus facilitate development of the immune system. In commercial broiler husbandry, 
however, broilers may experience a delay in access to feed and water up to 72h (DN), 
causing delayed maturation of the immune system (Bar-Shira et al., 2005), as antigen 
exposure is also in chickens essential for immune maturation (reviewed by Bar-Shira et 
al., 2003; Broom and Kogut, 2018). Studies comparing effects of EN versus DN on 
immune development, found accelerated maturation of the adaptive immune system, 
exemplified by higher lymphocyte numbers (Bar-Shira et al., 2005; Juul-Madsen et al., 
2004), and earlier onset of antibody responses after rectal immunization (Bar-Shira et 
al., 2005). Whether EN contributes to improved later life immune responses, has been 
subject of debate. Most of these studies found little or no effects of EN on antibody 
levels (Dibner et al., 1998; Lamot et al., 2016; Simon et al., 2014; Walstra, 2011), 
but these studies were executed under relatively high sanitary conditions. Simon et al. 
(2015) observed lower antigen specific IgY responses in DN broilers, but not in EN 
broilers, housed under higher antigenic pressure compared with broilers housed under 
low antigenic pressure. This may indicate an interaction between feeding strategy and 
antigenic pressure on antibody responses in later life.
Antibodies are important effector molecules of the immune system in both mammals 
and avian species (Vollmers and Brändlein, 2005), and are therefore good indicators 
for development and functioning of the immune system. Antibodies bind antigens and 
activate the complement cascade, resulting in neutralization of pathogens and removal 
of immune complexes by phagocytic cells (Ochsenbein and Zinkernagel, 2000). 
Three types of antibodies are distinguished: specific antibodies (SpAb) after antigenic 
stimulation, natural antibodies (NAb), and natural auto- (or self-binding) antibodies 
(NAAb). Classical SpAb responses rest on T-cell help after antigen presentation by 
antigen presenting cells, resulting in SpAb secreting plasma cells, with increasing affinity 
and specificity, and memory B-cells (Tizard, 2018). The existence of NAb, which bind 
to antigens to which the immune system has never been exposed, has been demonstrated 
in chicken (Matson et al., 2005; Parmentier et al., 2004). Natural antibodies have been 
found to contribute to resistance against bacterial pathogens, and higher levels of NAb 
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correlated with reduced risk of mortality in laying hens (Berghof et al., 2019; Star et al., 
2007; Sun et al., 2011). Antibodies binding towards (altered) self-antigens (NAAb) are 
present in chickens as well (Bao et al., 2016; De Jong et al., 2014; van der Eijk et al., 
2019; Van Dijk and Parmentier, 2020), although their exact function in chickens need 
to be unraveled. 
It is unknown whether early exposure of the immune system to a greater antigenic 
load may affect levels of NAb and NAAb, and whether differences persist on the long 
term under low (LSC) or high sanitary conditions (HSC). To our knowledge, studies 
that compare immune development of broiler chickens under either LSC or HSC, and 
the interaction with feeding strategy are rare (Simon et al., 2015). Hence, we studied 
whether different feeding strategies (EN versus DN) and sanitary conditions (LSC 
versus HSC) affect development of NAb, NAAb, and SpAb levels. We propose that EN 
compared with DN, due to increased antigenic exposure, led to earlier stimulation of 
antibody producing B-cells, and thus higher antibody levels in EN broilers. This may 
ultimately improve the first line of defense towards infections and survival (Berghof et 
al., 2019; Star et al., 2007; Sun et al., 2011), and enhanced physiological homeostasis 
due to removal of damaged auto-antigens (Lutz et al., 2009; Ochsenbein, 1999).

2. Materials and methods

2.1. Experimental design
The experiment and procedures were ethically approved according to Dutch law under 
application number AVD104002016441. The experiment was executed in 3 consecutive 
batches and designed as a 2*2 factorial approach consisting of feeding strategy (EN 
versus DN) and sanitary conditions (LSC versus HSC). One separate climate respiration 
chamber (CRC) was used for each sanitary condition and each CRC contained 8 floor 
pens (1.1 * 1.8 m), each containing 10 broilers per pen at the start of the experiment 
(0 d of age). This resulted in a total of 16 pens divided over 2 CRC. Both CRC were 
completely identical in their set-up and were controlled for identical climate conditions 
(temperature, humidity, CO2, NH3). During the first 7 d of age, 1 broiler per pen was 
randomly selected and euthanized for another study (Hollemans et al., manuscript in 
preparation) at 0, 1, 2, 3, and 7 d of age. The broiler euthanized at 7 d of age, was used 
for blood plasma and liver collection for antibody measurements and Western blotting. 
From 7 d of age onwards, pens contained 5 broilers per pen. At 24 d of age, 1 broiler 
per pen was randomly selected for sheep red blood cell (SRBC) immunization and 
blood serum collection. At 33 d of age, 1 broiler per pen was randomly selected out 
of the remaining 4 broilers in the pen for blood plasma and liver collection. Random 
selection of broilers was done with the random sampling procedure in R version 3.6.1. 
(R Development Core Team, 2018).
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2.2. Animals, housing, and nutrition
For each respective batch, just hatched (< 4 h) Ross 308 male hatchlings (n = 160 / batch) 
without abnormalities (parent stock age: batch 1: 31 w, batch 2: 33, and batch 3: 48 
weeks) were obtained from a commercial hatchery, and transported to the experimental 
facility. After arrival, chickens received an ID tag in the neck, and were distributed over 
floor pens. The pens contained SoftCell (Agromed GmbH, Kremsmünster, Austria) 
as bedding material, covered with chicken paper during the first 3 d to prevent litter 
uptake. Ambient temperature was set at 36 °C and was gradually reduced to 29 °C until 
7 d of age, and then further gradually reduced to 18 °C at 42 d. Relative humidity was 
set at 55 % at the start of the trial and gradually increased to 75 % at 42 d. Levels of 
CO2 were maintained ≤ 2500 ppm and that of NH3 ≤ 20 ppm. Broilers had ad libitum 
access to water via drinking nipples and feed via a feeder, except for DN chickens, 
which had no access to nutrition (water and feed) during the first 72 h after hatch from 
placement onwards. Commercial pelletized broiler starter (0 – 7 d; DE: 2850 kcal / kg; 
total lysine: 11.8 g / kg), grower (7 – 28 d; DE: 2900 kcal / kg; total lysine: 11.2 g / kg), 
and a finisher diets (28 – 35 d; DE: 2950 kcal / kg; total lysine: 10.7 g / kg) were fed. 
The grower diet contained decoquinate (0.05 g / kg; Deccox 6 %, Zoetis, Capelle aan 
den IJssel, the Netherlands). Broilers were vaccinated against Newcastle disease at 3 d of 
age, but this was accidentally omitted in batch 1. We observed no indications that this 
may have influenced the outcome of the experiment.

2.3. Induction of  low and high sanitary conditions
Induction of different sanitary conditions is described in detail elsewhere (Hollemans 
et al., in preparation). In short, LSC were induced from 3 d of age until the end of the 
experiment and consisted of spreading used litter (from 3 commercial broiler flocks 
per batch, obtained at approximately 35 d) in pens every 4 d, and the CRC was under-
pressurized (- 65 ± 5 Pa). Broilers housed under HSC were kept in a separate over-
pressurized (100 ± 5 Pa) CRC and caretakers and researchers were obliged to shower, 
and wear clean clothes, hairnet, gloves, and disinfected boots. 

2.4. Immunizations
To induce a classical specific immune response, 2 broilers per pen received an intra-
muscular (i.m.) immunization with 1 mL of 25 % packed sheep red blood cells (SRBC) 
in phosphate buffered saline (PBS) at 24 d of age (0 d post immunization (p.i.)). Packed 
SRBC were obtained by washing SRBC 5 times with PBS. Centrifugation was done at 
1000 g for 15 min. Final packed SRBC were diluted in sterile PBS and stored at 4 °C 
upon immunization (within 24 h).
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2.5. Sample collection
Whole blood from 1 broiler per pen was collected at 14, 24, and 31 d of age (-10, 0, 
7 d p.i.), incubated for 2 h at 4 °C, and subsequently centrifuged (12,000 g, 5 min) 
to obtain serum for haemagglutination assays. In batch 2 and 3, whole blood from 1 
broiler per pen was collected in heparinized tubes, and centrifuged (12,000 g, 5 min) 
to obtain plasma at 7 and 33 d of age, for ELISA and Western blotting. Afterwards, the 
broiler was euthanized by decapitation (7 d) or intravenous injection with an overdose 
of pentobarbital (33 d), and approximately 5 g of liver was collected in cryovials, and 
snap frozen in liquid nitrogen. All plasma and serum samples were stored at -20 °C, and 
liver samples were stored at 80 °C , until further analyses.

2.6. Enzyme-Linked Immunosorbent Assay
Flat-bottomed 96-well medium binding ELISA plates (Greiner Microlon, Sigma-Aldrich, 
Darmstadt, Germany) were coated with 100 μL / well of antigen dilutions in coating 
buffer (pH 9.6) and incubated at 4°C overnight. Antigens were either PC-OVA (2 µg / 
mL, Santa Cruz Biotechnology, SC-396491), KLH (2 µg / mL, Sigma-Aldrich, H7017), 
LPS (2 µg / mL, Sigma-Aldrich, L2880), and MDP (1 µg / mL, Sigma-Aldrich, A9519). 
After washing with PBS, plates were filled with 100 μL of PBS containing Tween 20 
(0.05 %) and horse serum (1%) per well. Plasma (starting at 1:40 dilutions) was added 
followed by 4 dilution steps, as well as a standard positive control (in duplo) from pooled 
plasma, and plates were incubated for 1.5 h at 20 °C and subsequently washed with tap 
water. Conjugates (goat-anti-chicken IgM or goat-anti-chicken-IgY conjugated to horse 
radish peroxidase (Bethyl Laboratories Inc., Montgomery, TX); all 1:10,000 diluted 
for all antigens, and 1:40,000 for LPS-IgY) were added to the plates and incubated 
for 1.5 h at room temperature. After washing, binding of antibodies was visualized by 
adding 100 µl of substrate (reverse osmosis purified water, 10% tetramethylbenzidine 
buffer (15.0 g / L sodium acetate, 1.43 g / L urea hydrogen peroxide; pH 5.5), and 
1 % tetramethylbenzidine (8 g / L DMSO) at 20 °C. After 15 min, the reaction was 
terminated with 50 µl of 1.25 M H2SO4. Extinctions were measured with a Multiskan 
GO (Thermo scientific, Breda, the Netherlands) at 450 nm. Titers were expressed as 
log2 values of the dilutions that gave an extinction closest to 50% of Emax, where Emax 
represents the highest mean extinction of the standard positive.

2.7. Haemagglutination assay
Haemagglutination and lysis of SRBC and rabbit red blood cells (RRBC) were analyzed 
in serum collected at 14, 24, and 33 d of age following procedures of Matson et al. (2005), 
including treatment of serum with β-mercaptoethanol (2-ME) to cleave 2-ME sensitive 
antibodies for 30 min at 37 °C. Normal and 2-ME treated sera were then diluted with 
PBS in a twofold serial dilution in 96-well round bottom assay plates, resulting in a total 
of 11 dilutions, including PBS as a negative control, in a reaction volume of 25 µL. To 
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all wells, 25 µL of 1 % RRBC (Innovative Research, Novi, U.S.A., IRBRBC25ML) or 
SRBC (ThermoFisher Scientific, Bleiswijk, the Netherlands, S0051D) suspension was 
added. Then the plates were gently vortexed for 10 s, and incubated for 24 h at room 
temperature. After incubation, the highest dilution showing haemagglutination, was 
scored. The ratio of levels of antibodies binding SRBC between 7 and 0 d post SRBC 
immunization was calculated to obtain fold change.

2.8. SDS-PAGE and Western blotting
Preparation of chicken liver homogenate (CLH), and binding of IgM and IgY antibodies 
to CLH antigens in plasma of birds at 33 d of age by Western blotting after protein 
separation SDS-PAGE on 4 – 15 % precast gels (BIORAD, Hercules, CA, USA), was 
done following procedures as previously described (Van Dijk and Parmentier, 2020). 
Molecular weights were estimated by a color standard (10 to 250 kD, BIORAD). After 
scanning the blots with a flatbed scanner (GS-600, BIORAD), stained CLH fragments 
(bands) were counted by Image Lab 6.0 software (BIORAD). To know whether feeding 
and sanitary condition treatments affected the antigen composition of CLH contents, 
binding of antibodies was tested on CLH obtained from all treatments (EN-LSC, EN-
HSC, DN-LSC, DN-HSC, n = 8 broilers per treatment). As there were no effects of the 
experimental treatments on CLH fragment composition (Supplementary Data), CLH 
from one adult laying hen (16 w of age) was used in all Western blot assays. 

2.9. Statistical analyses
Data were processed, analyzed, and presented using R version 3.6.1 (R Development 
Core Team, 2018). General linear models were established to estimate fixed effects of 
sanitary conditions (LSC, HSC), feeding (DN, EN), and their interaction, on levels of 
antibodies binding KLH, PC-OVA, LPS, and MDP for 7 and 33 d of age separately. 
Identical models were established to analyze treatment effects on performance data (BW, 
ADG) on agglutination of SRBC and RRBC including fold change, and number of 
bands detected on Western blots. In all models, batch was added as a covariate including 
a batch * feeding and a batch * sanitary conditions interaction. Non-significant covariates 
(P ≤ 0.10) were excluded from the model.
Model residuals of the linear models were tested to verify assumptions of normality 
and homogeneity by QQ-plots and residual plots. Logarithmic transformation was 
applied to normalize residuals if required. P-values ≤ 0.05 were considered statistically 
significant and P-values ≤ 0.10 were considered as tendencies. All data are presented 
as (back-transformed) estimated marginal means with standard errors unless specified 
otherwise. 
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3. Results

3.1. Antibody levels
At 7 d of age we measured plasma levels of IgM and IgY binding KLH, RRBC, and 
SRBC before immunization (as a parameter for NAb), PC-OVA (NAAb), LPS and 
MDP (Table 1, Figure 1 and 2), to study effects of early life feeding strategy (EN 
versus DN) on early life antibody levels and whether or not these are affected by 
sanitary conditions (LSC versus HSC). At 33 d of age, we again measured levels of 
antibodies (IgM, IgY) binding KLH, PC-OVA, LPS, and MDP (Table 2). Here, we 
investigated whether differences caused by feeding strategy at 7 d of age lasted up to 
33 d of age, and whether sanitary conditions during rearing affect antibody levels at 
later life. Haemagglutination against SRBC after immunization (SpAb) was measured in 
serum to compare the classical specific antibody response between all treatment groups 
(Figure 1). With regard to all antigens and ages, no interaction effects (feeding strategy 
* sanitary conditions) were present (P > 0.10), with exception of NAb binding RRBC 
at 24 d of age (P = 0.08), and therefore results will be presented separately for feeding 
strategy and sanitary conditions.

3.1.1. NAb
At 7 d of age, levels of natural IgM, but not IgY, binding KLH tended (P = 0.08) to 
be higher in EN compared with DN broilers (Δ = 0.6; Table 1), whereas at 33 d of 
age no effects were observed (Table 2). Levels of IgY, but not IgM, binding KLH were 
lower in LSC compared with HSC at 7 d (Δ = 0.8; P = 0.09), but at 33 d of age levels 
of LSC were higher compared with HSC (Δ = 2.4; P < 0.001). Agglutination of RRBC 
was measured at 14, 24, and 31 d of age to study levels of NAb binding RRBC during 
aging, and were not affected by feeding strategy at any age. In LSC compared with HSC 
broilers, levels of RRBC agglutination tended to be higher (P = 0.10) at 24 d of age, and 
were higher (P = 0.01) at 31 d of age. Levels of NAb binding SRBC at 14 d of age were 
higher in both untreated (P < 0.01) and 2-ME treated serum (P = 0.07).

