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ABSTRACT 
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Advisor: 
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The gut microbiota is a key regulator of the neuroimmune and neuroendocrine 

communication pathways of the brain-gut-microbiota axis. Disruption of the microbiome 

can lead to deterioration in gastrointestinal, neuroendocrine, immune functioning and 

may even contribute to the etiology and course of some psychiatric disorders. Some 

enteric bacteria, such as Lactobacillus species, have demonstrable beneficial effects on 

health and disease. Consequently, these organisms are used as probiotic supplements.  

Severe feather pecking (SFP) is a behaviour performed by laying hens which can lead 

to significant health and welfare issues. It remains one of the most challenging welfare 

and economic issues in the egg industry. Previous hypotheses of the causes of SFP 

considered external factors such as poor housing conditions as SFP triggers; however, 

ethology alone cannot fully explain this behaviour. Instead, birds displaying SFP also 

display distinct physiological characteristics relevant to an altered gut-brain microbiota 

axis. This includes differences in microbiota composition, namely a Lactobacillus 

depleted gut microbiota and microbial metabolites, a more responsive immune system 

and altered aromatic amino acids metabolism. 



 

 

 

 

The objectives of this thesis were to assess the impact of a single-strain probiotic 

(Lactobacillus rhamnosus JB-1) supplementation on SFP behaviour, microbiota 

composition, T cell subpopulations and metabolism of aromatic amino acid in birds. To 

achieve this, diverse supplementation techniques were evaluated at various stages of 

life and in different genetic lines of birds under stressful or control situations. Disrupting 

social structures, restraining birds and/or removing basic housing structures were 

utilized to create an industry-like stressful environment. 

The results of this thesis suggest that therapeutic supplementation with Lactobacillus 

rhamnosus JB-1 is a promising tool, which reduces FP and feather damage, stress-

induced cecal microbiota dysbiosis and, leads to a strong immunological effect 

characterized by T cell production in laying hens. Further research should investigate 

the impact of Lactobacillus supplementation in commercial farm settings. 
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Chapter 1 : General Introduction 

Poultry is the most widely farmed land animal totaling around 26 billion heads worldwide 
in 2019 (Food and Agriculture Organization of the United Nations, 2021). Birds raised 
for egg production perform pecking as part of their natural behaviour. However, when 
laying hens start to forcefully peck and pull out feathers of conspecifics, serious damage 
can occur (Savory, 1995). Indeed, severe feather pecking (SFP) is a behavioural 
problem which can cause physical damage, thus representing a major welfare issue, 
that also leads to significant economic losses (van Staaveren and Harlander, 2020).  

SFP is multifactorial, but it is often triggered by stress (El-Lethey et al., 2000). The 
majority of commercial laying hens are separated from their parents before hatching 
and live in standard housing in flocks composed of thousands of individuals. They are 
then transferred at a young age from rearing to laying commercial facilities. These 
environments tend to be physically, socially, nutritionally, and sensorially restricted, or 
on the contrary overstimulating, environments. As such, they can be powerful social and 
environmental chronic stressors that could induce high rates of SFP (van Staaveren and 
Harlander, 2020). 

Previous hypotheses suggest that SFP behaviour is a consequence of these 
impoverished stressful environments, which create a state of frustration because of the 
lack of opportunity to forage (Blokhuis, 1989), and possibly, but less scientifically 
supported, dustbathing (Vestergaard et al., 1993). In the absence of appropriate litter or 
foraging material, a redirection is observed of this highly motivated pecking behaviour 
towards conspecifics (van Staaveren and Harlander, 2020). However, this hypothesis 
proved to be insufficient to fully explain the onset of the behaviour, since SFP also 
occurs in birds in housing systems allowing outdoor access where they can perform 
species-specific foraging behaviour (van Staaveren and Harlander, 2020).  

Inspired by research on mood disorders in humans from the past decade, the central 
hypothesis of this project was that SFP might be a consequence of a dysregulated 
bidirectional communication between the gut and the brain. Indeed, SFP has been 
associated with a range of comorbidities that overlap those of depression and anxiety, 
such as higher HPA-axis reactivity (Korte et al., 1998; Kjaer and Guémené, 2009), 
alterations in the monoaminergic neurotransmitter system and their precursors, 
tryptophan (TRP), phenylalanine (PHE), and tyrosine (TYR) (Van Hierden et al., 2004b; 
Kops et al., 2013b, 2017; de Haas and van der Eijk, 2018; Birkl et al., 2019a), and a 
more sensitive immune system (Buitenhuis et al., 2006; van der Eijk et al., 2019b). Birds 
that are descendants of pedigree lines of White Leghorn bred either for their high or low 
feather-pecking behaviour (Kjaer et al., 2001) have also consistently been reported to 
differ in gut microbiota and short-chain fatty acid profiles (Meyer et al., 2012, 2013; Birkl 
et al., 2018; van der Eijk et al., 2019c). Most specifically, the Lactobacillus genus, one of 
the most common genera throughout the gastrointestinal tract (GIT) of chickens 
(Apajalahti and Kettunen, 2006), is underrepresented in the cecal droppings of feather 
peckers (Birkl et al., 2018; van der Eijk et al., 2019c; Borda-Molina et al., 2021).  
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The aforementioned physiological pathways linked to SFP and mood disorders can be 
positively modulated by Lactobacillus bacteria, in humans and rodents. Indeed, the use 
of Lactobacillus-based therapies shows promise to treat (curative) or prevent stress-
induced psychological disorders, such as depression and anxiety disorders (Huang et 
al., 2016; Lowry et al., 2016; Marin et al., 2017; Reis et al., 2018; Ng et al., 2018; 
Aizawa et al., 2019). L. rhamnosus has also been demonstrated to attenuate 
behavioural deficits induced by chronic social stress in mice and rats (Bharwani et al., 
2017), and have beneficial immunomodulatory effect in laying hens (Khan et al., 2020; 
Alaqil et al., 2020). Thus, it is possible that these “missing” Lactobacillus bacteria in the 
microbiota of pecking laying hens play an important role in SFP. 

While early-life microbiota transplantation was shown to affect behavioural responses 
over a long-term (up to 12 weeks post-transplantation), and serotonin and immune 
characteristics in laying hens (van der Eijk et al., 2020), the effect of supplementing 
laying hens with Lactobacillus bacteria to reduce SFP has not been assessed. 
Furthermore, little is known about birds’ responses to Lactobacillus bacteria under 
(potentially) stressful conditions that mimic commercial systems. Thus, this thesis first 
aimed at systematically reviewing and analyzing, via a meta-analysis, the impact of 
Lactobacillus-based probiotics on stress-related behaviour (Chapter 2). This meta-
analysis was based on rodent studies because of the lack of poultry literature on this 
topic. While the results of this meta-analysis may not be completely translatable to 
poultry species, recent studies suggest that probiotics can have similar positive effect in 
different species (Messaoudi et al., 2011a) and helped to inform hypothesis-driven 
experiments described in the later chapters. Secondly, we wanted to assess the impact 
of a specific dosage of a single bacterial strain (Lactobacillus rhamnosus JB-1) on SFP 
behaviour, the cecal microbiota composition, T cell phenotype and aromatic amino acid 
metabolism in a single line of birds bred for their high feather pecking behaviour and 
housed under stressful or control situations (Chapter 3). Then, we evaluated the same 
variables using a supplementation technique better adapted to an industry environment, 
at a meaningful stage of life (early-life) and in three genetic lines of bird with the goal of 
preventing short- and long-term outbreaks of SFP in laying hens (Chapter 4). Finally, we 
evaluated whether a curative, short-term L. rhamnosus bacteria supplementation can 
reduce SFP behaviour during a stressful period (Chapter 5).  
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2.1 Abstract 

Lactobacillus species play a critical role in the bidirectional communication between the 
gut and the brain. Consequently, they have the potential to aid in the treatment of 
psychological disorders. The impact of Lactobacillus supplementation on the stress 
responses triggering psychological disorders has not been systematically reviewed. 
Therefore, the aim of this meta-analysis is to summarize the body of research assessing 
the effects of Lactobacillus-based probiotics in rodents that underwent an experimental 
stress treatment or not. The duration of immobility in a Forced Swim Test (FST) was the 
outcome used to measure changes induced by various treatments. Four online 
databases were systematically searched for relevant studies published in English. 
Fourteen studies meeting the criteria were included in the meta-analysis. The effects of 
probiotic supplementation and stress treatment on the duration of immobility in the FST 
were analyzed using a generalized linear mixed model. Publication bias was evaluated 
by funnel plots. Our analysis shows that Lactobacillus-based probiotic supplements 
significantly reduce immobility in the FST (P < 0.001) in stressed rodents. However, 
probiotics did not affect the rodents that did not undergo the stress treatment (P = 
0.168). These findings provide a better understanding of the potential of Lactobacillus-
based probiotics for the management of stress-induced behaviour. 

2.2 Introduction 

Lactobacillus species have a long history of use by humans (Holzapfel, 2002) and are 
considered safe by the World Health Organization (WHO and FAO, 2006). For example, 
Lactobacillus species are best known for their lactic acid production used to produce 
cheese and other fermented foods (Briggiler-Marcó et al., 2007). Despite representing a 
minor proportion of the human gut microbiota (Nistal et al., 2016; Almonacid et al., 
2017), increased or depleted Lactobacillus populations are associated with states of 
health and disease (Heeney et al., 2018; Zhang et al., 2018). More specifically, 
Lactobacillus species are reported to impart beneficial effects on the stress response 
and the immune system when used as a probiotic (Bravo et al., 2011; Palomar et al., 
2014a; Huang et al., 2016; Lew et al., 2019). Because of these health-promoting 
characteristics, they have become the focus of several gut microbiome studies in 
mammals (Zhang et al., 2018) which have paved the way for the potential use of 
Lactobacillus-based therapies to treat or prevent stress-induced psychological disorders 
(Huang et al., 2016; Lowry et al., 2016; Marin et al., 2017; Reis et al., 2018; Ng et al., 
2018; Aizawa et al., 2019), such as depression and anxiety disorders that impact up to 
8% of the world population (World Health Organization, 2017). 

A complex and bidirectional communication network exists between the gut and the 
central nervous system, which includes the enteric nervous system (ENS), the immune 
system and the modulation of neuroactive compounds by the microbiota (Grenham et 
al., 2011; Holzer and Farzi, 2014). Under stress, the microbiota is proposed to influence 
the central nervous system via the immune system and ENS (Foster and McVey 
Neufeld, 2013; Huang et al., 2016; Foster et al., 2017; Wallace and Milev, 2017). 
Indeed, Lactobacillus species are known to generate neuroactive and neuroimmune 
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substances such as acetylcholine (Marquardt and Spitznagel, 1959; Stanaszek et al., 
1977), nitric oxide (Sobko et al., 2006), histamine (Özoğul et al., 2012; Thomas et al., 
2012), as well as the neurotransmitters serotonin, dopamine (Özoğul et al., 2012; Liu et 
al., 2016b) and gamma-aminobutyric acid (GABA) (Yokoyama et al., 2002; Cho et al., 
2007; Bravo et al., 2011). Therefore, Lactobacillus species may have the potential to 
prevent or aid in treatment of psychological disorders. To this end, a number of animal 
trials and recent reviews have investigated the impact of probiotic consumption on 
behaviour related to psychological disorders.  