3.1.2. NAAb
At 7 d of age, IgM binding the auto-antigen PC-OVA was higher (Δ = 0.9; P = 0.01) in 
EN compared with DN, while IgY was lower (Δ = 1.4; P = 0.005). No effects of sanitary 
conditions were found. At 33 d of age, LSC compared with HSC broilers had higher 
levels of both IgM (Δ = 2.4, P < 0.001), and IgY (Δ = 1.6, P = 0.01) binding PC-OVA, 
whereas no effects of feeding strategy were found. 
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3.1.3. Antibodies binding LPS and MDP
Antibodies binding LPS or MDP are difficult to define as either NAb or SpAb, because 
the broilers are expected to be exposed to LPS and MDP. It is however uncertain whether 
this is the case for the antigens used in the ELISA. Therefore, no distinction has been 
made between NAb and SpAb for these antigens. At 7 d of age, we observed that IgM 
and IgY antibodies binding LPS from E. coli were not affected by feeding strategy or 
sanitary conditions. Levels of IgM binding MDP were higher (Δ = 1.1; P = 0.01) in 
EN compared with DN broilers, whereas IgY binding MDP was unaffected by early 
life feeding strategy. Both IgM and IgY binding MDP were not affected by sanitary 
conditions. At 33 d of age, levels of IgM binding LPS tended to be lower (Δ = 0.7; P = 
0.07) in EN compared with DN, but IgY binding LPS and antibodies binding MDP 
were unaffected by feeding strategy. In 33 d old broilers, we observed higher levels of 
IgM binding LPS from E. coli (Δ = 1.0; P = 0.01) and IgY (Δ = 3.1; P = 0.002) in LSC 
compared with HSC broilers. Antibodies binding MDP were higher (P < 0.001) in LSC 
compared with HSC broilers, for both IgM (Δ = 1.2) and IgY (Δ = 1.5).

3.1.4. Specific antibody levels
Agglutination of SRBC before (-10 and 0 d p.i., as measure of NAb) and after (7 d p.i., 
as a measure of SpAb) immunization with SRBC in untreated and 2-ME treated serum 
(Figure 1) was not affected by feeding strategy (EN versus DN), while we observed 
higher levels of agglutination in LSC compared with HSC broilers in both untreated 
and 2-ME treated serum before immunization (NAb), but not at 7 d p.i. (SpAb). 
Because of different basal levels of agglutinating antibodies prior to immunization, the 
fold change between 0 and 7 d p.i. was calculated. We observed higher fold change in 
untreated (Δ = 2.0; P = 0.02) serum of HSC compared with LSC, and 2-ME treated 
serum (Δ = 2.0; P < 0.001) in HSC compared with LSC. We found a tendency (P = 
0.06) for an interaction (feeding strategy * sanitary conditions) that indicated the lowest 
fold change in 2-ME treated serum of EN-LSC compared with other groups. Sheep 
red blood cell lysis titers varied between 0 to 2 among all ages, and were not different 
between treatments (data not shown).

3.2. Antibodies binding chicken liver lysate
Western blots were conducted to study whether feeding strategy and sanitary conditions 
affected antibody binding patterns to a pool of liver antigen fragments at 33 d of age, 
thereby reflecting the NAAb repertoire (Vaz, 2000). We observed divergent IgM (Figure 
3) and IgY (Figure 4) patterns binding CLH, which was confirmed by higher number of 
IgM and IgY stained bands by LSC compared with HSC broilers (both P < 0.001; Table 
3). For both isotypes, we did not find differences between EN and DN, but differences 
between sanitary conditions (LSC versus HSC) were clearly present. Western blots 
revealed more liver fragments stained and higher staining intensity of these fragments by 
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IgM and IgY from birds kept under LSC, compared with HSC, indicating that higher 
levels of self-binding antibodies are present under LSC.

4. Discussion

We studied effects of feeding strategy (EN versus DN) and sanitary conditions (LSC 
versus HSC) on the presence and development of maternal (mAb), natural (NAb), 
natural-auto (NAAb), and specific antibody (SpAb) levels in broiler chickens. Specifically, 
we measured levels of antibodies (IgM, IgY) binding (1) KLH, RRBC, and SRBC before 
immunization, as parameters for natural antibodies (NAb), (2) PC-OVA as parameter 
for natural auto-antibodies (NAAb), and (3) LPS and MDP as an indication of exposure 
to microbial associated molecular patterns. In addition, we measured specific antibodies 
(SpAb) binding SRBC after immunization with SRBC, to study adaptive antibody 
responses, and Western blotting was performed to study the NAAb repertoire binding 
CLH. Interactions among feeding strategy and sanitary conditions were not present for 
any of the parameters, indicating that the observed short-term effects of EN, do not 
affect antibody levels when housed under LSC conditions. In EN, compared with DN 
broilers, we observed increased IgM levels of NAb and NAAb, and antibodies binding 
MDP at 7 d of age. These differences were no longer present at 33 d of age suggesting 
no long-term effects of EN on the humoral immune system. Broilers reared under LSC 
compared with HSC, had higher levels of NAb agglutinating SRBC (-10 and 0 d p.i.) 
and RRBC (14, 24 and 31 d of age), as well as higher levels of NAb binding KLH, 
NAAb binding PC-OVA, and antibodies binding LPS and MDP. Absolute levels of 
SpAb agglutinating SRBC were not affected by treatments, but a higher fold change of 
SpAb agglutinating SRBC was observed in HSC, compared with LSC broilers.

4.1. Maternal IgY
In chickens, maternal antibodies (mAb) are transferred via both yolk (IgY) and albumen 
(IgM and IgA) (Hamal et al., 2006; Ismiraj et al., 2019; Van Dijk and Parmentier, 
2020). Studies investigating yolk utilization after hatch, suggested better utilization of 
yolk constituents after EN compared with DN broilers (Noy et al., 1996; Noy and 
Sklan, 2001), potentially increasing the uptake of mAb from yolk in the first days after 
hatch. However in this study we found no differences in residual yolk disappearance 
among EN and DN broilers at 0, 1, 2, 3, and 7 d of age (data not shown). It appears 
that no consensus has been reached yet on effects of EN on yolk disappearance, and the 
reasons for the inconsistent findings among studies are yet unknown (reviewed by van 
der Wagt et al., 2020). So far, it is unknown whether maternal IgY deriving from the 
yolk is transported through the intestinal epithelium. To obtain a first insight whether 
uptake of mAb still might be affected by EN, we tested whether EN compared with DN 
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broilers, have higher levels of mAb in blood plasma, which may contribute to passive 
(maternal) protection. We assume that the measured IgY at d 7 is of maternal origin, as 
IgY secreting neonatal B-cells are not detectable in spleen up to 6 d of age (Lawrence 
et al., 1981), and IgY gene expression was not detectable in intestinal tissue up to 10 d 
of age (Lammers et al., 2010).  Levels of systemic IgY binding KLH, LPS, and MDP 
were not affected by feeding strategy, providing a first suggestion that mAb uptake is 
not enhanced after EN. Speculatively, our observation of lower levels of IgY binding 
PC-OVA in EN compared with DN broilers, might suggest greater turnover of NAAb 
in EN broilers but this cannot be confirmed within this study.

4.2. Specific antibody responses
Whereas levels of SpAb binding SRBC were unaffected by sanitary conditions at 31 d of 
age, fold change ratio in levels of SpAb binding SRBC between 0 and 7 d p.i. (24 and 
31 d of age) was lower in LSC compared with HSC broilers. As levels of NAb binding 
SRBC were higher in LSC compared with HSC broilers at 24 d of age (0 d p.i.), we 
suggest that in LSC broilers, NAb levels are elevated, while HSC broilers have lower 
NAb levels and generate higher SpAb responses. This observation was also reported in 
repeatedly immunized laying hens, (Parmentier et al., 2002). Also in goldfish with high 
levels of NAb, compared with goldfish having low levels of NAb, had lower fold change 
of antibodies after immunization (Sinyakov et al., 2002). These observations may imply 
that dependent on the sanitary conditions, different immune strategies are used. Under 
LSC, pre-existing antibodies (NAb) act as a first line of defense, whereas under HSC 
stronger adaptive antibody responses are required. Main effects of feeding strategy on 
SpAb responses were absent, and therefore in line with previous research (Lamot et al., 
2016; Simon et al., 2015). 

4.3. Natural (auto) antibodies
In the current study, we observed that both feeding strategy (EN versus DN) and sanitary 
conditions (LSC versus HSC), affected levels of systemic antibodies (NAb, NAAb, anti-
LPS and anti-MDP). Effects of feeding strategy, however, were only present at 7 d of 
age, whereas effects of sanitary conditions were present from 14 d of age until the end 
of the experiment (33 d of age). We observed no interactions between feeding strategy 
and sanitary conditions, suggesting that EN broilers do not respond differently to LSC 
than DN broilers.

4.3.1. Early versus delayed nutrition
As IgM is barely transferred maternally (Ismiraj et al., 2019), the detected IgM at 7 d is 
likely endogenously produced. Immunoglobulin M secreting B cells were demonstrated 
to be present from 3 d of age onwards (Lawrence et al., 1981). The observed higher 
levels of IgM binding KLH, PC-OVA, and MDP in EN compared with DN broilers 



Chapter 4

94

at 7 d of age, indicate accelerated maturation of the neonatal humoral immune system 
during the early life. Greater levels of NAb (anti-KLH, anti-MDP) suggest that EN 
compared with DN, improves defense towards infections at young ages (Berghof et al., 
2019) and reduces risk of mortality (Star et al., 2007; Sun et al., 2011), at least up to 
7 d of age. Whether the increased levels of NAAb (anti-PC-OVA) after EN at 7 d of 
age may contribute to better regulation of immune responses towards auto-antigens, 
remains unclear. Natural auto-antibodies are expected being responsible for clearance 
of apoptotic or senescent cells and damaged auto-molecules, preventing auto-immune 
responses and chronic inflammation in humans (Lutz, 2007; Nagele et al., 2013; Xu et 
al., 2015). The implications for chickens are, however, yet unclear. Simon et al. (2014) 
found no effects of feeding strategy up to 9 d of age on levels of NAb, but observed lower 
levels of natural IgM binding KLH in EN, compared with DN broilers, at 14 d of age. 
So far we have no explanation for this inconsistency. From 14 d onwards, we observed 
no effects of EN, compared with DN, on NAb binding SRBC or RRBC, which is in 
accordance with most other studies on NAb binding SRBC (Lamot et al., 2016) or 
KLH (Lamot et al., 2016; Simon et al., 2015, 2014), that reported no long-term (21 to 
28 d of age) effects of feeding strategy on NAb levels.
Our observation that EN compared with DN enhances levels of systemic antibodies 
(NAb, NAAb, anti-LPS and anti-MDP) may be caused by higher numbers of T and 
B-cells in the bursa after EN, compared with DN (Bar-Shira et al., 2005). These authors 
suggested the higher T end B cell numbers to be the result of increased exposure to 
antigens (derived from ingested feed and bacterial colonization) in EN. The findings 
of Bar-Shira et al. are supported by another study (Haghighi et al., 2006) that reported 
higher NAb levels in 14 d old broilers receiving probiotic bacteria immediately after 
hatch. In mammals, activation of Toll-like receptors (TLR) on B-cells contributes to 
differentiation of naïve B-cells to antibody-secreting plasma cells (Bekeredjian-Ding and 
Jego, 2009; Bernasconi et al., 2003; Kreuk et al., 2019; Ruprecht and Lanzavecchia, 
2006), which is also suggested to be the case in chickens (St. Paul et al., 2012). Thus, 
greater exposure to antigens and TLR ligands in EN compared with DN broilers, may 
cause greater stimulation of naïve B-cells, and differentiation into plasma cells, eventually 
resulting in higher levels of systemic antibodies. Altogether, our data confirms that EN 
enhances maturation of the humoral immune system, but only temporarily (up to 7 d 
of age). 

4.3.2. Low versus high sanitary conditions
At 7 d of age, we observed no effects (all P > 0.10) of sanitary conditions on antibody 
levels. The contrast in sanitary conditions was applied from 3 d of age onwards, which 
may have been too short to cause differences at 7 d of age. Levels of NAb agglutinating 
SRBC and RRBC were higher in LSC compared with HSC from 14 d of age onwards. 
This was also reflected at 33 d of age by higher (P < 0.001) levels of IgY binding KLH 
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in LSC compared with HSC broilers. Furthermore, levels of both IgM and IgY binding 
PC-OVA (NAAb), LPS, and MDP were higher (all P < 0.01) in LSC groups. Higher 
antigenic pressure in LSC compared with HSC broilers, likely resulted in greater 
activation of B-cells. In addition, by Western blotting we revealed different binding 
patterns of both IgM and IgY against CLH between LSC and HSC broilers. These 
observations indicate that differences in antigenic pressure during rearing (LSC versus 
HSC), might affect the binding repertoire against auto-antigens. Especially the binding 
pattern of IgY differed between sanitary conditions, showing a greater range of bound 
liver antigens in LSC compared with HSC broilers (Table 3). Our data suggest that in 
chickens, environmental components (such as antigenic pressure) alter antibody levels 
(NAb and NAAb) and repertoire (NAAb), apart from the genotype (de Jong et al., 2013; 
Parmentier et al., 2017). The increased levels of NAAb under LSC, could represent an 
adaptive mechanism to maintain immune homeostasis under high antigenic pressure. 
However, the exact mechanism regulating NAAb levels in LSC, compared with HSC 
broilers, remains unclear and requires further study, as the origin and exact function of 
NAAb in chickens remains unknown. 

5. Conclusions

We demonstrated marginal interaction effects of feeding strategy (EN versus DN) and 
sanitary conditions (LSC versus HSC) on antibody levels (SpAb, NAb, NAAb) up to 
35 d of age in broiler chickens. Early nutrition, compared with DN, enhanced levels 
of NAb and NAAb up to 7 d of age, while effects of LSC compared with HSC were 
observed from 14 d of age onwards. Our study suggests that antibody levels (SpAb, NAb, 
NAAb, anti-LPS and anti-MDP) are affected for an important part by environmental 
conditions (feeding strategy and sanitary conditions). It remains to be studied which 
components of EN and LSC affect humoral immunity, although greater exposure to 
antigens is the most likely route.
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Figure 2: Agglutination of rabbit red blood cells (RRBC) by untreated serum from broiler chickens receiving 
delayed (DN) or early nutrition (EN) and kept under high (HSC) or low sanitary conditions (LSC), at 14, 
24, and 31 d of age. Broilers were i.m. immunized with sheep red blood cells (SRBC) at 24 d of age (0 d 
post immunization). Timepoints with * indicate significant (P ≤ 0,05) effects of sanitary conditions, while # 
indicates tendencies (P ≤ 0,10) for differences between sanitary conditions, and #^ indicates tendencies for 
interactions between sanitary condition and feeding strategy. n = 12 replicate broiler housed in groups of 5 
broilers per pen for all groups, except for 7 and 11 d post immunization where n = 10 replicate broilers for 
all groups with exception of DN-HSC (n = 12 broilers).



Chapter 4

100

 

Sample NC 1 Plasma PC 2

Feeding DN EN DN EN DN EN DN EN

Sancon HSC HSC HSC HSC LSC LSC LSC LSC

75 kD

250 kD

10 kD

50 kD

Figure 3: Western blot representing immunoglobulin M binding chicken liver homogenate (CLH) in 
plasma collected at 33 d of age in broiler chickens receiving delayed (DN) or early nutrition (EN) and 
kept under high (HSC) or low sanitary conditions (LSC). Each lane represents CLH binding profile of an 
individual broiler.
1 NC = Negative control (phosphate buffered saline).
2 PC = Positive control containing reference plasma from an adult layer hen  (16 w of age).
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Sample NC 1 Plasma PC 2

Feeding DN EN DN EN DN EN DN EN

Sancon HSC HSC HSC HSC LSC LSC LSC LSC

75 kD

250 kD

10 kD

50 kD

Figure 4: Western blot representing immunoglobulin Y binding chicken liver homogenate (CLH) in 
plasma collected at 33 d of age in broiler chickens receiving delayed (DN) or early nutrition (EN) and 
kept under high (HSC) or low sanitary conditions (LSC). Each lane represents CLH binding profile of an 
individual broiler.
1 NC = Negative control (phosphate buffered saline).
2 PC = Positive control containing reference plasma from an adult layer hen (16 w of age).
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Table 3: Number of stained bands of immunoglobulins M (IgM) and Y (IgY) in Western blots, binding 
chicken liver homogenate in 33 d old broiler chickens housed under low (LSC) or high sanitary conditions 
(HSC). Data are presented as raw means with standard deviation (SD).

Isotype   LSC   HSC Sanitary condition2

    Mean SD1   Mean SD    

IgM 27.3 3.0 20.8 5.1 <0.001

IgY   18.4 4.9   7.1 1.6   <0.001

2 Model established P-value, there were no significant batch effects.
n = 16 replicate broilers per group, divided over 2 batches.
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Abstract

Greater antigenic exposure may accelerate activation and maturation of the humoral 
immune system. After hatch, commercial broiler chickens can have early (EN) or delayed 
(DN) access to nutrition up to 72 h after hatch. The immune system of EN versus DN 
broilers is likely more exposed to antigens after hatch. This may contribute to activation 
and maturation of the immune system, but may also influence the development of 
oral tolerance, thereby altering later life antibody responses. We studied antibody (IgM, 
IgY, IgA) responses between 21 and 42 d of age in fast-growing EN and DN broilers, 
kept under low (LSC) or high sanitary conditions (HSC). In a first experiment (n = 51 
broilers), we tested whether early oral exposure to bovine serum albumin (BSA) affected 
later life antibody responses towards BSA and a novel antigen: rabbit γ-globulin (RGG), 
under HSC. In a second experiment, a total of 480 EN and DN broilers were housed 
under either LSC or HSC, and we studied antibody responses against both BSA and 
RGG (n = 48 broilers per treatment) and growth performance. Broilers kept under LSC 
versus HSC, had higher antibody levels and severely depressed growth performance. 
Interactions between feeding strategy (EN versus DN) and sanitary conditions, or 
main effects of feeding strategy, on natural and specific antibody levels, and growth 
performance were not observed. Levels of IgA were elevated in EN versus DN broilers, 
in experiment I and in batch 2 of experiment II, but not in other batches of experiment 
II. We conclude that EN versus DN minimally contributes to regulation of antibody 
responses, irrespective of antigenic pressure in the rearing environment.
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1. Introduction

Just hatched broiler chickens can experience a prolonged delay in access to nutrition 
up to 72 h (delayed nutrition; DN), especially in the case of long post hatch transport 
[for review, see 1]. Broilers that received early nutrition (EN), thus immediate provision 
of nutrition after hatch onwards, had enhanced immune activation and maturation 
compared with DN broilers [reviewed by 2]. This is likely caused by early exposure of the 
immune system to antigens derived from commensal microbiota or ingested feed [3,4]. 
Thus, broilers receiving EN compared with DN, are expected to be exposed to a higher 
and more diverse load of antigens, derived from ingested feed and subsequent microbial 
colonization [5–7]. In chicken, antibody responses towards antigens were reduced when 
these antigens are fed within the first 72 h after hatch (“window of opportunity”), which 
is known as oral tolerance [8]. Interestingly, this window of opportunity parallels with 
the application of different feeding strategies (EN versus DN) during the first 72 h after 
hatch. Hence, it can be postulated that increased antigenic exposure as a result of EN, 
compared with DN, may affect the development of oral tolerance, resulting in altered 
later life antibody responses.
Indeed, EN versus DN broilers that were housed under relative high antigenic pressure 
(floor housing) had lower IgY in blood plasma and growth depression after immunization 
with LPS and HuSA, compared with broilers housed under relative low antigenic 
pressure (cage housing) [9]. These authors suggested that effects of EN compared with 
DN on antibody responses may be affected by antigenic pressure. Studies comparing the 
later life immune system between EN and DN broilers under lower antigenic pressure, 
observed no differences among treatments [9,10]. This suggests that later life immune 
responses may be regulated by EN, but only when kept in a high antigenic pressure 
environment. Hence, we hypothesize that better regulation of antibody responses in 
EN compared with DN broilers, will be beneficial when broilers are housed under high 
antigenic pressure. To test this hypothesis, we executed two consecutive experiments to 
understand effects of feeding strategy (EN versus DN) and its interaction with antigenic 
pressure on later life antibody responses. The aim of experiment I was to test, under 
low antigenic pressure, whether EN may modulate later life antibody responses. In 
experiment II, we modelled contrasts in antigenic pressure by creating low (LSC) and 
high sanitary conditions (HSC). This allowed us to test whether the effects of feeding 
strategy on regulation of antibody responses and growth performance, depend on 
environmental antigenic pressure.
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2. Materials and Methods

2.1. Experimental Designs
The experiments and respective procedures were ethically approved according to Dutch 
law under application number AVD104002016441, and were performed in climate 
respiration chambers (CRC) at the experimental facility. In both experiments, Ross 308 
males were collected from a commercial hatchery within 1 h after hatch to minimize 
age differences, and immediately transported to the experimental facility. After arrival, 
broilers received an ID neck tag, and were distributed within 2 h over floor pens (1.1 
* 1.8 m) containing SoftCell (Agromed GmbH, Kremsmünster, Austria) as bedding 
material, covered with chicken paper during the first 3 d of age to prevent litter uptake. 
In both experiments, light and climate settings were identical. From placement onwards, 
a 16 h light : 8 h dark schedule was applied. Ambient temperature was set at 36 °C (55% 
relative humidity) at 0 d of age and gradually reduced to 29 °C until 7 d, and then 
further gradually reduced to 18 °C (75% relative humidity) at 35 d. Relative humidity 
was set at 55% at the start of the experiment and gradually increased to 75% at 42 
d. Levels of CO2 were maintained ≤ 2500 ppm and that of NH3 ≤ 20 ppm. In both 
experiments, broilers had ad libitum access to water and a commercial broiler diet, 
except for DN chickens, which had no access to feed and water during the first 72 h 
from placement onwards.

2.1.1. Experiment I
The experiment was conducted in a single CRC, and designed as a 2 x 2 factorial 
approach, with antigen feeding (BSA feeding, PBS feeding) and early life feeding 
strategy (EN, DN) as factors. The 4 treatments were distributed over 12 floor pens, 
each containing 4 broilers. Three surplus broilers were distributed over the treatments, 
resulting in a total of 13 broilers for all treatments, except for EN-BSA-fed broilers (n 
= 12). Body weight (BW) of individual broilers was measured weekly. Broilers were not 
vaccinated in the hatchery or during the study. Commercial pelletized broiler starter 
(0 – 14 d; digestible energy (DE): 2950 kcal / kg; total lysine: 12.2 g / kg) and finisher 
diets (14 – 42 d; DE: 3000 kcal / kg; total lysine: 11.3 g / kg) were fed.

2.1.2. Experiment II
The experiment was designed as a 2 x 2 factorial approach with early life feeding strategy 
(EN, DN) and sanitary conditions (LSC, HSC) as factors. Low sanitary conditions 
were induced by introduction of used litter from commercial broiler farms (see section 
2.2). The experiment was executed in 3 consecutive batches to account for variations 
in antigenic pressure due to differences in health status of litter-donating farms, as 
previously demonstrated in a pig model (van der Meer et al., 2016). Broilers (parent 
stock age: batch 1: 31 w, batch 2: 33 w, batch 3: 48 w) were housed in either an LSC 
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or an HSC CRC, each containing 8 floor pens. Both CRC were completely identical in 
their set-up and were controlled for identical climate conditions (temperature, humidity, 
CO2, NH3) (van der Meer, 2017). Body weight and feed intake were measured weekly 
until 33 d of age to calculate average daily gain (ADG), feed intake (ADFI), and feed 
conversion ratio (FCR). Broilers were vaccinated against Newcastle disease at 3 d of age, 
but this was accidentally omitted in batch 1. Broilers received no other vaccinations in 
the hatchery or during the study. Commercial pelletized broiler starter (0 – 7 d; DE: 
2850 kcal / kg; total lysine: 11.8 g / kg), grower (7 – 28 d; DE: 2900 kcal / kg; total 
lysine: 11.2 g / kg), and finisher diets (28 – 35 d; DE: 2950 kcal / kg; total lysine: 10.7 g 
/ kg) were fed. The grower diet contained decoquinate (0.05 g / kg; Deccox 6%, Zoetis, 
Capelle aan den IJssel, the Netherlands).

2.2. Sanitary Conditions
In experiment I, broilers were kept under HSC from placement onwards as follows. The 
HSC chamber was cleaned with water and disinfected (Halamid, Veip Disinfectants, 
Wijk bij Duurstede, The Netherlands) following the manufacturer’s instructions, and 
over-pressurized (100 ± 5 Pa) to prevent influx of external pathogens. A strict hygiene 
protocol (consisting of showering, cleaning and disinfection boots, wearing gloves 
and hairnet, and minimal pen entrance) was maintained. All procedures, except for 
dissection, were performed inside the chamber to prevent introduction of novel antigens. 
In experiment II, all broilers were kept under HSC (similar to experiment I) until 3 d 
of age, after which contrasts in sanitary conditions were made as follows. The HSC 
broilers were kept under HSC until the end of the experiment. Low sanitary conditions 
were induced as follows: the LSC chamber was under-pressurized (- 65 ± 5 Pa) and no 
hygiene protocol was maintained. Coveralls and boots were not cleaned and disinfected. 
Seven days before onset of each respective batch, litter was obtained from 3 commercial 
broiler farms with flock age of at least 35 d. The litter was collected at once during 
cleaning of the broiler houses, and after arrival at the experimental facility, litter was 
pooled by weight and stored in 8 - 10 kg portions at 4 °C. From 3 d of age onwards, one 
portion (8 – 10 kg) of homogenized used litter was distributed in each pen, every 4 d.

2.3. Induction of  Oral Tolerance and Immunizations
From placement until 3 d of age, broilers were orally fed with either BSA to induce 
tolerance (V = 0.25 mL; 100 mg / mL; Sigma Aldrich CO, St. Louis, MO, USA) or 
phosphate buffered saline (PBS) as a control, every 12 h. In experiment I, BSA or PBS 
was administered by pipetting the volume in the beak of each broiler. In experiment 
II, BSA was administered by oral gavage in the esophagus via a blunted needle. An 
intratracheal dose (V = 0.5 mL) containing 0.5 mg BSA and 0.5 mg RGG (rabbit 
γ-globulin, Sigma) was given at 21 and 22 d of age (experiment I; all broilers) or 24 d of 
age (experiment II; 2 broilers per pen) via a blunted needle as a secondary immunization.
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2.4. Sample Collection
In experiment I, blood was collected at 21, 24, 28, 35, and 42 d (0, 3, 7, 14, and 21 d 
post immunization (p.i.)) from the wing vein of all broilers in heparinized tubes, and 
subsequently centrifuged (12000 g, 5 min) to obtain plasma. In experiment II, blood 
was collected at 14, 24, 29, and 33 d (-10, 0, 5, and 9 d p.i.) from 1 broiler per pen 
in tubes, incubated for 2 h at 4 °C, and subsequently centrifuged (12000 g, 5 min) to 
obtain serum. Bile was collected from all broilers either at 42 d of age (experiment I) 
or 33 and 34 d of age (experiment II) as follows. After euthanizing the broiler, the bile 
bladder was located, and contents were collected with a syringe and needle, and placed 
in tubes. Spleens were located, collected and weighed. Plasma, sera, and bile were stored 
at -20 °C upon further analyses. In experiment II, after euthanizing the broiler, the 
whole right cecum with contents was collected within 6 h after hatch and at 1, 2, 3, 
and 7 d of age from one broiler per pen. The cecum was weighed, placed in sterile 0.9% 
NaCl, and homogenized with a tissue homogenizer (IKA T50, IKA-Werke, Staufen, 
Germany). Afterwards, the homogenate was diluted 1 : 1 in sterile 15% glycerol, and 
stored at -80 °C pending further analyses.

2.5. Bacterial Load in Cecum
All procedures were performed under aseptic conditions. The specific culture media 
MacConkey agar (MAC; CM0007), De Man, Rogosa and Sharpe agar (MRS; CM0359), 
and blood agar (BA; OXOIPB5039A) were prepared according to the instructions of the 
supplier (Oxoid Microbiology Products, Hampshire, United Kingdom). After pouring 
the specific culture media, homogenates were thawed at 20 °C and singular, 10-fold 
serial dilutions in sterile PBS were spread on the agar plates (100 µl/ plate). Plates were 
incubated upside down at 37 °C in an incubator for 36 h (BA, MAC) or 48 h (MRS). 
After incubation, numbers of colony forming units (CFU) were counted and expressed 
per g of collected cecal tissue.

2.6. Antibody Levels
Two-step indirect enzyme-linked immunosorbent assays (ELISA) were performed to 
measure IgM and IgY levels in plasma or serum, and IgA levels in bile, binding either 
BSA or rabbit γ-globulin (RGG). Flat-bottomed, 96-well medium binding plates 
(Greiner Bio-One) were coated with either 2.5 µg/mL BSA or 2.5 µg/mL RGG in 
100 µl coating buffer (5.3 g / L Na2CO3, 4.2 g / L NaHCO3; pH 9.6), and incubated 
overnight at 4 °C. After washing with tap water containing 0.05% Tween® 20, plates 
were filled with 100 µl dilution buffer (PBS (10.26 g / L Na2HPO4·2H2O, 2.36 g / L 
KH2PO4, 4.5 g / L NaCl; pH 7.2) containing 0.5% normal horse serum and 0.05% 
Tween® 20). Prediluted samples (1:10 in dilution buffer) were further diluted to 1:40, 
1:160, 1:640 and 1:2560, and a standard positive control was included in duplicate 
from pooled plasma, serum, or bile for each respective day. Plates were incubated for 
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1.5 h at 20 ºC. After washing, plates were incubated with 1:20.000-diluted goat-anti-
chicken IgA, goat-anti-chicken IgM, or goat-anti-chicken IgY, all labelled with horse 
radish peroxidase (Bethyl Laboratories Inc, Montgomery, U.S.A.), for 1.5 h at 20 
°C. After washing, 100 µl substrate buffer (containing reverse osmosis purified water, 
10% tetramethylbenzidine buffer (15.0 g / L sodium acetate, 1.43 g / L urea hydrogen 
peroxide; pH 5.5) and 1% tetramethylbenzidine (8 g / L DMSO) were added. After 
15 min incubation at 20 °C, the reaction was stopped with 50 µl of 1.25 M H2SO4 

solution. Extinctions were measured with a Multiskan GO (Thermo scientific, Breda, 
The Netherlands) at 450 nm. Titers were expressed as log2 values of the dilutions 
that gave an extinction closest to 50% of Emax, where Emax represents the highest mean 
extinction of the standard positive.

2.7. Statistical Analyses
Data were processed, analyzed, and presented using R version 3.6.1 [11]. Linear mixed 
models were established with the nlme package version 3.1-140 [12]. Model residuals 
of the linear models were tested to verify assumptions of normality and homogeneity by 
QQ-plots and residual plots. Differences among means with P ≤ 0.05 were considered 
statistically significant, and with P ≤ 0.10 were considered tendencies. All data are 
presented as (back-transformed) estimated marginal means with standard errors unless 
specified otherwise.

2.7.1. Experiment I
General linear models were established to estimate effects of BSA feeding (PBS fed, BSA 
fed), feeding (DN, EN), and their interaction on antibody levels binding either BSA or 
RGG in plasma (IgM, IgY) on 0, 14, 21 d p.i., fold change (ratio between IgM or IgY 
levels at 7 versus 0 d p.i.), IgA levels in bile (21 d p.i.), BW (0, 21, 24, 42 d), and ADG 
(0 – 24, 21 – 24 , 24 – 42, 0 – 42) with individual broiler within pen as the experimental 
unit, and pen as random effect. Logarithmic transformation was applied to normalize 
residuals on all titer and performance data, except for IgA binding BSA and RGG.

2.7.2. Experiment II
General linear models were established to estimate effects of sanitary condition (LSC, 
HSC), feeding (DN, EN), and their interaction on antibody levels binding either BSA 
or RGG in serum (IgM, IgY) on -10, 0, 7 d p.i., and fold change (ratio 5:0 levels d p.i.; 
IgM, IgY), with pen as the experimental unit. Batch (1, 2, 3) and its interaction with 
treatment effects was used as blocking factor. Comparable models were used to analyze 
levels of bile and spleen weights among treatments. As bile and spleens were collected 
on 2 consecutive days (10, 11 d p.i.), sampling day was added as blocking factor. Day 
was found not to be significant and therefore eliminated from the models. Effects of 
treatments on BW (3, 33 d), ADG (3 – 14; 14 – 28; 28 – 33 d), and FCR (3 – 14; 14 
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– 28; 28 – 33 d) were estimated with general linear models using sanitary condition, 
feeding, and their respective interaction as fixed effects, with pen as the experimental unit. 
Fixed effects of treatments (EN, DN) on bacterial colonization in ceca were analyzed 
using the non-parametric Kruskal-Wallis test, for each day (0, 1, 2, 3, 7) separately. 
For day 7, effects of sanitary condition (HSC, LSC) were also analyzed. Logarithmic 
transformation was applied to normalize residuals of all titer and performance data. 
Interactions between batch and other main effects (feeding, sanitary condition, feeding 
* sanitary condition) were tested but excluded from the model if P > 0.10.