Standardized behavioural tests, such as the forced swim test (FST), the sucrose 
preference test, or the tail suspension test, are routinely used in rodent models to 
assess the antidepressant potential of various compounds. For example, Bravo et al. 
(2011) demonstrated that ingesting Lactobacillus rhamnosus JB-1 reduces stress-
induced immobility duration in the FST in adult male mice. The use of these animal 
models are largely pragmatic and they are not designed to fully represent psychological 
disorders (Gururajan et al., 2019; Reardon, 2019). Regardless, they can provide 
valuable information to understand the mechanisms through which Lactobacillus 
bacteria modulate gut-brain communication, as the exact role of the microbiota in 
psychological disorders remains poorly defined. To the best of our knowledge, no 
previous publication has systematically reviewed the effects of Lactobacillus-based 
supplementation on the behavioural outcomes of stressed versus non-stressed rodent 
populations as measured by standard tests. Therefore, we hypothesize that, under 
experimental stressful conditions, rodents receiving a Lactobacillus-based supplement 
will demonstrate a shorter immobility duration measured in the FST compared to 
counterparts that receive a control supplement. A meta-analysis of published literature 
recording behavioural outcomes using the FST following a stress regimen in 
Lactobacillus-based supplement versus control rodents were used to validate this 
hypothesis. 

2.3 Material and methods 

2.3.1 Search Strategy  

Protocols employed were based on the PRISMA guidelines. The goal of this analysis 
was to study the effect of Lactobacillus species supplementation and stress treatments 
on rodent behaviour measured in standardized tests. ProQuest, ScienceDirect, Web of 
Science, and PubMed databases were systematically searched in January and 
February 2020. The search terms included: (Lactobacillus OR Lactobacilli OR Lactic 
acid bacteria) AND (stress OR stressful OR fear OR fearful OR psychological OR 
restraint OR social defeat NOT oxidative) AND (murine OR rodent OR rodents OR 
mouse OR mice OR rat OR rats) AND (mood disorder OR depression OR depressive 
OR anxiety OR stress behaviour) in titles or abstracts without imposing time limitations. 
We also reviewed the references provided in each publication, as well as those 
provided in systematic review articles associated with mental health and stress-induced 
psychological or physical disorders. 
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Studies were deemed eligible if they met the following inclusion criteria:  

1) English language articles,  

2) Studies published in peer-reviewed journals with a randomized control group, 

3) Studies used mice or rats (not germ-free animals), 

4) Tested animals were directly supplemented with live Lactobacillus species (without 
any limitations on culture, strain, dose, or therapy regimen) as an experimental 
treatment (e.g., if the supplement was given to the mother of infant rodent, the study 
was excluded), 

5) A second experimental treatment included a stress directly administered to the 
individual or via a change in its environment. There were no limitations on category and 
numbers of stressors used, their frequency, duration and the order of the stressors 
compared to the Lactobacillus species supplementation, 

6) Following the supplementation and stress treatments, behavioural outcomes were 
measured in standardized tests commonly used in rodent models (i.e., the forced swim 
test (FST), the sucrose preference test, or tail suspension test). These tests themselves 
can be considered as acute stressors for the animals (Commons et al., 2017). However, 
in this study, all animals underwent these standardized tests, regardless of whether they 
were in the experimental stressed group (“Stress”) or not (“Non-stress”) as described in 
criteria 5. As such, the standardized behavioural tests were considered separate from 
the experimental stress treatment. 

2.3.2 Literature Search and Screening 

An adapted PRISMA flow diagram was used to represent the process of article and 
study selection for our meta-analysis (Figure 2.1). We did not use a pre-registered 
protocol for the systematic review and meta-analysis. In our initial search, 337 English 
language records, were identified which, after screening, revealed 171 unique articles. 
A total of 31 articles fulfilled the selection criteria using various standardized behavioural 
tests but the largest number of articles used the FST. The FST involves placing an 
animal in an inescapable container filled with water. The animal initially displays an 
active coping strategy, including behaviours such as climbing or swimming. This is 
followed by a passive coping strategy where they stay immobile and floating (Porsolt et 
al., 1977). For the current meta-analysis, we ultimately chose to focus on the articles 
measuring the immobility duration in the FST. This test is the most widely used 
screening tool in rodent models for the purpose of identifying novel antidepressant 
compounds (Cryan and Holmes, 2005; Kara et al., 2018). Furthermore, this strategy 
would allow collection of a standardized outcome (immobility duration) needed to 
perform the meta-analysis (Kara et al., 2018). However, it should be acknowledged that 
the test is criticized for its cavalier use in depression research and its limitations are 
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reviewed in the Discussion section (Molendijk and de Kloet, 2015; de Kloet and 
Molendijk, 2016; Reardon, 2019).  

 

Figure 2.1. PRISMA flow diagram of studies included in meta-analysis – Effect Lactobacillus-
based supplementation and stress treatments in rodents in the Forced Swim Test 

A total of 12 papers that fulfilled the selection criteria measuring the immobility duration 
in the FST after a Lactobacillus-based supplementation and a stress treatment were 
included in the quantitative meta-analysis. Stenman et al. (2020) and Jang et al. (2019) 
provided results from different 3 and 2 Lactobacillus-based probiotic supplementations, 
respectively; and Murray et al., (2019) used both males and females resulting in a total 
of 16 available studies for the meta-analysis. Characteristics of each study are shown in 
Table 2.1. Two articles were later excluded, as they contained individual points that 
were later (during statistical analysis) identified as outliers (Dhaliwal et al., 2018a; Li et 
al., 2019). Thus, the final total number of studies retained in the final meta-analysis was 
14 (Liu et al., 2016b, 2019; Morshedi et al., 2018; Li et al., 2018; Liao et al., 2019; Sun 
et al., 2019; Jang et al., 2019; Wei et al., 2019; Murray et al., 2019; Stenman et al., 
2020). 
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Table 2.1. Characteristics of studies collected from the literature review search for the meta-analysis on the effect of Lactobacillus-based 
supplementation and stress treatments in rodents in the Forced Swim Test (FST). 