3. Results

3.1. Experiment I: Effects of  Early Antigenic Exposure on Later Life Antibody 
Responses
In experiment I, we studied effects of BSA feeding and feeding strategy on antibody 
levels in blood plasma prior to immunization (0 d p.i.; natural antibody (NAb) levels), 
and specific antibodies (SpAb) after immunization with BSA (7, 14, 21 d p.i.). Both 
NAb and SpAb levels binding BSA were not affected by the interaction between BSA-
feeding and EN, or main effects of EN (Figure 1-A). At 0 d p.i., a tendency (P = 0.10) 
for IgY binding BSA was found, indicating lower levels of NAb binding BSA, in BSA-
fed broilers (1.3 ± 0.3), compared with PBS-fed broilers (2.1 ± 0.5). At 14 and 21 d p.i., 
levels of both IgM and IgY SpAb binding BSA were reduced (P ≤ 0.05) in the BSA-fed 
groups, compared with the PBS-fed group.
Specific antibody responses towards RGG were measured to test whether BSA feeding at 
0 to 3 d of age induced specific tolerance towards BSA or not. For this purpose, broilers 
were fed with BSA, but not with RGG, and were subsequently immunized with both 
BSA and RGG at 21 d of age. This approach enabled us investigate also whether EN 
versus DN affects regular antibody responses. No main effects (P > 0.10) of BSA feeding 
on antibodies binding RGG (Figure 1-B) were present, indicating that indeed antigen 
feeding in early life is required to modulate antibody responses. Also no interaction 
effects, or main effects of feeding strategy, were present on antibodies binding RGG. 
However, a tendency (P = 0.10) at 21 d p.i. indicated higher levels of IgY SpAb binding 
RGG in BSA-fed broilers (9.1 ± 0.4), compared with PBS-fed broilers (9.9 ± 0.5). The 
fold change at 7 d p.i. was lower (P = 0.05) for IgY binding RGG in broilers receiving 
EN (11.8 ± 1.9), compared with DN (16.7 ± 2.6).
Levels of IgA binding BSA were compared between BSA and PBS fed broilers in bile 
collected at 21 d p.i.. Although no interaction between BSA feeding and EN was found 
(P = 0.47), both BSA-feeding (P = 0.05) and EN (P = 0.05) resulted in higher IgA levels 
binding BSA (Table 1). We confirmed that higher levels of IgA were BSA-specific, as 
IgA binding RGG was not affected by any of the treatments.
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No effects of BSA-feeding on BW and ADG were found (P > 0.05), and therefore BSA 
and PBS-fed groups were combined in Table 2. Body weight was greater (P ≤ 0.05) 
upon 24 d of age, and slaughter weight (d 42) tended to be greater (Δ = 216 g; P=0.09) 
in EN, compared with DN group. Average daily gain was greater in EN compared with 
DN groups between 0 – 21 d (P = 0.001) and 21 – 24 d (P = 0.07).

3.1.1. Antibody Levels and Responses
Similar as in experiment I, we measured levels of NAb and SpAb binding BSA or RGG 
in BSA fed (0 – 3 d of age) broilers after BSA and RGG immunization. We observed no 
interaction between feeding strategy and sanitary conditions on NAb and SpAb levels 
(IgM and IgY) binding BSA (Figure 3-A), or RGG (Figure 3-B). IgY binding RGG 
tended to be lower (Δ = 0.7; P = 0.09) at 14 d / -10 d p.i. in EN, compared with 
DN groups. Broilers housed under LSC compared with HSC, had increased levels of 
both NAb and SpAb. We observed increased (P ≤ 0.05) NAb levels binding BSA or 
RGG under LSC, at 14 d / -10 d p.i. (IgM) and 24 d / 0 d p.i. (IgM, IgY). Specific 
antibody levels binding RGG (IgM) and BSA (IgM, IgY) were increased (P < 0.05) in 
LSC groups. In LSC compared with HSC groups, we observed reduced fold change 
(within 7 d p.i.) of BSA binding IgM (P = 0.01), but not IgY (Table 3). With regard to 
antibodies binding RGG, fold change was higher in HSC, compared with LSC for IgM 
(P < 0.01) and a tendency was found for IgY (P= 0.07).
We measured biliary levels of IgA binding BSA or RGG to study effects of feeding 
strategy (EN versus DN) and sanitary conditions (LSC versus HSC), which after release 
in the intestinal tract likely plays a role in maintenance of mucosal homeostasis [5–7]. 
Biliary IgA binding BSA at 11 d p.i. was not affected by the interaction between feeding 
strategy and sanitary conditions. However, in batch 2, a tendency for an interaction 
(P = 0.06) between batch and feeding strategy indicated higher (Δ = 0.9) levels of IgA 
binding BSA in EN compared with DN groups. Immunoglobulin A levels binding 
RGG were consistently higher (Δ = 0.3; P = 0.03) over all batches in EN compared with 
DN groups. With regard to sanitary conditions, LSC groups had higher (P < 0.001) IgA 
levels binding BSA (Δ = 1.7), and RGG (Δ = 1.3; Table 4). 

3.1.2. Growth Performance
As we conducted experiment II in 3 consecutive batches, in which litter of different 
broiler farms was introduced to obtain LSC, we tested interactions between batch and 
sanitary conditions, which may indicate differences in antigenic pressure among batches 
in the LSC groups. Interactions between batch and sanitary conditions were present (P 
≤ 0.05) for BW, ADG, and FCR. In general, greatest differences in BW between LSC 
and HSC were observed at 33 d of age, with greatest effect size in batch 1 (Δ = 623 ± 
62.7 g), followed by batch 3 (Δ = 419 ± 62.7 g), and finally batch 2 (Δ = 301 ± 62.7 g).
Broiler growth performance was measured in this experiment to study whether EN 
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compared with DN broilers, were better able to cope with high antigenic pressure or not 
(LSC versus HSC). Average daily feed intake between 3 – 14 d of age was greatest in EN 
broilers housed under HSC (37 ± 0.7 g) and lowest in DN broilers housed under LSC 
(21 ± 0.7 g) (feeding strategy * sanitary conditions, P = 0.03). No interaction between 
feeding strategy and sanitary conditions was found for BW, ADG, and FCR (Table 5). 
At 3 d of age (after 72 h delay in nutrition), we observed greater (Δ = 30.2 g; P < 0.001) 
BW in EN compared with DN groups. Differences in BW between EN and DN groups 
persisted until 33 d of age (Δ = 210 g). Throughout the complete experiment, ADFI was 
affected by feeding strategy (P ≤ 0.001), resulting in greater (Δ = 14 g) ADFI between 3 
and 33 d of age. We observed reduced (Δ = 0.06; P = 0.01) feed conversion ratio in EN 
compared with DN groups between 14 and 28 d. Between 3 and 33 d of age, FCR was 
higher (Δ = 0.04; P ≤ 0.001) in EN compared with DN groups. As large differences in 
final BW were present between EN and DN, we corrected FCR to a standardized BW 
of 2000 g at 33 d of age [5–7]. Standardized FCR was however unaffected by feeding 
strategy.
The introduction of LSC from 3 d of age onwards resulted in a reduction (Δ = 448 g; P 
< 0.001) of BW at 33 d of age in LSC compared with HSC groups. Between 3 – 33 d 
of age, ADG was greater (Δ = 9 g; P < 0.001) in EN compared with DN, and lower (Δ 
= -17 g; P < 0.001) in LSC compared with HSC. Feed conversion ratio was unaffected 
by sanitary conditions up to 14 d, but FCR was increased in LSC compared with HSC 
groups at 14 – 28 d (Δ = 0.06; P < 0.01) and 28 – 33 d (Δ = 0.06; P = 0.03). Between 
3 and 33 d of age, FCR was higher (Δ = 0.07; P < 0.001) in LSC compared with HSC. 
Feed conversion ratio standardized to 2000 g of BW at 33 d was greater (Δ = 0.11; P < 
0.001) in LSC, compared with HSC groups.

3.2 Experiment II: Effects of  early life feeding strategy on antibody responses 
under different sanitary conditions
3.2.1. Bacterial colonization
Bacterial load (CFU / g cecal tissue) for cultivable aerobic bacteria on BA, MAC, and 
MRS agar is presented in Figure 3. We observed relative great within group variation 
in colonization irrespective of feeding strategy, on all agars directly after hatch and at 
1 d of age. At 1 d of age, it appeared that some broilers were already colonized, while 
others were not. Within group variation declined and aerobic counts stabilized between 
107.5 and 1010 CFU from 2 d of age onwards for BA and MAC, and from 3 d of age for 
MRS. At 3 d of age tendencies (all P ≤ 0.10) were present suggesting more CFU on BA 
and MAC agar in DN broilers, compared with EN broilers. At 7 d of age, no differences 
between sanitary conditions were present (data not presented).
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3.2.2. Antibody levels and responses
Similar as in experiment I, we measured levels of NAb and SpAb binding BSA or RGG 
in BSA fed (0 to 3 d of age) broilers after BSA and RGG immunization. We observed no 
interaction between feeding strategy and sanitary conditions on NAb and SpAb levels 
(IgM and IgY) binding BSA (Figure 2-A), or RGG (Figure 2-B). IgY binding RGG 
tended to be lower (Δ = 0.7; P = 0.09) at 14 d / -10 d p.i. in EN, compared with 
DN groups. Broilers housed under LSC compared with HSC, had increased levels of 
both NAb and SpAb. We observed increased (P ≤ 0.05) NAb levels binding BSA or 
RGG under LSC, at 14 d / -10 d p.i. (IgM) and 24 d / 0 d p.i. (IgM, IgY). Specific 
antibody levels binding RGG (IgM) and BSA (IgM, IgY) were increased (P < 0.05) in 
LSC groups. In LSC compared with HSC groups, we observed reduced  fold change 
(within 7 d p.i.) of BSA binding IgM (P = 0.01), but not IgY (Table 3). With regard to 
antibodies binding RGG, fold change was higher in HSC, compared with LSC for IgM 
(P < 0.01) and IgY (P= 0.07).
We measured biliary levels of IgA binding BSA or RGG to study effects of feeding 
strategy (EN versus DN) and sanitary conditions (LSC versus HSC), which after release 
in the intestinal tract likely plays a  role in maintenance of mucosal homeostasis (Snoeck 
et al., 2006). No interactions between feeding strategy and sanitary conditions were 
present on biliary IgA binding BSA at 11 d p.i. However, in batch 2, an interaction 
(P = 0.06) between batch and feeding strategy indicated higher (Δ = 0.9) levels of IgA 
binding BSA in EN compared with DN groups. Immunoglobulin A levels binding 
RGG were consistently higher (Δ = 0.3; P = 0.03) over all batches in EN compared with 
DN groups. With regard to sanitary conditions, LSC groups had higher (P < 0.001) IgA 
levels binding BSA (Δ = 1.7), and RGG (Δ  = 1.3; Table 4). 

3.2.3. Growth performance
As we conducted the experiment in 3 consecutive batches, in which different sources 
of litter were applied to obtain LSC, we tested interactions between batch and sanitary 
conditions, which may indicate more or less severe antigenic pressure among batches in 
the LSC groups. Interactions between batch and sanitary conditions were present (P ≤ 
0.05) for BW, ADG, and FCR. In general, greatest differences in BW between LSC and 
HSC were observed at 33 d of age, with greatest effect size in batch 1 (Δ = 623 ± 62.7 
g), followed by batch 3 (Δ = 419 ± 62.7 g), and finally batch 2 (Δ = 301 ± 62.7 g).
Broiler performance was measured in this experiment to study whether EN compared 
with DN broilers, were better able to cope with high antigenic pressure or not (LSC 
versus HSC). Average daily feed intake was greatest in EN broilers housed under HSC 
(37 ± 1 g) and lowest in DN broilers housed under LSC (21 ± 1 g) (feeding strategy 
* sanitary conditions, P = 0.03). No interaction between feeding strategy and sanitary 
conditions was found for BW, ADG, and FCR (Table 5). 
At 3 d of age (after 72 h delay in nutrition), we observed greater (Δ = 30.2 g; P < 0.001) 
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BW in EN compared with DN groups. Differences between BW of EN and DN groups 
persisted until 33 d of age (Δ = 210 g). Throughout the complete experiment, ADFI was 
affected by feeding strategy (P ≤ 0.001), resulting in greater (Δ = 14 g) ADFI between 
3 and 33 d of age. We observed reduced (Δ = 0.06; P = 0.01) feed conversion ratio in 
EN compared with DN groups between 14 and 28 d. Between 3 and 33 d of age, FCR 
was higher (Δ = 0.04; P ≤ 0.001) in EN compared with DN groups. As large differences 
in final BW were present between EN and DN, we corrected FCR to a standardized 
end weight of 2000 g (Aviagen, 2014). Standardized FCR was however not affected by 
feeding strategy.
The introduction of LSC from 3 d of age onwards resulted in a reduction (Δ = 448 g; P 
< 0.001) of BW at 33 d of age in LSC compared with HSC groups. Between 3 to 33 d 
of age, ADG was greater (Δ = 9 g; P < 0.001) in EN compared with DN, and lower (Δ 
= -17 g; P < 0.001) in LSC compared with HSC. Feed conversion ratio was unaffected 
by sanitary conditions up to 14 d, but FCR was increased in LSC compared with HSC 
groups at 14 – 28 d (Δ = 0.06; P < 0.01) and 28 – 33 d (Δ = 0.06; P = 0.03). Between 
3 and 33 d of age, FCR was higher (Δ = 0.07; P < 0.001) in LSC compared with HSC. 
Feed conversion ratio standardized to a BW of 2000 g at 33 d was greater (Δ = 0.11; P 
< 0.001) in LSC, compared with HSC groups.

4. Discussion

We studied whether antibody responses of broilers are influenced (either increased 
or decreased) by early life feeding strategy (EN versus DN) and sanitary conditions 
(LSC versus HSC), in two consecutive experiments. First, we studied whether feeding 
BSA during the first 3 d of age (“window of opportunity”), affects later life antibody 
responses, and its interaction with feeding strategy, through the development of oral 
tolerance. Second, we tested the effects of EN on (regulation of ) antibody immune 
responses and growth performance under either HSC or LSC. We observed no effects of 
feeding strategy on antibody responses, irrespective of sanitary conditions. Broilers kept 
under LSC, compared with HSC, had higher levels of natural antibodies (NAb) and 
smaller fold change of specific antibodies (SpAb) after BSA and RGG immunization, 
and growth performance was reduced. 

4.1. Aerobic Bacterial Colonization after Early Nutrition
Accelerated maturation of the immune system after EN compared with DN, has been 
suggested to be caused by enhanced bacterial colonization of the intestinal tract [5–7]. 
Short term effects of EN compared with DN, were found on intestinal bacterial load 
[13]. Data on effects of EN compared with DN on intestinal bacterial composition 
suggest temporal differences in ileal bacterial composition up to 9 d of age [13]. To 
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relate these effects to antibody responses, we analyzed the colonization dynamics of 
culturable aerobic bacteria in ceca between EN and DN broilers in the first week post 
hatch (experiment II). 
The intestinal tract of broilers was rapidly colonized by bacteria within the first days 
after hatch and the total number of colonizing bacteria stabilized around 3 d of age, 
which is in accordance with previous research [reviewed by 14]. Relative high within 
treatment group variation up to 2 (BA, MAC) or 3 (MRS) d of age may suggest divergent 
colonization patterns among individuals. We observed no significant effects of feeding 
strategy (EN versus DN) up to 3 d of age on bacterial colonization, suggesting that EN, 
compared with DN, minimally affects aerobic bacterial load. In EN compared with 
DN broilers, aerobic bacterial load tended to be lower at 3 d, which was also observed 
before by others [5]. Speculatively, this may reflect earlier replacement of aerobes (E. 
coli, Enterococcus spp.) by obligate anaerobic species after EN, as suggested before [5].

4.2. Early-Life BSA Feeding Lowers Later Life Antibody Responses Towards BSA 
under High Sanitary Conditions
In experiment I, we first tested whether early life oral exposure towards antigens affected 
later life antibody responses. Therefore, BSA or PBS (negative control) was orally 
administered during the first 3 d of age. At 21 d of age, broilers received an i.t. BSA 
immunization, following procedures derived from the oral tolerance model in laying 
hens [8]. Although broilers are known to be immunologically different from laying 
hens [15–17], our study demonstrates that the mechanism of oral tolerance also exists 
in broilers. Thus, our findings confirm that after immunization at 21 d in broilers, 
antibody responses are lowered towards antigens that have been fed in the first 3 d after 
hatch [8,18,19]. We also investigated whether BSA feeding in early life (0 – 3 d of age) 
affects SpAb responses to a non-BSA related antigen. Therefore, broilers were immunized 
i.t. with RGG at 21 d of age, to test whether antibody responses differed between BSA 
and PBS-fed groups. We observed that systemic IgM and IgY (Figure 1-B) and biliary 
IgA (Table 1) antibodies binding RGG were unaffected (P ≥ 0.05) by BSA feeding. 
Thus, early life oral antigen exposure affected antibody responses in a specific fashion 
towards the specifically fed antigen, and not to novel, unrelated antigens. Effects of BSA 
feeding on IgA responses in bile were studied at 21 d p.i. as an indicator for immune 
regulation: IgA is present at mucosal surfaces and contributes to immune homeostasis 
by binding antigens in the intestinal lumen and coating intestinal bacteria [20–22]. Our 
finding that BSA feeding results in higher levels of IgA binding BSA, suggests that early 
life antigen exposure also affects IgA responses. In summary, we demonstrated that the 
specific IgA response is increased, and specific IgM and IgY responses are lowered, by 
oral exposure to antigen (BSA) during the first 3 d of age. 
The main objective of experiment I was to test whether the feeding strategy (EN versus 
DN) affects later life antibody responses towards BSA and RGG in BSA-fed broilers. 
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We observed no effects of feeding strategy on systemic antibody responses towards BSA 
or RGG, indicating that immediate provision of nutrition after hatch (EN) does not 
interfere with antibody responses at later life. Irrespective of BSA feeding or not, we 
observed higher levels of biliary IgA binding BSA in EN broilers, suggesting that EN 
contributes to a more anti-inflammatory immune status in EN broilers. We would like 
to emphasize that experiment I was conducted under HSC. Limited antigenic pressure 
in experiment I may explain the lack of differences in IgM and IgY responses between 
EN and DN broilers, as less regulation of immune responses was required. Therefore, we 
designed a second experiment where broilers were kept under LSC or HSC.

4.3. Introduction of  Low Sanitary Conditions
To model contrasts in antigenic pressure in experiment II, we introduced either LSC 
and HSC from 3 d of age onwards, according to a pig model [23,24]. As litter from 3 
different broiler farms per batch was used in LSC, we consider the obtained antigenic 
pressure to be illustrative for the range of antigens found at typical commercial broiler 
farms. Throughout the experiment, growth performance of broilers was depressed in 
LSC compared with HSC groups. Relative spleen weights tended to be greater (P = 
0.09) at 33 d of age in LSC (0.26 ± 0.09), compared with HSC broilers (0.11 ± 0.09), 
indicating greater activity of the immune system [25]. From these data we conclude that 
LSC were successfully induced. Batch and batch * treatment effects were present in this 
broiler model, which is in line with the pig model [26]. We observed interactions (P ≤ 
0.05) between batch and sanitary conditions for IgM binding BSA or RGG at 14 d / -10 
d p.i., as well for BW (33 d of age), ADG (all phases), FCR (3 – 14 d), and standardized 
FCR. The observed batch effects did not change the direction, but only magnitude, of 
the observed effects. Hence, batches were not analyzed separately.

4.4. Antibody Responses and Performance after Early Nutrition under Different 
Sanitary Conditions
In experiment II we aimed to compare antibody responses and growth performance of EN 
and DN broilers kept under either LSC or HSC. We could not confirm our hypothesis 
that EN versus DN broilers housed under LSC, differed in growth performance or 
antibody responses after BSA and RGG immunization. This was unexpected, as lower 
IgY responses and enhanced performance in EN compared with DN broilers were 
reported in a previous study [27]. In that study, however, broilers were immunized at 
one time point with a combination of the model antigens HuSA and LPS at 28 d of age, 
while in our study, LSC broilers were continuously subjected to high antigenic pressure 
from 3 d of age onwards. In experiment II, we observed higher BSA specific IgA levels 
in EN compared with DN broilers in batch 2, but not in other batches (batch * feeding 
strategy interaction; P = 0.06). Levels of IgA binding RGG were found to be higher 
in EN compared with DN broilers, which is in contrast with experiment I, where we 
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observed no effects of feeding strategy. Because titer differences (Δ = 0.3) between EN 
and DN groups were relatively small in experiment I, it is unclear whether the observed 
effects are biologically relevant. In summary, we conclude that EN compared with DN, 
minimally affects antibody responses, regardless of sanitary conditions, although effects 
of feeding strategy on biliary IgA (both BSA and RGG) remain debatable. 

4.5. Low Sanitary Conditions Increase Antibody Levels
Broilers housed under LSC from 3 d onwards appeared to adapt towards the higher 
antigenic pressure from 14 d of age onwards. Levels of NAb binding BSA or RGG 
before immunization with BSA and RGG, were higher in LSC, compared with HSC 
broilers, at 14 d (-10 d p.i.; IgM) and 24 d (0 d p.i.; IgM, IgY) of age. Higher levels of 
natural IgM and the interaction between batch and sanitary condition on IgM levels, 
suggest that IgM NAb levels are affected by antigenic pressure from at least 14 d of age. 
Broilers kept under HSC, compared with LSC, had higher fold change of IgM binding 
BSA or RGG (P ≤ 0.01), and IgY binding RGG (P = 0.07) after immunization. It is 
tempting to speculate that the higher levels of NAb and lower fold change of SpAb after 
immunization in LSC broilers may indicate different defense strategies of the immune 
system. Whereas LSC broilers may depend on a less specific antibody (NAb) repertoire 
as a first line of defense, broilers under HSC need to generate higher specific immune 
responses (SpAb) after antigenic stimulation. Higher NAb levels, and lower fold change 
of specific antibodies, were reported in layer hens that were continuously immunized 
with other antigens, compared with non-immunized hens [27]. The observed higher 
levels of biliary IgA binding BSA or RGG (both P < 0.001) in LSC, compared with 
HSC broilers, indicates increased protection of mucosal surfaces in LSC broilers [20,21]. 
This suggests that the immune system prevents innocuous responses to antigens during 
higher antigenic pressure by increasing IgA levels.

5. Conclusions

We demonstrated that EN compared with DN marginally affected numbers of culturable 
aerobic bacteria in cecum. Early nutrition resulted in higher biliary levels of IgA, but 
systemic IgM and IgY responses were not affected. Irrespective of feeding strategy, LSC 
compared with HSC broilers were found to have depressed growth performance, and 
IgM and IgY NAb levels were increased. As there was no interaction between feeding 
strategy and sanitary conditions, we conclude that EN versus DN minimally contributes 
to regulation of antibody responses, irrespective of antigenic pressure in the rearing 
environment.
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Tables and Figures

* *

# * *

#

Figure 1: IgM and IgY binding bovine serum albumin (BSA; panel A) or rabbit γ-globulin (RGG; panel B) 
in plasma of broiler chickens fed with BSA during the first 3 d of age, or not, and receiving either delayed 
(DN) or early nutrition (EN) in experiment I. Broilers were intratracheally immunized with BSA and RGG 
at 21 d of age (0 d p.i.). Data are presented as estimated marginal means with error bars representing the 
standard error. Within different ages, differences between means of BSA and PBS-fed groups are indicated 
by * (P ≤ 0.05) or # (P ≤ 0.10). n = 13 replicate broilers, housed in groups of 4 to 5 broilers per pen for all 
groups, except for EN-BSA-fed, where n = 12 replicate broilers. 
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Table 2: Body weight and average daily gain (ADG) of broiler chickens receiving either delayed (DN) or 
early nutrition (EN) in experiment I. Data are presented as estimated marginal means with standard errors 
(SEM).

      Feeding strategy   Feeding effect1

      EN   DN    

Parameter Age (d)   Mean SEM n2   Mean SEM n  

Body weight 0   43.8 0.39 27   44.1 0.40 26   0.60

(g) 21   889 19.8 25   737 16.1 26   0.001

  24   1135 21.9 25   958 26.4 26   0.001

  42   3418 79.1 25   3202 78.2 26   0.09

                       

Average daily gain 0 - 21   40.2 0.94 25   33.0 0.76 26   0.001

(g / d) 21 - 24   83 2.9 25   74 2.8 26   0.07

  24 - 42   125 3.9 25   124 3.9 26   0.79

  0 - 42   80 1.9 25   75 1.9 26   0.09

1 Model established P-values for fixed effect of feeding strategy.
2 Number of replicate broilers, housed with 4 to 5 broilers per pen.
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Figure 2: IgM and IgY binding bovine serum albumin (BSA; panel A) or rabbit γ-globulin (RGG; panel 
B) in plasma of broiler chickens fed with BSA during the first 3 d of age, receiving delayed (DN) or early 
nutrition (EN), and kept under high (HSC) or low sanitary conditions (LSC) in experiment II. Broilers 
were intratracheally immunized with BSA and RGG at 24 d of age (0 d p.i.). Data are presented as estimated 
marginal means with error bars representing. Within different ages, differences between sanitary condition 
groups are indicated by * (P ≤ 0.05) or # (P ≤ 0.10), and tendencies between feeding groups are indicated 
by F (P ≤ 0.10). n = 12 replicate broiler housed in groups of 5 broilers per pen for all groups, except for 7 
and 11 d p.i., where n = 10 replicate broilers for all groups with exception of DN-HSC (n = 12 broilers).
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F

F

Figure 3: Number of aerobic cultured bacteria on 3 different growth media (blood, MacConkey, and De 
Man, Rogosa and Sharpe (MRS) agar) expressed in log 10 CFU (colony forming units) per g of cecal tissue 
during the first week post hatch in cecum of broiler chickens receiving delayed (DN) or early nutrition 
(EN) in experiment II. Individual raw means (dots and triangles) are summarized by boxplots. Tendencies 
indicating age differences between feeding groups within age are indicated by F (P ≤ 0.10). The number of 
replicate broilers varies between 3 to 10 per age and feeding group. The horizontal line within each boxplot 
represents the median and whiskers extend to the 1.5 * interquartile range.
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1. Introduction

Immediate access to water and feed after hatch (early nutrition; EN) for broiler 
chickens has been introduced approximately two decades ago to improve broiler 
growth performance, accelerate development of the intestinal tract, and stimulate early 
maturation of the immune system. This is in contrast to delayed nutrition (DN), which 
is common practice in broiler husbandry and results in delayed access to water and feed, 
which can be up to 72 h. Earlier onset of post hatch intestinal development was observed 
in EN compared with DN broilers, including greater  absorptive surface area of small 
intestine, different mucus dynamics, higher numbers of proliferating intestinal cells, and 
greater activity of digestive enzymes (reviewed by Uni and Ferket, 2004; Lilburn and 
Loeffler, 2015). Early nutrition has been proposed as a strategy to accelerate maturation 
(activation and education) of the adaptive immune system. In short, EN compared 
with DN broilers have higher numbers of germinal centers in the bursa between 10 
and 20 d of age, increased numbers of T- and B-cells in the bursa, and the capability to 
produce specific antibody (SpAb) responses within 12 d after immunization at 6 d of 
age, compared with DN (reviewed by Panda et al., 2014; Taha-Abdelaziz et al., 2018).

Within this thesis, I reviewed current literature comparing EN and DN broilers to 
identify relevant knowledge gaps (chapter 1), that were further studied by experiments in 
broilers (chapter 2 to 5). In this chapter, I will discuss the findings of the aforementioned 
chapters, and compare them with the current literature. Effects of EN versus DN in 
broilers can be divided into early life (first 14 d of age) and later life effects, which will be 
taken into account in the discussion. The discussion will be closed with a discussion on 
implications of the findings in this thesis for commercial practice in the final paragraph.

2. Compensatory growth in delayed nutrition broilers

At 3 d of age, EN broilers appear larger compared with DN (72 h) broilers, although 
DN broilers appear still vitally (Figure 1). In general, EN compared with DN broilers 
have been observed in all experiments to express more perching behavior, whereas DN 
broilers express more foraging behavior and produce more squeaks. Broilers receiving 
EN compared with DN, do have higher BW from placement until slaughter at 42 d of 
age, but effect sizes depend on the duration of DN; longer durations result in greater 
differences in BW as reported in a meta-analysis (de Jong et al., 2017). These authors 
reported that BW at 42 d of age was increased by EN compared with DN, varying from 
a ~ 3 % increase in BW after 12 – 36 h of DN, up to a  8 % increase after 60 – 84 h 
of DN. In this thesis, differences (Δ) in BW were reported in experiment 1 (chapter 
2: Δ = 2 %; 38 h DN at 35 d), experiment 3 (chapter 4: Δ = 7 %; 72 h DN at 42 d), 
and experiment 4 (chapter 4: Δ = 20 %; 72 h DN at 33 d). It appears that findings in 
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experiment 1 and 3 are in line with the reported differences in the literature, although 
greater differences in BW were reported in experiment 4. These findings indicate that 
differences in BW between EN and DN broilers vary among experiments.

Compensatory growth was observed in DN broilers during the first 14 d of age in 
chapter 2, which confirms suggestions in the literature (Juul-Madsen et al., 2004; 
Lamot et al., 2014). In this thesis, compensatory growth is defined according to Zubair 
and Leeson (1996): an “abnormally rapid growth relative to age”. This is expressed by 
calculating the average daily gain (ADG) relative to the BW, in order to obtain relative 
ADG (rADG) (Hornick et al., 2000). It is of importance to express ADG relative to 
BW, as ADG is confounded by differences in BW: heavier animals gain more weight 
in absolute terms. I conducted a meta-analysis (Hamer and Simpson, 2002) on the 
collected BW data  in all experiments presented in this thesis, and calculated absolute 
and rADG of EN versus DN broilers to study the presence of compensatory growth. 
This analysis consisted of a total of 4 experiments conducted between 2015 and 2019 
in Ross 308 broilers chickens, subjected to durations of 38 h (experiment 1) or 72 h 
(experiment 2, 3, 4) of DN. Experiment 4 was split in either LSC and HSC to obtain 
insight in effects of sanitary conditions on compensatory growth. Data were analyzed 
using a mixed model with feeding strategy (EN versus DN) and sanitary conditions 
(LSC versus HSC) as fixed effects and experiment (1, 2, …, 4) as random effect.

Combining and analyzing all experimental data revealed that absolute ADG  was greater 
(P ≤ 0.01) in EN compared with DN broilers in all phases (Figure 2). Relative ADG 
was however smaller (P ≤ 0.01) after EN compared with DN, with greatest differences 
during the first 14 d of age. This resulted in a decline in standardized differences between 
EN and DN broilers over time, particularly during the first 14 d of age (Figure 3). It 
depends on the duration of DN whether broilers have recovered their BW at 35 d of age, 
or not (Figure 3), which is in accordance with de Jong et al (2017). Prolonged durations 
of DN up to 72 h, which may occur during export or long inland transports, is therefore 
unfavorable as broilers receiving prolonged DN are not able to fully compensate their 
lag in BW, which may result in lower BW at slaughter. In such situations, EN is an 
interesting strategy to maintain BW during long transport durations.
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Figure 1: Typical broiler chickens at 3 d of age that have been subjected to delayed (72 h, DN, broiler left) 
and early nutrition (EN, broiler right). Body weight (BW) of the DN group was 39 g and that of the EN 
group was 69 g (SEM = 0.4 g). No mortality was observed in the DN group and broilers appeared vitally.

Whether the observed short-term compensatory growth after DN may increase risk 
of growth disorders such as leg problems or development of breast myopathies such 
as wooden breast, is unknown yet and was not specifically investigated in this thesis. 
In a recent system comparison (on farm hatching EN versus on hatchery hatching DN), 
the authors reported no differences in gait score between EN and DN broilers (de 
Jong et al., 2018), although rADG appeared greater in DN broilers (from 0 to 41 d of 
age). Furthermore,  as compensatory growth after feed restriction in broilers has been 
suggested to affect protein and fat deposition (Leeson and Zubair, 1997; Lippens et al., 
2002), it might be of interest to investigate whether EN versus DN broilers may differ 
in body composition and nutrient requirements. This could have implications for diet 
formulations for EN versus DN broilers, and potentially for carcass composition at 
slaughter.
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*** ***

*** ***

** **

Figure 2: Absolute (panel A, grams / day) and relative daily gain (panel B, % / day) for early (n = 251 pens) 
and delayed nutrition (n = 259 pens) broilers between 0 – 14, 14 – 28, and 28 – 35 d post placement. Data 
are presented as raw means and error bars represent standard deviations and asterisks indicate differences 
between EN and DN broilers (***: P < 0.001, **: P = <0.01). Relative average daily gain is calculated as the 
absolute daily gain relative to the body weight (BW) at the start of each respective phase. Presented data 
belongs to the following chapters: chapter 2 (exp 1), chapter 3 (exp 2), chapter 5 (exp 3 and 4).
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Δ��� = 𝐸𝐸𝐸𝐸 − 𝐷𝐷𝐷𝐷 Δ�������� =
𝐸𝐸𝐸𝐸
𝐷𝐷𝐷𝐷A B

Figure 3: Absolute (panel A, grams) and relative (panel B, ratio between EN and DN BW) differences in 
body weight (BW) of broilers receiving early (EN) or delayed nutrition (DN), for the experiments described 
in this thesis. In experiment 4, BW comparisons between EN and DN are presented for broiler chickens 
kept under both low (LSC) and high sanitary conditions (HSC). Individual points represent effect sizes 
(EN –/– DN) or standardized effect sizes (EN / DN) for BW within each experiment. Presented data 
belong to the following chapters: chapter 2 (exp 1), chapter 3 (exp 2), chapter 4 (exp 3 and 4).