Paper 
(Study #) 

Subjects 
Bacterial species, 
strain and dosage 

 
Probiotic 

Dose 

 
Stress treatment 

Treatments 
strategy 

 
FST parameters 

 
Other 

Behavioural 
Tests 

Morshedi 
et al., 
2018  
(1) 

18 Males 
Wistar rats, 
5-7 woa 4 

L. plantarum ATCC 
8014 (107 CFU20/mL) 

 

1 time/day for 
49 days, via 

gastric 
gavage 

 

STZ 1 (35mg/kg), 
once, via 

intraperitoneal 
injection 

Reversal 6 300 seconds long, in 
Plexiglas cylinder (40 
cm depth, Ø9 20 cm) 
filled with water at 24 

+/- 1 °C 
24h earlier 15min 

pretest 
 

EPM10, FST 

Murray et 
al., 2019  

(2) 

40 Males 
CD-1 mice, 

3 woa 

L. lactis, L. cremoris, L. 
diacetylactis, L. 

acidophilus (3.0×109 
CFU/g) 

 

3 times/week 
for 21 days, 

via Kefir 

LPS 2 (1.5mg/kg), 
once, via 

intraperitoneal 
injection 

Protection 7 300 seconds long, 4L 
glass beaker filled with 
3L water at 24 +/- 2 °C 

No pretest 
 

EPM, OFT11, 
Rotarod Test, 

FST 

Murray et 
al., 2019  

(3) 

40 Females 
CD-1 mice, 

3 woa 

L. lactis, L. cremoris, L. 
diacetylactis, L. 

acidophilus (3.0×109 
CFU/g) 

 

3 times/week 
for 21 days, 

via Kefir 

LPS (1.5mg/kg), 
once, via 

intraperitoneal 
injection 

Protection 300 seconds long, in 
4L glass beaker filled 
with 3L water at 24 +/- 

2 °C 
No pretest 

 

EPM, OFT11, 
Rotarod Test, 

FST 

Li et al., 
2018  
(4) 

32 Males 
C57BL/6 
mice,6-8 

woa 

L. helveticus R0052, L. 
plantarum R1012, and 
B. longum R0175 (10 × 

109 CFU/mL) 
 

1 time/day for 
28 days, via 
oral gavage 

Chronic Mild 
Stress, for 28 days, 

at variable 
frequencies 

Protection 240 seconds long, in 
glass cylinder (23cm 
depth, Ø 12 cm) filled 
with water at 24 +/- 1 

°C 
No pretest 

 

SPT12, EPM, 
FST 

Stenman 
et al., 
2020 
(5) 

47 Males 
Swiss mice, 

5 woa 

L. paracasei Lpc-37, L. 
salivarius Ls-33 (1 × 109 

CFU per day) 

1 time/day for 
35 days, via 
oral gavage 

Chronic, for 21 
days, 1 time/day 

Prevention 8 300 seconds long, 
Water at 22 +/- 1 °C in 

transparent cylinder 
(24cm depth, Ø 12 

cm) filled with 12 cm 
water at 22 +/- 1 °C 

No pretest 

EPM, OFT, 
NOR13, FST 
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Paper 
(Study #) 

Subjects 
Bacterial species, 
strain and dosage 

 
Probiotic 

Dose 

 
Stress treatment 

Treatments 
strategy 

 
FST parameters 

 
Other 

Behavioural 
Tests 

Stenman 
et al., 
2020 
(6) 

58 Males 
Swiss mice, 

5 woa 

L. plantarum LP12418, 
L. plantarum LP12151, 
L. plantarum LP12407 
(1 × 109 CFU per day) 

1 time/day for 
35 days, via 
oral gavage 

Chronic, for 21 
days, 1 time/day 

Prevention 300 seconds long, 
Water at 22 +/- 1 °C in 

transparent cylinder 
(24cm depth, Ø 12 

cm) filled with 12 cm 
water at 22 +/- 1 °C 

No pretest 
 

EPM, OFT, 
NOR13, FST 

Stenman 
et al., 
2020 
(7) 

60 Male 
Swiss mice, 

5 woa 

L. acidophilus LA11873, 
L. rhamnosus LX11881 

(DGCC11881), L. 
helveticus LH0138 (1 × 

109 CFU per day) 

1 time/day for 
35 days, via 
oral gavage 

Chronic, for 21 
days, 1 time/day 

Prevention 300 seconds long, in 
transparent cylinder 
(24cm depth, Ø 12 

cm) filled with 12 cm 
water at 22 +/- 1 °C 

No pretest 
 

EPM, OFT, 
NOR13, FST 

Jang et 
al., 2019 

(8) 

28 Male 
C57BL/6 

mice, 5 woa 

L. reuteri NK33 (1 × 109 
CFU per day) 

1 time/day for 
5 days, via 
oral gavage 

Immobilization, for 
2 days, 1 time/day 

Reversal 300 seconds long, in 
transparent plastic jar 
(40 cm depth) filled 

with 25cm water at 25 
°C 

No pretest 
 

EPM, LDT14, 
TST15, 
FST 

Jang et 
al., 2019 

(9) 

28 Males 
C57BL/6 

mice, 5 woa 

L. reuteri NK33 and B. 
adolescentis NK98 (1 × 

109 CFU per day) 

1 time/day for 
5 days, via 
oral gavage 

Immobilization, 
once 

Prevention 300 seconds long, in 
transparent plastic jar 
(40 cm depth) filled 

with 25cm water at 25 
°C 

No pretest 
 

EPM, LDT14, 
TST15, 
FST 

Liu et al., 
2019 
(10) 

18 Males 
Wistar rats, 

7-8 woa 

L. fermentum PS150 (1 
× 109 CFU per day) 

1 time/day for 
28 days, via 
oral gavage 

Chronic Mild 
Stress, for 28 days, 

3 times/day 

Protection 300 seconds long, 
Water at 23 +/- 1 °C in 

transparent glass 
container (50 cm 

depth and Ø 20 cm) 
24h earlier 15min 

pretest 
 

FST, OFT, 
EPM, 

MWMT16, NOR 
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Paper 
(Study #) 

Subjects 
Bacterial species, 
strain and dosage 

 
Probiotic 

Dose 

 
Stress treatment 

Treatments 
strategy 

 
FST parameters 

 
Other 

Behavioural 
Tests 

Liu et al., 
2016 
(11) 

32 Males 
C57BL/6J 

mice, 2 doa5 

L. plantarum PS128 (1 
× 109 CFU per day) 

1 time/day for 
28 days, via 
oral gavage 

Maternal 
separation, for 12 
days, 1 time/day 

Reversal 300 seconds long, in 
transparent acrylic 

cylinder (30 cm depth 
and Ø 20 cm) filled 

with 15 cm water at 24 
+/- 1 °C 

No pretest 
 

SPT, 
OFT,EPM, FST 

Liao et al., 
2019 
(12) 

20 Males 
C57BL/6J 

mice, 2 doa 

L. paracasei PS23 (1 × 
109 CFU per day) 

1 time/day for 
28 days, via 
oral gavage 

Maternal 
separation, for 12 
days, 1 time/day 

Reversal 360 seconds long, in 
transparent acrylic 

cylinder (30 cm depth 
and Ø 10 cm) filled 

with 15 cm water at 24 
+/- 1 °C 

24h earlier 6 min 
pretest 

 

OFT, EPM, 
FST 

Wei et al., 
2019 
(13) 

24 Males 
C57BL/6J 
mice, 6-8 

woa 

L. paracasei PS23 (5 × 
108 cells/ml) 

1 time/day for 
40 days, via 
oral gavage 

Cort (40mg/kg), for 
20 days, 1 

time/day, via 
subcutaneous 

injection 

Prevention 360 seconds long, in 
acrylic cylinder (25 cm 

depth and Ø 9 cm) 
filled with 15 cm water 

at 24-25 °C 
48h earlier 6.5 min 

pretest 
 

OFT, FST, 
SPT 

Sun et al., 
2019 
(14) 

24 Males 
Kunming 

mice, adult 

L. kefiranofaciens ZW3 
(1 × 109 CFU per day) 

1 time/day for 
7 days, via 
oral gavage 

Chronic 
Unpredictable Mild 
Stress, for 42 days, 

1 time/day 

Reversal 240 seconds long, in 
transparent beaker (Ø 
16 cm) filled with 10 
cm water at 25 °C 
24h earlier 15 min 

pretest 
 

SPT, OFT, 
FST 

Li et al., 
2019 3 
(15) 

30 Males 
Wistar mice, 

adult 

L. rhamnosus (1 × 109 
CFU/100 g weight) 

1 time/day for 
28 days, via 
oral gavage 

Chronic 
Unpredictable Mild 
Stress, for 28 days, 

1 time/day 

Protection 300 seconds long in 
Perspex cylinder filled 
with 30 cm water at 25 

°C 
24h earlier 15 min 

pretest 

FST, SPT 
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Paper 
(Study #) 

Subjects 
Bacterial species, 
strain and dosage 

 
Probiotic 

Dose 

 
Stress treatment 

Treatments 
strategy 

 
FST parameters 

 
Other 

Behavioural 
Tests 

Dhaliwal 
et al., 
2018 3 
(16) 

48 Males 
Swiss albino 
LACA mice, 

adult 

L. plantarum MTCC 
9510 (2 x 1010 CFU) 

1 time/day for 
28 days, via 
oral gavage 

Chronic 
Unpredictable Mild 
Stress, for 28 days, 

1 time/week 

Protection 360 seconds long in 
rectangular glass jar 
(25 x 12 x 25 cm3) 

filled with 15 cm water 
at 24 +/- 1 °C 

No pretest 
 

FST, TST 
EZM17, MCT18, 
MWMT, PAT19 

1 Streptozotocin, 2 Lipopolysaccharide, 3 Identified as an outlier and removed from the meta-analysis, 4 week of age at the beginning of the trial, 5 day of 

age at the beginning of the trial, 6 Reversal: The Lactobacillus-based supplementation was applied after the stress treatment, 7 Protection: The 

Lactobacillus-based supplementation was during before the stress treatment, 8 Prevention: The Lactobacillus-based supplementation was applied before 

the stress treatment, 9 Ø represent the diameter, 10 Elevated Plus Maze, 11 Open Field Test, 12 Sucrose Preference Test, 13 Novel Object Recognition, 14 

Light Dark Transition Task, 15 Tail Suspension Test, 16 Morris Water Maze Test, 17 Elevate Zero Maze, 18 Mirror Chamber Test, 19 Passive avoidance 

Test, 20 Colony Forming Unit
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2.3.3 Data Collection 

Data relating to the effect of Lactobacillus-based supplementation and stress treatment 
on the time spent immobile in the FST were extracted using a custom-tailored form 
(excel spreadsheet). The form included information on study populations (sex, age, 
breed, and body weight), trial designs, Lactobacillus supplementations (Lactobacillus 
species and strains, dosage, and duration), stress treatments (category of stressor, 
frequency, and duration) and behavioural outcomes (group sample sizes, mean value of 
effect and group variance). The durations of the Lactobacillus supplementation and the 
stress treatments were categorized as acute (≤ 7 days) or chronic ( > 7 days). 

When results were available only in graphical format, data were extracted using 
GetData Graph Digitizer software (GetData Graph Digitizer). Graph digitization has 
been previously shown to be a valid method for extracting study data (Guyot et al., 
2012). Time spent immobile in the FST was reported either in seconds (s) or as a 
percentage of the total test time, with the variance expressed in standard error or 
standard deviation. To homogenize the dataset, all data were transformed into seconds 
and the uncertainty was expressed as standard error. If the data were unclear or some 
key data were missing, we attempted to contact the corresponding authors through 
email to obtain further information. All steps (manuscripts screening and data extraction) 
were performed by a single reviewer.  

2.3.4 Statistical Model Development 

All statistical analyses were completed using SAS® Studio University Edition. 
Preliminary calculations were completed in Microsoft® Excel® 2016. Statistical 
significance was considered at P < 0.05. Values are presented as least squares means 
(LSM) ± standard error (SE), unless stated otherwise. A mixed model approach was 
utilized for this meta-analysis (generalized linear mixed model) in order to adequately 
model the random effect of study (St-Pierre, 2001). 