In summary, DN broilers partially compensate their lower BW at placement (compared 
with EN broilers) during the first 14 d of age by increasing ADG relative to BW (rADG). 
Results from the meta-analysis indicate that compensatory growth is independent of the 
duration of DN (38 vs 72 h), or sanitary conditions, although confirmation with more 
studies is required. However, shorter durations of DN may allow almost full recovery, 
while longer durations up to 72 h severely impair BW at slaughter, as reported before (de 
Jong et al., 2017). Thus, EN compared with DN results in a short-term increase in BW, 
but later life effects of EN on BW are depending on the duration of DN.
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3. Effects of  early nutrition on intestinal development and integrity

3.1. Early nutrition: earlier onset of  post hatch intestinal development
Early nutrition is often proposed as a strategy to enhance development of the intestinal 
tract of broilers. As summarized in chapter 1, the provision of nutrition is required to start 
post hatch development of the intestinal tract, indicating that EN compared with DN 
may result in earlier onset of intestinal development, rather than accelerated intestinal 
development (Figure 4). This early onset of intestinal development is illustrated by a 
small decrease (up to 1.5 fold), followed by a two to three-fold increase of proliferating 
enterocytes in duodenum, jejunum, and ileum (small intestine) after onset of feeding, 
in both EN and DN (48 h) broilers (Geyra et al., 2001). These authors also reported 
that fasting between 2 and 4, and 6 and 8 d of age, results in a decrease in the numbers 
of proliferating cells, followed by a short peak of proliferation, and recovery to levels 
similar as before fasting. Thus, DN seems to reduce and delay the onset of intestinal 
cell proliferation, but broiler chickens recover rapidly within approximately 4 d after 
refeeding. This was also found for the activity of digestive enzymes post hatch: trypsin 
and amylase activity in chyme increased within 24 h after onset of feeding, irrespective 
of feeding strategy (Sklan and Noy, 2000). Within approximately 2 days after onset of 
feeding of DN broilers, trypsin and amylase activity levels in DN broilers have reached 
those of EN broilers. In conclusion, this indicates that onset of feeding initiates post 
hatch development of the intestinal tract with rapid recovery within several days. This is 
further confirmed by the relative short-term (up to 7 d of age) effects of EN compared 
with DN on intestinal tract development, including intestinal weight, absorptive surface 
area, and mucus dynamics as described in chapter 1 and reviewed by others (Uni and 
Ferket, 2004; Lilburn and Loeffler, 2015).

Although effects of EN on intestinal development seem rather short-term, the 1.5 to 2 
fold increase of greater absorptive surface area of EN compared with DN (48 h) broilers 
(Uni et al., 2003; Smirnov et al., 2005), suggests greater absorptive capacity of nutrients 
during the first days of age. This can be further supported by the approximately 1.5 fold 
increase of glucose and amino acid transport in small intestine (duodenum, jejunum, 
ileum) of EN compared with DN (48 h) up to 4 d of age (Sklan and Noy, 2000). 
However, only minor effects of EN compared with DN (48 h) were found on post 
hatch gene expression of Ca and P transporters in jejunum and ileum of broilers up to 
14 d of age (Proszkowiec-Weglarz et al., 2018). Digestibility of dry matter was higher 
at approximately 14 d of age in broilers that received EN compared with DN (24 h: + 
3.5 %; 48 h: + 5.3 %) (Cengiz et al., 2012). It is remarkable that in this study, effects 
were still present at later ages and digestibility of organic matter was unaffected by EN, 
requiring further confirmation by future studies.
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Figure 4: Author’s impression of proposed course of intestinal development in broiler chickens receiving 
early (EN) or delayed nutrition (DN). Examples of intestinal parameters (y-axis) are intestinal tract weight, 
villus size, absorptive area, enzyme activity, or numbers of proliferating cells. Uptake of feed and water 
will result in onset of intestinal development, irrespective of broiler age, and no long-term differences on 
intestinal tract physiology are present. The dashed line represents an alternative hypothesis describing that 
besides delayed onset of development, DN may also impair development of the intestinal tract. This has 
not been reported in the literature or in this thesis. Arrows indicate time of provision of feed and water for 
EN (0 d of age) and DN (3 d of age). 

In summary, the reported differences in intestinal tract weight, absorptive surface area, 
and enzyme activity may contribute to better nutrient absorption, although future 
digestibility studies are required to confirm this suggestion. Provision of nutrition appears 
to stimulate the onset of post hatch intestinal tract development, thus EN compared 
with DN likely result in earlier onset of intestinal tract development. Whether DN 
results in long-term alterations on intestinal physiology (e.g. intestinal tract weight, 
villus size, enzyme activity) has not been proven in the literature. Thus effects of EN 
compared with DN on intestinal tract development are mainly present in early life, 
while later life (long-term) effects seem unlikely.

3.2. Intestinal integrity after delayed nutrition
Intestinal epithelial cells are sealed via apical junctional complexes, in which adherence 
junctions maintain cellular proximity and tight junctions (TJ) facilitate paracellular 
transport of water, ions, and small nutrients from the intestinal lumen into the 
bloodstream (Turner, 2009). Also in chickens, TJ are present and are expected to 
be functional from hatch onwards (Karcher and Applegate, 2008). Tight junctions 
consist of transmembrane proteins, of which the most important for TJ structure and 
functioning are claudin (CLD), zonula occludens (ZO), occludin, and junctional 
adhesion molecules (JAM) (Schneeberger and Lynch, 2004; Anderson and van Itallie, 
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2009). Claudin, occludin and JAM proteins form pores that facilitate paracellular 
transport of water and small molecules, but that prevents influx of larger molecules such 
as endotoxins. The pore size of TJ is dynamically regulated and is increased during stress 
responses due to higher cortisol levels during stressful situations such as fasting (reviewed 
by de Punder and Pruimboom, 2015; Kelly et al., 2015). This pore size is controlled by 
the sympathetic nervous system and the hypothalamic-pituitary-adrenal axis. Broilers 
receiving DN compared with EN, had higher blood plasma levels of corticosterone, 
likely as the result of starvation (van de Ven et al., 2013), which may induce greater TJ 
pore size. De Punder and Pruimboom (2015) hypothesized that uptake of water and 
other nutrients via greater TJ pore size is a strategy to facilitate nutrient uptake to meet 
metabolic demands under stressful situations. Loss of epithelial integrity due to impaired 
TJ structure is often associated with increased risk of translocation of luminal bacteria 
and endotoxins across the epithelial lining, which will cause inflammatory immune 
responses. It is remarkable, however, that others (reviewed by Turner, 2009) indicate 
that proteins and LPS can be transported into the host via TJ, but that whole bacteria 
cannot pass. Thus, bacterial translocation may not be explained by influx of bacterial 
via TJ pores (Wideman et al., 2012; Tellez et al., 2014, 2015), but rather as an effect of 
damaged intestinal epithelium or loss of TJ structure. During intestinal inflammation, 
for example as a result of infectious disease, loss of the intestinal barrier function may 
appear due to apoptosis, erosion, or ulceration of the intestinal epithelium (Edelblum 
and Turner, 2009; Lee, 2015). This may allow influx of bacteria, or endotoxins, directly 
through the damaged intestinal barrier, also described as the “leaky gut syndrome” 
(Wells et al., 2017), which is also described in chickens (Kuttappan et al., 2015; Awad 
et al., 2017).

It is unknown whether broilers that are subjected to DN, have increased paracellular 
transport due to nutrient shortages or intestinal damage, and whether this intestinal 
damage may occur resulting in bacterial and endotoxin translocation. Although numbers 
of apoptotic cells decreased 1.5 fold after 1 d post feeding in ileum of EN, compared 
with DN (48 h) turkeys (Potturi et al., 2005), morphological damage of the intestinal 
epithelium after various durations of DN has not been reported (Geyra et al., 2001; Noy 
et al., 2001; Lamot et al., 2014). Differences in ileal cytokine gene expression were also not 
observed between EN and DN broilers and laying hens (Simon et al., 2014), that would 
be indicative for immune responses towards translocated bacteria. Taken together, this 
indicates that DN does not induce disturbance of intestinal integrity. Because it was not 
studied before whether prolonged DN up to 72 h would increase paracellular transport, 
this was investigated in EN and DN (72 h) broilers at 1 d after onset of feeding (4 d 
of age) in chapter 3. Paracellular transport of the marker fluorescein isothiocyanate-
dextran (FITC-d), as an indicator for intestinal permeably (Vicuña et al., 2015; Baxter 
et al., 2017; Gilani et al., 2018), was measured in EN and DN (72 h) broilers at 1 d 
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after onset of feeding (4 d of age) in chapter 3. No differences in paracellular transport 
were observed between EN and DN broilers at 4 d of age, and histological examination 
of ileal, colonal, and cecal tissues revealed no damage of the intestinal epithelium among 
treatments. This supports the hypothesis that prolonged DN does not result in long-
term alteration of paracellular transport or intestinal damage. Also shorter durations of 
DN (24 h) did not affect intestinal permeability (Gilani et al., 2018). 

In summary, there are no indications that DN induces long-term intestinal damage or 
greater paracellular transport. At least, DN broilers recover within 24 h after onset of 
feeding. As TJ pore size is known to be highly dynamic (Shen et al., 2008; de Punder 
and Pruimboom, 2015), measuring paracellular transport during the 72 h of DN may 
provide better insight in dynamics of intestinal permeability before onset of feeding. In 
addition, the FITC-d model reflects TJ pore size and thus paracellular transport, but does 
likely not reflect translocation of bacteria and endotoxins. Additional measurements, 
such as morphological examination of the intestinal epithelium for damage, bacterial 
translocation, and measurement of endotoxin could provide better insight in differences 
in of bacteria and endotoxins between EN and DN broilers.

4. Development of  humoral immunity is accelerated by early 
nutrition

4.1. Transfer of  maternal antibodies is not affected by early nutrition
Just-hatched chickens already possess functional primary and secondary lymphoid 
organs such as the bursa of Fabricius, thymus, and mucosa associated lymphoid tissues 
(MALT), although the immune system, mainly the adaptive immune system, is not yet 
fully functional (reviewed by Friedman et al., 2003; Taha-Abdelaziz et al., 2018). After 
hatch, further differentiation and proliferation of B- and T-cells is required to mount 
sufficient immune responses (Bar-Shira et al., 2005). During this immunological “gap” 
caused by an immature immune system, chickens are passively protected by maternal 
antibodies (mAb) deriving from both yolk and albumen (Lawrence et al., 1981; Hamal 
et al., 2006; Ismiraj et al., 2019; van Dijk and Parmentier, 2020). IgY levels are a good 
indicator of mAb transfer during the first week of age because IgY positive neonatal 
B-cells are not detectable up to 6 d of age (Lawrence et al., 1981), and gene expression 
of IgY in ileum is minimal up to 10 d of age (Lammers et al., 2010; Simon et al., 2014). 
As maternal transfer of IgM is minimal (Ismiraj et al., 2019), circulating levels of IgM 
reflect the activity of neonatal IgM-positive B-cells. 

Multiple reviews suggest (Noy et al., 1996; Noy and Sklan, 1998) that EN compared 
with DN, may result in greater residual yolk uptake. It is tempting to speculate that this 
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greater yolk uptake also enhances transfer of mAb from the yolk into the bloodstream. 
Levels of mAb were compared between EN and DN broilers in chapter 4, but no 
differences in systemic maternal IgY levels at 7 d of age were observed. Furthermore, 
residual yolk weights were not affected by EN (Textbox 1). It can, therefore, be 
concluded that EN does not contribute to transfer of maternal immunity, and its effects 
on residual yolk uptake are doubtful.

4.2. Early nutrition enhances first week immune maturation
Because mAb disappear with age and are at lowest levels from approximately 21 d of 
age onwards (Lammers et al., 2010; Simon et al., 2014), a functional adaptive immune 
system is required to produce effective amounts of antibodies. This is established during 
the first week post hatch, where antigenic stimulation activates innate immune cells 
(Bar-Shira and Friedman, 2006). Ultimately, this results in differentiation of naïve 
B- and T-cells, and homing of these cells to effector sites such as MALT (reviewed 
by Friedman et al., 2003). After hatch, broilers become inoculated with bacteria that 
will eventually form the intestinal microbiome (reviewed by Apajalahti et al., 2004). 
The immune system will then be exposed to antigens deriving from the intestinal 
microbiome, together with other ingested antigens (feed, but likely also dust, eggshells 
and litter material). Bacterial colonization and growth is further stimulated by uptake of 
feed, as this provides a substrate for the commensal microbiome to further colonize the 
intestinal tract, resulting in higher bacterial load  and thus higher exposure to antigens 
(Vahjen et al., 1998; Apajalahti et al., 2004; Stanley et al., 2013).

Therefore, EN could be an interesting strategy to enhance maturation of the adaptive 
immune system: earlier feed intake increases exposure of the immune system to antigens 
deriving from feed and result in a more rapid colonization (Binek et al., 2000; Karpinska 
et al., 2001; Potturi et al., 2005). In addition, 16S rRNA sequencing revealed a temporal, 
divergent ileal microbiota composition up to 9 d of age between EN and DN (72 h) 
broilers (Simon, 2016), making it tempting to speculate that EN may also stimulate 
exposure to more and more diverse antigens. Thus, EN could be an opportunity for 
accelerating immune maturation, which has been subject of study before (Dibner et al., 
1998; Juul-Madsen et al., 2004; Bar-Shira et al., 2005; Simon et al., 2014). In short, 
these authors observed in EN compared with DN (48 – 72 h) broilers, higher numbers 
of germinal centers in the bursa from 3 up to 21 d of age (Dibner et al., 1998), higher 
numbers of T- and B-lymphocytes in the bursa from 4 up to 14 d of age (Bar-Shira et al., 
2005), and greater gene expression (mRNA abundance) of the T-cell marker CD3-γδ 
in colon  up to 8 d of age (Bar-Shira et al., 2005). Other literature, however, observed 
no effects of EN on ileal gene expression of cytokine genes in broilers up to 42 d of age 
(Simon et al., 2014), indicating that effects of EN are more pronounced in the distal 
intestinal tract (colon, cecum). Bar-Shira et al. (2005) reported earlier onset of antibody 
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Textbox 1: Residual yolk uptake and early nutrition

After hatch, the remainder of the yolk (residual yolk) provides water, fat, and protein 
(Yadgary et al., 2010) to the chicken (reviewed by van der Wagt et al., 2020). Residual 
yolk weight rapidly declines from approximately 6 g at hatch until 1 g at 3 d of age 
(Bigot et al., 2003). The residual yolk disappears in most chickens around 7 d of age 
(Figure 6). Whereas before hatch, contents of the residual yolk are transported into 
the blood circulation via the highly vascularized yolk sac membrane, after hatch, 
contents are transported into the jejunum via the yolk stalk (van der Wagt et al., 
2020). This allows uptake of residual yolk contents through the intestinal epithelium 
into the blood circulation.

Noy et al. (1996) reported greater yolk disappearance up to 96 h after EN, compared 
with DN (96 h), and postulated that uptake of residual yolk via the yolk sac 
membrane was not affected by EN. However, these authors suggested that secretion 
of yolk contents into the jejunum could be increased by increased intestinal motility 
in EN broilers. Peristalsis of the jejunum, ileum, colon, and ceca is however already 
present around 9 d of embryonic age (Chevalier et al., 2017), although gut motility 
in animals in a fasted versus fed state differs (reviewed by Olsson and Holmgren, 
2001). Studies demonstrating the relation between gut motility, and flow from yolk 
contents into the intestinal tract in EN compared with DN broilers, are however 
lacking.

There is no consensus whether EN may enhance residual yolk disappearance, with 
some studies showing greater yolk disappearance after EN  (Noy et al., 1996; Sklan 
and Noy, 2000; Bhanja et al., 2009; van de Ven et al., 2013; de Jong et al., 2018), 
and others not (Pinchasov and Noy, 1993; Sklan et al., 2000; Bigot et al., 2003; 
Gonzales et al., 2003; Maiorka et al., 2003; Careghi et al., 2005; van den Brand et 
al., 2010; Abed et al., 2011; Lamot et al., 2014; Wang et al., 2014). Yet, there seems 
no explanation for these differences, although Van der Wagt et al. (2020) speculated 
that differences in breeder age or incubation and brooding temperature among these 
studies might play a role. In experiment 4 (chapter 4 and 5), residual yolk weight was 
measured in both EN and DN (72 h) broilers, at 0, 1, 2, 3, and 7 d of age. There were 
no differences in residual yolk disappearance between EN and DN broilers at any 
age (Figure 6), which is in accordance with measurements performed in experiment 
2 (chapter 3).
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The definition of residual yolk uptake is often used incorrectly as the aforementioned 
studies only measured yolk disappearance, rather than yolk uptake. To my best 
knowledge, uptake rather than disappearance of residual yolk between EN and DN 
broilers, has not been measured yet. However, constituents of the residual yolk may 
be fermented by commensal bacteria, or parts of the yolk itself may be excreted as 
feces. Secondly, composition of the residual yolk may differ between EN and DN 
broilers, as the intestinal tract of EN broilers is in a different developmental stage as 
described in chapter 1. In addition, the constituents of the residual yolk (e.g. water, 
carbohydrates, protein, lipids) may differ between EN and DN broilers. Thus, yolk 
absorbance and yolk disappearance should not be used interchangeably. Yet, no prove 
seems present that greater intestinal motility after EN enhances emptying residual 
yolk contents into the intestinal tract, as was proposed by Noy et al. (1996).