The outcome of this study is the FST immobility time in seconds. Initially, we assessed 
the effect of Lactobacillus-based supplementation (Model 1: Supplemented, Control) 
and stress (Model 2: Stress, Non-stress) on the outcome separately. Following this, the 
main and final model was built including the effects of Lactobacillus-based 
supplementation, stress, and their interaction (Model 3). Generalized linear mixed 
models (proc glimmix) were used with study included as a random effect. The following 
additional variables were added to the main model (Model 3) as covariates to assess 
their impact on the outcome: the study design (number of additional behavioural tests 
used, presence of a pretest, container’s diameter and depth, water depth and 
temperature), the population (species, breed, sex and age), differences in the 
Lactobacillus-based supplementation treatment (number of strains used, concentration, 
duration, frequency and method of the supplementation), and differences in the stress 
treatment (category, duration, frequency) and whether the stressor was applied before 
(prevention), during (protection) or after (reversal) the supplementation (Table 2.1). 
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2.3.5 Statistical Model Evaluation 

The requirement for normally distributed and homogeneous studentized conditional 
residuals/random effect of study were examined graphically with the use of residual, 
histogram, and QQ plots. The covariance structure was chosen according to the 
goodness-of-fit statistics (Akaike information criterion [AIC] and Bayesian information 
criterion [BIC]). Differences between LSMs were compared pairwise using a Tukey-
Kramer adjustment for multiple comparisons. To detect possible study outliers, the 
Cook's distance was used with a 4/n cut-off, where n is the number of studies (Kutner et 
al., 2005). The mean difference (MD, MDstress = Meanstress – Meannon-stress; 
MDsupplementation = MeanLactobacillus - Meancontrol) and standard error of the difference (SED) 
were calculated to assess biases via funnel plots (Higgins and Thomas, 2019) and 
response heterogeneity using forest plots. When two or more Lactobacillus–based 
supplementation treatment groups were involved in one study (for example, with 
differing strain or dose), the data of the different groups were averaged as one group for 
funnel/forest plot analysis. Since the outcomes of recruited studies were continuous 
data, the 95% confidence intervals (CI) were calculated for statistical analyses and 
plotting. In the funnel/forest plots representing the effect of the stress and Lactobacillus-
based supplementation treatment, a MD > 0 indicates that the stress treatment or 
Lactobacillus-based supplementation increased the FST immobility time. On the 
contrary, a MD < 0 indicated that the stress treatment and the Lactobacillus-based 
supplementation decreased the length of immobility in the FST. 

To evaluate the model’s goodness-of-fit, scatter plots of residuals versus adjusted (for 
the random effect of study) predicted values and predicted versus observed values 
were plotted. The significance of the slope and intercept of the residual vs. adjusted 
predicted plots and interfering factors (covariates), were tested against zero and the 
slope/intercept of the predicted vs. observed plots against 1/0. These were evaluated in 
proc reg (SAS® Studio University Edition).  

The impact of the Lactobacillus-based supplementation and stress treatment on the 
FST immobility time prediction equation(s) were evaluated using two methods. 

Firstly, the mean square prediction error (MSPE) was calculated as 

𝑀𝑃𝑆𝐸 =  ∑ (𝑂𝑖 − 𝑃𝑖)2/𝑛𝑛
𝑖 = 1 , (1) 

where n is the total number of observations, Oi is the observed value, and Pi is the 
predicted value. The root mean square prediction error (rMSPE) was expressed as a 
percentage of the observed mean to give an estimate of the overall prediction error.  

The rMSPE was then further decomposed into error due to overall bias (ECT), error due 
to deviation of the regression slope from unity (ER) and error due to the disturbance 
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(random error) (ED) (Bibby and Toutenburg, 1977). The ECT, ER and ED fractions of 
MSPE were calculated as: 

ECT = (P-O)2, (2) 

ER = (Sp-R*So)2, (3) 

ED = (1-R2 )* So
2, (4) 

where P and O are the predicted and observed means, respectively, Sp is the predicted 
standard deviation, So is the observed standard deviation and R is the Pearson 
correlation coefficient. The ECT, ER and ED were then expressed as a percentage of 
the MPSE and sum to account for 100% of the error. 

Secondly, concordance correlation coefficient analysis (CCC) was performed (Lin, 
1989), where CCC was calculated as: 

CCC = R*Cb, (5) 

where R is the Pearson correlation coefficient and Cb is a bias correction factor, the 
latter was calculated as: 

𝐶𝑏 =  
2

(𝑉+
1

𝑉
+µ2)

, (6) 

where 

𝑉 =  
𝑆𝑜

𝑆𝑝
, (7) 

and 

µ =  
𝑂−𝑃

(𝑆𝑜∗𝑆𝑝)1/2, (8) 
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2.4 Results 

2.4.1 Preliminary Assessment of the Data  

Funnel plots (Figure 2.2 A and 2.2 B) were used to visually assess the dataset for 
publication bias. Such plots presume that data should exist within a 95% confidence 
funnel, whereby highly precise studies with a low standard error of the difference (SED) 
should exist close to the average/true effect size (vertical line) and that as SED 
increases so will the scatter of those points around the average/true effect size. Each 
point within a funnel plot represents a study’s mean difference (MD).  

 

Figure 2.2. Funnel plot of the effects of (A) Lactobacillus-based probiotic supplementation and (B) 
stress on time spent immobile (s) in the Forced Swim Test in rodents for all included studies (n = 
14). Dots represent mean difference (MD, Lactobacillus-based probiotic – Control; stress – non 
stress) and standard error of the difference of the mean difference [SE(MD)] for each study, blue 
lines represent 95% CI, and the black line represents the overall fixed effect average.  
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Both funnel plots are partially symmetrical, indicating no obvious evidence of 
asymmetry, and, therefore, no evidence of publication bias. Both funnel plots show that 
all studies were comparatively precise. One study (Wei et al., 2019, Study 13) was 
found to have a higher SED relative to all others in this analysis. This was due to a 
much higher SE in all their treatments groups. While study 13 appeared less precise, 
the MD value is still close to the overall effect size (Figure 2.2 A and Figure 2.2 B). 
Since this study was not reported as an outlier by Cook's distance, it was retained in the 
analysis. Additionally, three studies showed a small SE compared to their large stress 
effect size (Study 1, 2 and 4). However, no distinction in experimental design was 
found. 

As a preliminary analysis and visualization of the dataset, Figures 2.3 A and 2.3 B 
present forest plots of the probiotic and stress effect sizes (mean difference, MD: stress 
- non-stress; Lactobacillus-based supplementation - Control) by study with 95% 
confidence intervals. In Figure 2.3 A, this visual assessment shows that the average 
MDsupplementation of the immobility time in the FST was slightly below 0, indicating that the 
animals receiving the Lactobacillus-based supplementation treatment decreased the 
time spent immobile in the FST compared to those receiving the control supplement. In 
Figure 2.3 B, preliminary visual assessment shows that the average MDstress of the FST 
immobility time was positive, indicating that stressed animals had a higher average 
immobility time in the FST. Such plots and averages represent the fixed effect analysis 
of Model 1 and Model 2 and a high-level visual examination of the data. 
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Figure 2.3. Data and forest plot of the effect of (A) Lactobacillus-based probiotic supplementation 
and (B) stress on time spent immobile (s) in the Forced Swim Test in rodents for all included 
studies (n = 14). Dots represent mean difference (MD, Lactobacillus-based probiotic – Control; 
stress – non stress) for each study, lines represent 95% CI, and the red line represents the overall 
fixed effect average. 

2.4.2 Meta-Analysis Model Predictions 

The results of the three models developed (supplementation alone, stress alone, 
supplementation × stress) across studies are presented in Table 2.1. Model 1 shows no 
effect of the Lactobacillus-based supplementation on time spent immobile in the FST 
(Model 1, [95% CI] -9.75 - 15.52, F1,35 = 0.21; P = 0.647). Model 2 shows a significant 
effect of the stress treatment (Model 2, [95% CI] -33.68 - -11.09, F1,37 = 16.13; P < 
0.001), whereby stress treatment significantly increased the duration of immobility in 
rodents within the FST. Model 3 shows a significant interaction of supplementation and 
stress treatments (Model 3, F1,35 = 14.68; P < 0.001). Supplementation with 
Lactobacillus-based probiotics mitigated the immobility duration in stressed rodents 
(Supplemented-Stress: 130.0±17.82 s vs Control-Stress: 152.7 ± 17.94 s, [95% CI] 
12.23 – 33.07, P < 0.001). However, Lactobacillus-based probiotics did not significantly 
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impact immobility duration in the non-stressed populations (Supplemented-Non-Stress: 
135.9±19.89 s vs Control-Non-Stress: 114.30±17.94 s, [95% CI] -42.33 – -0.87, P = 
0.168). Based on the above results, we conclude that across 14 studies, Lactobacillus-
based supplementation alone did not impact the duration of immobility in the FST 
(Model 1) while a stress treatment alone increased the duration of immobility (Model 2). 
Our main model (Model 3) showed similar results but, more importantly, it highlighted 
that the Lactobacillus-based supplementation reduced the duration of immobility in the 
FST in the stressed rodent population compared to the control stressed population. The 
Lactobacillus-based supplement had no effect on the non-stressed populations. 

Table 2.2. Predictive equation of the immobility duration (in seconds [Y]) spent in the Forced Swim 
Test (FST) based on the Lactobacillus-based supplementation and stress treatments in rodents. 
Different letters indicate statistically significant differences within each Model (P < 0.05). 

Model Fixed Effect 
Equation: Estimate (s) ± 
Standard Error 

P-value 

Model 1:  
Supplementation 

Control (n = 28) Y = 133.47 ± 17.7913 a 0.6469 

Supplemented (n = 24) 
 Y = 130.59 ± 17.9145 a  

Model 2:  
Stress 

Non-Stress (n = 17) Y = 117.28 ± 18.0394 a 0.0003 

Stress (n = 35) 
 Y = 139.66 ± 17.7479 b  

Model 3:  
Supplementation * 

Stress 

Control Non-Stress (n = 14) Y = 114.30 ± 17.9364 b 0.0005 

Control Stress (n = 14) Y = 152.65 ± 17.9364 a  

Supplemented Non-Stress (n = 3) 
Y = 135.90 ± 19.8877 ab  

Supplemented Stress (n = 21) Y = 130.00 ± 17.8201 b  

2.4.3 Potential Impact of Covariates on the Duration of Immobility 

Variables related to the study design (presence of a pretest, container’s diameter and 
depth, water depth and temperature), the rodent population (species, breed, sex, and 
age), the stress treatment (duration, frequency, category, order of administration relative 
to the supplement), and the Lactobacillus-based supplementation (specific bacterial 
strain, supplement duration and bacterial dosage) were tested as potential sources of 
variation in predicting immobility time in the FST. The tested variables were not 
significant when added to Model 3 as covariates (P > 0.05). These variables were not 
kept in Model 3, but to further illustrate their impact, the (marginal) residuals of Model 3 
were plotted against these covariates (population species, sex, and age; stress 
treatment duration, category, and order; Lactobacillus-based supplementation duration, 
dosage, and strains) (Figures 2.4 – 2.6).  