Figure 6: Absolute yolk weight at 0, 1, 2, 3, and 7 d of age in early (EN) and delayed nutrition (DN) 
broilers. Points represent residual yolk weight of individual broiler chickens. The horizontal line in the 
boxplots represents the median, and whiskers span the 1.5 * interquartile range from the box. n = 8 
broilers per group per timepoint.
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responses after cloacal immunization with hemocyanin at 6 d of age. In EN compared 
with DN (48 h) broilers, systemic levels of T-cells were increased at 8 d of age (Juul-
Madsen et al., 2004), but not B-cells. Taken together, multiple studies have indicated 
that EN, compared with DN, results in earlier activation and education of the immune 
system, which may result in earlier onset of antibody responses after hatch. 

Effects of EN compared with DN on expression of host defense genes (IL-1β, COX-
2) in ileal and cecal tissue at 4 d of age has been studied in chapter 3. For both IL-1β 
(ceca) and COX-2 (ileum, ceca), gene expression was higher in EN compared with DN 
broilers at 4 d post hatch, indicating greater activity of the innate immune system. This 
seems in accordance with another study concluding that the innate immune system 
is triggered by exposure to dietary and microbial antigens, due to higher levels of IL-
1β gene expression (in duodenum, colon, and cecum) after feeding (Bar-Shira and 
Friedman, 2006). Another study, however, observed no differences in ileal cytokine 
expression between EN and DN broilers (Simon et al., 2014). It is unclear what causes 
the different outcomes of these studies. The higher levels of expression of the MUC-2 
gene in ileum of EN compared with DN broilers is in line with measurements on mucus 
layer thickness which was found greater in EN broilers (Uni et al., 2003; Smirnov et 
al., 2004). As the intestinal microbiome has been found to affect mucus dynamics and 
composition (Smirnov et al., 2005; Forder et al., 2007), it could be that accelerated 
bacterial colonization in EN might have resulted in higher expression levels of the 
MUC-2 gene. However, this remains speculative as bacterial load was not measured in 
chapter 3. In summary, higher gene expression of host defense genes in ileal and cecal 
tissue of EN compared with DN broilers, indicate that EN initiates activation of the 
immune system in early life. Later life effects of EN on the expression of these genes 
in intestinal tissues are minimally studied, but are unlikely (Simon et al., 2014). It is 
reported in mammals that macrophages can be desensitized towards LPS as a result of 
continuous stimulation with LPS (reviewed Dobrovolskaia and Vogel, 2002). This is 
suggested as a mechanism to prevent excessive and uncontrolled immune responses. A 
future research topic would therefore be to investigate whether EN compared with DN, 
(but also different sanitary conditions), may induce long-term desensitization of innate 
immune cells, such as macrophages, towards MAMP such as LPS.

It remains however, unclear whether the accelerated maturation of adaptive immunity 
(Juul-Madsen et al., 2004; Bar-Shira et al., 2005) also affected development of NAb 
and NAAb levels. Whereas NAb are antibodies binding antigens that have not been 
exposed to the immune system before, NAAb are antibodies that bind self-antigens. 
Higher NAb levels contribute to first line of defense against infectious diseases (Berghof 
et al., 2019) and reduce risk of mortality (Star et al., 2007; Sun et al., 2011), and 
NAAb contribute to the removal of apoptotic cells and damaged self-molecules (Lutz, 
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2007; Nagele et al., 2013; Xu et al., 2015). Thus, elevating levels of both NAb and 
NAAb by EN might be of interest to enhance disease resistance and removal of cell 
debris. Especially during the first week post hatch, broilers are susceptible for infectious 
diseases, resulting in increased mortality and the antibiotic treatments compared with 
older broilers (de Bruijn et al., 2015; Joosten et al., 2019). Therefore, EN may be a 
useful strategy to increase the first line of defense, as early antigen exposure stimulates 
B-cells to produce NAb. This hypothesis was tested in chapter 4, where broilers were 
subjected to EN or DN and housed under LSC and HSC. Levels of natural (NAb) and 
natural auto-antibodies (NAAb) were measured at different time points between 7 and 
33 d of age, but only at 7 d of age EN compared with DN broilers had higher levels of 
NAb and NAAb, indicating only short-term effects on antibody levels. Speculatively, 
this can be explained by greater antigenic stimulation as a result of earlier feed intake 
in EN compared with DN broilers. In short, exposure to greater numbers and variety 
of antigens may have led to higher levels of systemic antibodies (including NAb and 
NAAb) via activation of B-cells by MAMP. B-cells express Toll-like receptors (TLR), that 
can be activated by bacterial ligands (MAMP) such as LPS and CpG oligonucleotides 
(Bernasconi et al., 2003; Ruprecht and Lanzavecchia, 2006; Bekeredjian-Ding and Jego, 
2009). These authors demonstrated that besides activation of the B-cell receptor with 
antigen, stimulation of TLR with MAMP is required to induce differentiation of naïve 
B-cells. Also in chickens, TLR signaling on B-cells has been suggested (st. Paul et al., 
2012). This may explain why higher exposure to MAMP (or bacteria) enhances NAb 
(Haghighi et al., 2006; Berghof et al., 2010) and NAAb (Kreuk et al., 2019) levels, but 
also SpAb levels (Haghighi et al., 2005; Ploegaert et al., 2007). The absence of differences 
in levels of systemic antibodies between EN and DN broilers from 14 d of age onwards, 
may indicate that at these ages, differences in antigenic load or composition do not exist 
between EN and DN broilers.

In summary, it appears that EN enhances maturation of the broiler’s immune system, 
indicated by higher mRNA expression levels in intestinal tissues at 4 d of age and higher 
levels of systemic IgM (i.e. NAb, NAAb) up to 7 d of age. Delayed nutrition broilers 
rapidly recover, as later life effects on antibody levels were not reported between EN and 
DN broilers. Higher levels of natural IgM at 7 d of age in EN broilers, however, may 
contribute to a better first line of defense against avian pathogenic E. coli (Berghof et 
al., 2019). To study the biological relevance of increased NAb levels after EN, I propose 
further research using controlled challenge models with pathogens (e.g. Berghof et al., 
2019), or field studies comparing morbidity and first week survival of EN versus DN 
broilers. Finally, better insight is required in the biological relevance of different NAAb 
levels between EN and DN broilers at 7 d of age.
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5. Modelling of  antigenic pressure by low and high sanitary 
conditions

Antigenic pressure among experimental and commercial (field) conditions differs and 
is determined by total numbers of broilers in the broiler house, stocking density, litter 
management, biosecurity management. Broilers housed under experimental conditions 
are commonly housed under relatively low antigenic pressure, while the level of antigenic 
pressure likely varies among commercial broiler farms. Translating the reported effects of 
EN in the scientific literature directly into commercial practice, is therefore potentially 
unreliable. Besides translation to practice, it is also unknown whether effects of EN on 
immune development and responses are dependent on antigenic pressure during rearing. 
Studies comparing immune development and responses of EN versus DN, have been 
conducted under experimental conditions with relative low antigenic pressure (Dibner 
et al., 1998; Walstra, 2011; Simon et al., 2014; Lamot et al., 2016). Only Simon et al. 
(2015) induced a contrast in antigenic pressure by placing broilers either in cages (low 
antigenic pressure) or in floor pens on sawdust (high antigenic pressure). Therefore, in 
experiment 4 (described in chapter 4 and 5), broilers (EN versus DN) were housed 
under LSC and HSC. In this paragraph I will further explain and discuss the LSC versus 
HSC model, its advantages compared with challenge models based on infection with 
a specific antigen or pathogen, and provide future points for improvement. Thereafter, 
I will discuss in separate paragraphs the effects of sanitary conditions on the humoral 
immune system.

Common studies on broiler immunology and immune responses after EN or DN, 
comprise of immunization with a single (model) antigen or vaccination, while the 
interaction with antigens in the environment is minimized or not taken into account 
(Dibner et al., 1998; Bar-Shira et al., 2005; Simon et al., 2014; Lamot et al., 2016). 
In commercial husbandry, however, the broiler’s immune system is likely exposed to 
various antigens (including MAMP) for longer durations, which may modulate the 
immune system. In laying hens, for example, long-term exposure to various antigens 
between 42 to 63 d of age increased levels of NAb and fat deposition (Parmentier et al., 
2002). Intratracheal exposure to MAMP in laying hens (≥ 9 weeks of age) decreased 
BW and  increased SpAb responses (Ploegaert et al., 2007). Simon et al. (2015) reported 
higher levels of natural IgM (27 and 35 d of age) in floor housed (higher antigenic 
pressure), compared with cage housed (lower antigenic pressure) broilers. These studies 
demonstrate the relevance of studying effects of husbandry measures (e.g. EN versus 
DN), in both high and low antigenic pressure to obtain a relevant translation of results 
into practice.
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Previously, contrasts in antigenic pressure were successfully established in a pig model 
(van der Meer et al., 2016, 2017; van der Meer, 2017). In short, pigs housed under 
LSC compared with HSC, had reduced growth performance, higher levels of the acute 
phase protein haptoglobin, and higher levels of natural IgG (van der Meer et al., 2016). 
Low sanitary conditions in chapter 4 and 5 were obtained from 3 d of age onwards, by 
repeatedly (every 4 d) introducing used litter from commercial broilers farms (broiler 
age ≥ 35 d). To obtain a representative sample of antigens present in commercial broiler 
husbandry, a mix of 3 litter origins (farms) was introduced, and the experiment was 
conducted in 3 separate batches all having different litter origins, resulting in a total 
of 9 different litter origins. As reported in chapter 4, contrasts in antigenic pressure 
were established as LSC broilers had reduced growth performance, compared with HSC 
broilers (Figure 5), likely as a result of reallocation of energy and protein for maintaining 
immune responses (reviewed by Humphrey and Klasing, 2004). Although the effects 
remained until the end of the experiment (33 d), it is unknown whether these remain up 
to older ages in chickens, as in pigs, contrasts in NAb levels between LSC and HSC were 
only present until approximately 34 d after induction of LSC (e.g. van der Meer, 2017).

The LSC versus HSC model in this thesis differs from the more common “used litter 
model”, in which broilers are reared on used litter from an older boiler flock. This used 
litter model is also applied to increase antigenic pressure to study growth performance, 
intestinal microbiota composition, and immunity of broilers (Corzo et al., 2007; 
Cressman et al., 2010; Lee et al., 2011, 2013; Shanmugasundaram et al., 2012; Wang et 
al., 2016; O’Reilly et al., 2017). In the used litter model, however, there is no repeated 
introduction of antigens, which is supposed to reduce antigenic stimulation over time. 
Furthermore, it can be questioned whether litter from 1 flock may be a representative 
sample for antigens present in litter of commercial broiler flocks. This was supported by 
greater differences in growth performance between LSC and HSC broilers, compared 
with the differences reported in the used litter model (Lee et al., 2011; O’Reilly et al., 
2017).



Chapter 6

148

Figure 5: Typical broiler chickens at 28 d of age in experiment 4 that received early nutrition housed in 
either low (LSC; left picture) or high sanitary conditions (HSC; right picture) from 3 d of age onwards. At 
28 d of age, body weight (raw means ± SD) of the LSC group was 1059 ± 246 g and that of the HSC group 
was 1374 ± 237 g. No differences in mortality between the groups were observed during the experiment.

6. Sanitary conditions determine the antibody defense strategy

In chapter 4, broilers reared under LSC, compared with HSC, were reported having 
higher levels of NAb from 14 d of age onwards. As LSC were introduced from 3 d of age 
onwards, indicating that young broilers, having an immature immune system, rapidly 
respond (within 11 d) to LSC irrespective of receiving EN or DN. At 33 d of age, broilers 
kept under LSC compared with HSC, had increased levels of NAb (IgM), NAAb (IgM, 
IgY), and antibodies binding LPS (IgM, IgY) or muramyl di-peptide (MDP; IgM, IgY) 

. The mechanism causing higher levels of antibodies in LSC compared with HSC 
broilers, was not investigated in this study. Here, I speculate that high and repeated 
exposure of the immune system to MAMP stimulates naïve B-cells via activation of TLR 
(Bernasconi et al., 2003; Ruprecht and Lanzavecchia, 2006), as discussed in section 3.2. 
At 33 d of age, LSC compared with HSC broilers were found to have higher levels of 
NAAb, and likely a greater NAAb repertoire. As continuous exposure to high antigenic 
pressure may also affect antibodies that are directed towards auto-antigens, it is tempting 
to speculate that the NAAb repertoire in broilers is also affected by interactions between 
the host and its environment (exogenous antigens), rather than only endogenous (self )-
antigens. Higher levels of both IgM and IgY binding PC-OVA in LSC compared with 
HSC broilers, indicate that antigenic stimulation (due to LSC) stimulates isotype 
switching (IgM  IgY) of NAAb producing B-cells.
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Specific antibody responses under LSC and HSC were measured after immunization of 
broilers with BSA and RGG i.t. (chapter 5), and with SRBC i.m. (chapter 4). Higher 
SpAb levels (especially IgM) were observed in LSC compared with HSC towards i.t. 
immunized antigens (BSA, RGG), but no differences in SpAb were observed towards 
i.m. immunized SRBC. These data indicate that differences in SpAb levels between 
sanitary conditions, are dependent on the route of immunization. Antigen-dependent 
effects that may cause these differences, rather than the route of immunization, cannot 
be excluded, but are unlikely.

The fold change (SpAb : NAb ratio) of antibodies binding BSA, RGG, or SRBC between 
7 and 0 d p.i. were studied in chapter 4 and 5. For all antigens, fold change of antibodies 
was higher in HSC broilers, indicating greater elevation of SpAb binding BSA or RGG. 
This can be explained by the higher levels of NAb (or basal levels) and relative small 
increase of SpAb after immunization in LSC broilers, as discussed in chapter 4. Also 
in goldfish (Carassius auratus L.), individuals with higher levels of NAb were found to 
have lower SpAb responses, and vice-versa (Sinyakov et al., 2002). Also NAb binding 
RRBC (14, 24, 31 d of age) and KLH (33 d of age), and NAAb binding PC-OVA and 
chicken liver homogenate (CLH), were higher in LSC, compared with HSC broilers. 
Thus, LSC appears to stimulate production of NAb and NAAb, possibly via greater 
exposure of MAMP to TLR on B-cells (Ruprecht and Lanzavecchia, 2006; Kreuk et 
al., 2019). Taken together, I hypothesize that antigenic pressure during rearing may 
determine the defense strategy of the immune system: LSC broilers increase their first 
line of defense (NAb), while HSC broilers do not, but require higher adaptive immune 
responses (SpAb).

In summary, broilers exposed to high antigenic pressure have increased levels of systemic 
antibodies, likely as a result of MAMP stimulation. These higher antibody levels could 
contribute to the first line of defense against infectious diseases, which has been shown 
before in laying hens, where increased NAb levels were shown to be related to a reduced 
risk of mortality (Star et al., 2007; Sun et al., 2011), and increased survival after a 
pathogenic E. coli challenge (Berghof et al., 2019). Strategies to enhance NAb levels 
could therefore contribute to broiler health: due to the relative low affinity of NAb 
compared with SpAb, more immune complexes are formed resulting in neutralization 
of antigens, and as NAb are already present before immunization, antigens are more 
rapidly neutralized compared with the adaptive strategy that requires multiple days to 
develop (Stäger et al., 2003; Lammers et al., 2004). 



Chapter 6

150

Textbox 2: Natural antibody levels are associated with body weight

Higher levels of natural antibodies (NAb) may not only contribute to survival and resistance 
towards bacterial infections (Star et al., 2007; Sun et al., 2011; Berghof et al., 2019), but may 
also contribute to enhanced growth performance. Appropriate neutralization of antigens by 
NAb may prevent immune responses that would demand energy and protein (Humphrey 
and Klasing, 2004; Iseri and Klasing, 2013, 2014) or induce sickness responses (Dantzer, 
2001). To obtain first insight in effects of NAb levels on growth performance, we compared 
levels of NAb binding rabbit γ-globulin (RGG) at 24 d of age with body weight (BW) at 33 
d of age. Antibodies binding RGG at 24 d of age were considered NAb as broilers were not 
exposed to RGG before. The linear relation between BW at 33 d of age and titers of natural 
IgM and IgY binding RGG at 24 d of age, under both LSC and HSC, was evaluated (Figure 
7). It appears that variation in BW is partly explained by titers of IgM (36 %) and IgY (25 
%) binding RGG. The non-parallel slopes of LSC and HSC for the IgM isotype (P = 0.07) 
indicate that especially IgM NAbs are affected by antigenic pressure, and that mainly under 
LSC, the IgM titer is most explanatory for final BW. Whether this is the result of a trade-off 
between immune defense and growth performance, remains uncertain and requires follow-
up research with larger datasets.

Figure 7: Body weight (BW) at 33 d of age explained by IgM or IgY titer binding rabbit γ-globulin in 
broiler chickens kept under low (LSC) and high sanitary conditions (HSC). Points represent individual 
broilers, and lines represent the trendline of the linear model. Grey areas represent standard errors.
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7. Modulation of  later life antibody responses by early nutrition

Early nutrition compared with DN (72 h) broilers were reported having lower IgY responses 
and growth depression after LPS + HuSA immunization, when housed under relatively 
high antigenic pressure (Simon et al., 2015). This could indicate that EN, compared with 
DN, may modulate the immune system towards more controlled immune responses. This 
is supported by higher levels of biliary IgA in EN compared with DN (48 h) broilers from 
8 to 22 d of age (Dibner et al., 1998). In contrast to IgM and IgY, IgA is not involved in 
activation of complement cascades, and prevents binding of antigens to innate immune 
receptors (Macpherson et al., 2008), thereby preventing further inflammatory responses. 
Effects of EN are however not consistent in all studies as Simon et al. (2014) found no 
effects of EN compared with DN on IgA+ plasma cells. Also other studies observed minimal 
effects of EN on later life immune responses in broilers (Huibers, 2009 unpublished results; 
Lamot et al., 2016) or laying hens (Walstra, 2011). These studies, however, were conducted 
under relatively low antigenic pressure, requiring less regulation of immune responses than 
chickens housed under high antigenic pressure. Therefore it was investigated whether 
EN may interact with development of oral tolerance and its interactions with sanitary 
conditions (LSC versus HSC) in chapter 5.

Oral tolerance can be defined as a state in which the immune system recognizes specific 
antigens, but mounts no or very limited specific antibody responses towards these 
antigens (Weiner et al., 2005; Cao et al., 2014). Whereas in human research oral tolerance 
induction has been subject of study in allergy development (Weiner et al., 2005; Cao et al., 
2014), research in chickens mainly focused to prevent oral tolerance to improve efficacy of 
vaccinations up to 3 d of age (Klipper et al., 2000, 2001, 2004; Yuan and Li, 2012; Ifrah et 
al., 2016). Based on studies in mammals, oral tolerance can be defined as active suppression 
of immune responses by regulatory T-cells. Exposure of naïve T-cells to antigens MAMP 
(e.g. LPS) will stimulate polarization towards helper T-cells that further activate cellular 
and adaptive immune cascades (Hrncir et al., 2008). Exposure to antigens without co-
stimulation of MAMP likely enhances proliferation of naïve T-cells in regulatory T-cells 
(Treg) by stimulation with TGF-β which is produced by dendritic and intra-epithelial cells 
(Hrncir et al., 2008). Regulatory T-cells have been identified in chickens as well and have 
comparable characteristics as mammalian Treg (reviewed by Selvaraj and Shanmugasundaram, 
2013). Thus, chicken Treg will likely dampen further immune responses by secretion of the 
cytokine TGF-β, which also stimulates class switching of B-cells into IgA+ cells (reviewed 
by Cao et al., 2014). Therefore, MALT with high numbers of Treg and levels of IgA can be 
characterized as tolerogenic (Weiner et al., 2005; Cao et al., 2014). IgA contributes to (oral) 
immune tolerance by the neutralization of antigens by binding them on mucosal surfaces, 
thereby blocking binding of these antigens to innate immune receptors, which prevents 
further immune activation (Macpherson et al., 2008). Also in chickens, the homeostatic 
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properties of IgA were demonstrated being similar to mammalian IgA (Lammers et al., 
2010), including coating of the majority of intestinal bacteria (den Hartog et al., 2016).

The time window in which oral tolerance can be induced in chickens is approximately 
3 d of age (“window of opportunity”; see also textbox 3), which overlaps the time 
window of DN, which may take up to 3 d (72 h). As the first days of age are critical for 
maturation of the immune system including activation (Bar-Shira and Friedman, 2006) 
and education (Bar-Shira et al., 2003, 2005), greater antigenic exposure after EN may 
interact with development of oral tolerance. Thus, it is likely that greater exposure of the 
immune system to antigens after EN compared with DN, may affect the development 
of oral tolerance, as suggested before (Simon et al., 2015). Based on the experiments 
described in chapter 5, three conclusions can be drawn: (1) oral tolerance can be 
induced in broiler chickens, but seems to be an attenuated immune response rather 
than complete ignorance, (2) oral tolerance is specific towards antigens that are present 
during the window of opportunity, and (3) EN does not affect systemic tolerance, but 
inconsistently increases biliary IgA levels.

Textbox 3: Induction of  oral tolerance in avian species versus mammalians

A remarkable difference among mammals and avian species with respect to oral tolerance, is 
that in mammals, tolerance can be induced during the whole life, whereas in avian species 
tolerance can only be induced during incubation up to approximately 3 d of age (Miller and 
Cook, 1993; Klipper et al., 2001; Ameiss et al., 2004; Friedman, 2008; Wu et al., 2010; Yuan 
and Li, 2012). The reason for this difference is not yet unraveled, although it is suggested 
that the absence of the weaning process in avian species might play a role (Friedman, 2008). 
Whereas avian species would immediately start ingesting their “final” diet, resulting in low 
variation in antigens during the rest of their life, weaning in mammals results in a later life 
switch of ingested antigens. Thus mammals will be exposed to novel antigens in their diet 
at a later phase due to the weaning process. Whether this is the main explanation remains 
debatable, as not-domesticated Red Junglefowl were found to have seasonal changes in their 
diet (Collias and Collias, 1967), which may also result in exposure to different antigens 
throughout the year and life.

Specific antibody responses towards BSA were attenuated in BSA fed, compared with 
the non-PBS fed (control) broilers. As biliary IgA levels binding BSA were higher 
in BSA fed compared with PBS fed broilers in chapter 5, this indicates a more 
tolerogenic antibody response towards BSA (Weiner et al., 2005; Cao et al., 2014) 
and better maintenance of immune homeostasis (Macpherson et al., 2008) after 
BSA immunization. Further investigation on T-cell populations could provide more 
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insight in the mechanisms of immune regulation after BSA feeding and subsequent 
immunization, thereby elucidating what factors affect development of oral tolerance. 
Secondly, in BSA-fed broilers, attenuation of immune responses is specific towards BSA, 
but not RGG, indicating that oral tolerance is developed only towards antigens that 
have been present during the window of opportunity (up to 3 d of age). This suggests 
the involvement of specific Treg populations that dampen systemic SpAb responses 
towards BSA, but not RGG. Speculatively, greater exposure to antigens during this 
window, for example as a result of EN, may therefore result in attenuated immune 
responses in later life to higher numbers of antigens. Finally, EN was not found to 
affect systemic antibody responses in later life, and also not when reared under either 
HSC or LSC. This is in contrast with observations of Simon et al. (2015), where lower 
IgY responses were reported in EN broilers housed in floor pens (representing higher 
antigenic pressure). Due to the low number of studies comparing later life immune 
responses of EN versus DN broilers under high antigenic pressure  (chapter 5, Simon et 
al., 2015), the reasons for the inconsistency between these studies cannot be explained 
yet. However, levels of biliary IgA were increased in EN compared with DN broilers, 
up to 42 d of age in experiment 3 and up to 35 d of age in batch 2 of experiment 4, 
but not in other batches of experiment 4. Also in literature, inconsistent effects of EN 
on mucosal IgA levels are reported (Dibner et al., 1998; Simon et al., 2014). Together, 
this indicates that other biological factors may play a role in modulating levels of IgA.

In summary, later life systemic antibody responses appear to be minimally affected by 
EN, compared with DN. Early nutrition does not modulate later life systemic antibody 
responses via oral tolerance, as suggested before (Simon et al., 2015). Inconsistent 
increases in biliary IgA levels in EN broilers at 33 and 42 d of age, indicate that EN may 
contribute to homeostasis of the mucosal immune system. The biological relevance of 
the increase in biliary IgA levels should be further confirmed in an intestinal challenge 
model, such as a necrotic enteritis model (Shojadoost et al., 2012).
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8. Concluding remarks

	 • 	� Early nutrition (EN) compared with delayed nutrition (DN) results in 
greater body weight (BW) from placement until slaughter, the effect 
size being dependent on the duration of DN. Compensatory growth 
up to 14 d of age in DN broilers (decreased relative differences in BW) 
allows partial compensation of body weight.

	 • 	� Low sanitary conditions (LSC) versus high sanitary conditions (HSC) 
depressed growth performance of broiler between 3 and 33 d of age. 
However, under LSC, growth performance and compensatory growth 
are not affected by EN or DN.

	 • 	� Intestinal integrity is not affected by EN compared with DN and the 
short-term enhanced intestinal tract development after EN is an effect 
of earlier onset of development.

	 • 	� Broilers receiving EN compared with DN, have higher levels of 
systemic antibodies up to 7 d of age, especially natural (NAb) and 
natural auto-antibodies (NAAb), which might improve resistance to 
infectious diseases during the first week of age. Later life effects are, 
however, not present.

	 • 	� Later life systemic antibody responses or modulation of these responses 
are not affected by EN compared with DN, and minimal interactions 
between EN and sanitary conditions (LSC versus HSC) were present. 
These observations indicate that broilers kept under LSC, do not 
benefit from EN. Irrespective of sanitary conditions, EN may elevate 
mucosal homeostasis indicated by increased levels of biliary IgA, but its 
biological relevance is yet unclear.
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9. Implications of  early nutrition for commercial broiler husbandry

In this final paragraph I will provide an overview of the expected implications of the 
research reported in this thesis for commercial broiler husbandry. It is of importance 
to emphasize that the duration of DN plays a role in the effects of EN compared with 
DN: longer durations usually result in greater effect sizes. In the Netherlands, broilers 
receiving DN are expected to have no access to nutrition up to approximately 36 h, 
whereas in other countries, longer durations of DN (up to 72 h) are more common 
(chapter 1). 

9.1. Intestinal integrity and morphology are minimally impaired after delayed 
nutrition
Delayed nutrition appears to delay the onset of intestinal development (e.g. intestinal 
weight, absorptive surface area, cell proliferation, and digestive enzyme activity) up 
to approximately 7 d of age. At later ages, there are minimal differences on intestinal 
physiology between EN and DN broilers, thereby indicating that long-term effects are 
not present. Enhanced intestinal integrity in EN compared with DN (72 h) broilers 
is not reported in the literature or this thesis, although data on paracellular transport 
before onset of feeding (especially in DN broilers), is lacking. These data are required to 
confirm that risk of translocation of bacteria or endotoxins into the bloodstream is not 
affected by EN or DN.

9.2. Short-term, but not long-term, elevation of  systemic antibody levels after 
early nutrition
Early nutrition has been proposed before to accelerate maturation of the adaptive immune 
system (Juul-Madsen et al., 2004; Bar-Shira et al., 2005). No evidence was found for 
greater uptake of maternal antibodies from the residual yolk, that may contribute to 
passive immunity. In addition, there seems no consensus in the literature that EN 
compared with DN may enhance disappearance of the residual yolk. Remarkably, the 
proposed mechanism for greater residual yolk uptake in EN broilers, has not been 
demonstrated yet. 

Short-term effects of EN compared with DN were reported in this thesis: EN resulted in 
higher levels of systemic IgM (including NAb, NAAb, and IgM binding MDP) at 7 d of 
age, but no differences were observed at later ages. Higher levels of natural IgM in EN 
broilers may indicate a better first line of defense towards infectious diseases (Berghof et 
al., 2019) and greater chance of survival (Star et al., 2007; Sun et al., 2011). Thus, EN 
might contribute to reduction of mortality and antibiotic usage during the first week (de 
Bruijn et al., 2015; Joosten et al., 2019).
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Early nutrition may modulate later life immune responses during the first 3 days of 
age, as this is an important window of immune development (Friedman et al., 2003; 
Taha-Abdelaziz et al., 2018). However, later life (between 14 and 42 d of age) effects on 
systemic antibody levels (NAb, NAAb) or responses (SpAb) were not observed between 
EN and DN broilers. However, levels of biliary IgA were inconsistently elevated between 
experiments and batches, indicating that EN may contribute to mucosal homeostasis, 
although the biological relevance of these differences remain unclear. Also under low 
sanitary conditions, which likely have resulted in higher antigenic pressure, broilers did 
not benefit from EN under LSC in terms of immunity or growth performance.

9.3. Consequences of  early nutrition on growth performance
Early nutrition compared with DN has been shown to enhance broiler weight at farm 
placement up to slaughter (reviewed by de Jong et al., 2017). Relative differences in 
BW between EN and DN broilers decrease, due to compensatory growth during the 
first 14 d of age, but especially after prolonged DN up to 72 h, compensatory growth 
is insufficient to reach equal BW at slaughter. As DN broilers are not able to fully 
compensate their lower BW, especially after prolonged durations of DN, EN might be 
a potential strategy for broiler farmers to increase slaughter weights or reduce the length 
of the rearing period (Textbox 4). Whether EN compared with DN has implications 
for diet formulations, for example due to compensatory growth in DN broilers, was not 
studied and requires further investigation.
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Textbox 4: Preliminary calculations of  investments and returns of  early nutrition

Currently, there are no scientific or independent reports or data available about return on 
investment of EN. Therefore, I would like to provide insight in required investments to apply 
EN on an average Dutch broiler farm (75,833 broilers, CBS, 2020), and what improvements 
in growth performance are required to reach break-even. In this paragraph, I provide an 
example for in-hatchery EN. Because on-farm EN investments vary widely among farms, 
a general approach may be too generic and likely results in non-representative estimations. 

Acquiring fast-growing EN day-old-chicks requires an additional fee paid by the broiler 
farmer to the hatchery of approximately € 0.02 per chick (personal communication, Dutch 
hatchery, 2020). An average Dutch broiler farm housed 75,833 broilers in 2019 (CBS, 2020), 
thus acquiring in hatchery EN broilers on an average farm requires an additional investment 
of € 1517 for each rearing cycle of 42 d.
The expected return on investment of EN can be calculated based on elevated slaughter 
weight, which may result in higher earnings at slaughter, or shorter time-to-slaughter due 
to greater ADG. With respect to enhancing slaughter weight by EN, I assume an average 
live weight price of € 1.00 / kg at slaughter, and no effects of EN versus DN on mortality. 
In the Netherlands, carcass composition is not determining slaughter earnings for farmers. 
Break-even of EN is reached when slaughter weight is increased by at least 20 g / slaughtered 
broiler1. Thus, in all experiments in this thesis in which broilers reached slaughter age (≥ 33 
d), broilers passed this break-even point. Assuming a slaughter weight of 2800 g at 42 d of 
age, the meta-analysis of de Jong et al. (2018) shows that shorter durations of DN (24 h) also 
result in reaching break-even. With respect to reduction of time-to-slaughter, the daily rearing 
costs (all costs without interest and depreciation) are assumed € 0.04 per slaughtered broiler 
chicken (KWIN, 2019). Break-even of EN is reached when time-to-slaughter is reduced 
by 0.5 days2. Based on a BW of 45 g at placement, and slaughter weight of 2380 g, this 
requires 0.97 g higher average daily gain (ADG) of EN broilers. This increase in ADG was 
reached after longer durations of DN (72 h) in experiment 3 and 4 chapter 4, but not during 
shorter durations of DN (38 h) as reported in chapter 2. In summary, the above calculations 
indicate that costs of investment of EN appear to be relatively easily returned on investment. 
However, it should be noticed that this is a first attempt and rough estimation, and more 
in-depth farm specific simulations are required to obtain better insights in investments and 
returns of EN, compared with DN.

1Formula: (total investment / (placed chicks * (1-mortality))) / LW price

2Formula: Total daily cost / total investment
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