There is a clear and unequal distribution of sex (Figure 2.4 A) and species (Figure 2.4 
B) of the rodents across our data. Indeed, only one study in our meta-analysis utilized 
females (Murray et al., 2019) and only two studies assessed rats (Morshedi et al., 2018; 
Liu et al., 2019). The female study showed a tendency to over-predict the immobility 
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duration in the FST (Figure 2.4 A). The residuals were balanced in studies using rats 
and mice (Figure 2.4 B). In contrast, data were distributed equally across age (adult vs 
juvenile), and residuals in adults (10 studies) and in juveniles (4 studies) appear 
balanced (Figure 2.4 C).  
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Figure 2.4. Raw residuals of Model 3 (Supplementation*Stress) plotted against the sex (A), species 
(B) and age (C) of the population, where points represent treatment means and are coded by 
study. 
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The duration of the stress treatment showed balanced residuals across both acute and 
chronic stressors (Figure 2.5 A). Three main categories of stress (injection of a 
substance, environmental stress, and social stress) were used in the 14 studies of this 
meta-analysis. While predictions are balanced for the substance injections and 
environmental stress, the two studies using maternal separation as a social stressor 
under-predicted immobility duration (Figure 2.5 B). Residuals were balanced regardless 
of the order in which studies supplemented or stressed their population (Figure 2.5 C).  
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Figure 2.5. Raw residuals of Model 3 (Supplementation*Stress) plotted against duration of the 
stress treatments (A), category of stressors (B), the treatments order (C) where points represent 
treatment means and are coded by study. 

The duration of the Lactobacillus-based supplementation is also unequally distributed 
across our data. Indeed, only three studies (Sun et al., 2019; Jang et al., 2019) 
administered supplements short-term, which resulted in over-predicting the immobility 
duration in the FST (Figure 2.6 A). The probiotic dose within the studies used in the 
meta-analysis ranged between 1 × 107 to 2 × 1010 colony forming units (CFU) (Figure 
2.6 B). Only one study (Dhaliwal et al., 2018a) supplied a 2 × 1010 CFU dose, which 
under predicted the duration of immobility in the FST (Figure 2.6 B). Our analysis 
consisted of 7 studies using a single bacterial strain, while the remaining 7 used a 
combination of 2 to 4 strains, and no more than 3 studies used the same strain. 
However, the predictions for the studies using the same strains (L. paracasei and L. 
plantarum) and studies using combinations of strains are balanced (Figure 2.6 C).  
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Figure 2.6. Raw residuals of Model 3 (Supplementation*Stress) plotted against the duration of 
Lactobacillus-based probiotic supplementations (A), probiotic concentration (B) and the use or 
single or combination of bacterial strains as probiotics (C), where points represent treatment 
means and are coded by study. 

The number of other additional behavioural tests (e.g., sucrose preference test or tail 
suspension test, Table 2.1) used for each of the 14 studies was also tested as a 
covariate in the Model 3 and was found to significantly impact the immobility duration in 
the FST (P = 0.019) without changing the overall impact of the supplementation or 
stress. To further interpret this impact, we incremented Model 3 separately (deemed 
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Model 4; not reported) to assess the interaction between the number of other 
behavioural tests and the Lactobacillus-based supplement, as well as the interaction 
between the number of other behavioural tests and the stress treatment on the 
outcome.  

We report that, while the interaction between the number of other behavioural tests and 
the Lactobacillus-based supplementation was not significant (P = 0.247), the interaction 
between the number of other additional behavioural tests and the stress treatment was 
significant in determining the immobility duration in the FST (P = 0.031). The addition of 
this variable to the model did not change the overall impact of the supplementation or 
stress treatment compared to Model 3. Furthermore, there was a low number of 
observations (n = 1) in the treatment groups, and the order in which the other tests were 
administered were not always specified. Thus, the variable was not retained, and Model 
3 was selected as the final model. 

2.4.4 Model Evaluation 

The predicted vs. observed and predicted vs. residual plots of Model 3 are presented in 
Figure 2.7 and Figure 2.8, respectively. The predicted values are conditional and 
adjusted for the random effect of study. Results show good agreement between 
predictions and observations, indicating that the model described the between- and 
within- study variation well. Assessment of the residual vs. adjusted predicted values 
showed no slope or mean bias (P > 0.05) (Figure 2.7).  



 

 

25 

 

 

Figure 2.7. Adjusted predicted vs. observed FST immobility time (s) for prediction equation used 
in Model 3 (Supplementation*Stress) 
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Figure 2.8. Adjusted predicted FST immobility time (s) vs. Residual for prediction equation used in 
Model 3 (Supplementation*Stress) 

Evaluation of Model 3 predictions via rMSPE and CCC analysis (Table 2.3) shows good 
statistical agreement between predictions and observations, which were typically both 
very precise (R) and accurate (Cb), with a CCC value of 0.981 and an rMSPE value of 
9.293% (Table 2.3). 

Table 2.3. Results of Root Mean Square Prediction Error (rMSPE) and Concordance Correlation 
Coefficient (CCC) analysis of the Model 3 

Model Evaluation Parameters Model 3 

rMSPE % 1 9.293 

ECT % 2 0.000 

ER % 3 0.528 

ED % 4 99.47 
 

 
CCC 5 0.981 

R 6 0.981 

Cb 
7 0.999 

V 8 1.034 

µ 9 0.000 
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1 Root mean square prediction error, as a percentage of observed mean, 2 Error due to mean bias, as a 
percentage of total MSPE, 3 Error due to regression, as a percentage of total MSPE, 4 Error due to 

disturbance, as a percentage of total MSPE, 5 Concordance correlation coefficient, where CCC = r × Cb, 6 

Pearson correlation coefficient, 7 Bias correction factor, 8 Scale shift, 9 Location shift. 

2.5 Discussion 

This study systematically reviewed and performed a meta-analysis of published 
randomized control trials (RCTs) assessing the effect of Lactobacillus-based probiotics 
and stress treatments on the duration of immobility in the Forced Swim Test (FST) in 
rodents. We conclude that Lactobacillus-based probiotics significantly reduced 
immobility in stressed rodents by 15% relative to a control treatment in the context of 
the FST. Previously published studies have suggested that ingesting specific strains of 
Lactobacillus species decreases anxiety- and depression-related behaviour (Bravo et 
al., 2011; Ohland et al., 2013; Mackos et al., 2013) and provides a protective effect 
during stress (Gareau et al., 2007; Mackos et al., 2013, 2016). Our findings are also 
consistent with previous meta-analyses, which demonstrate compelling, alleviating 
effects of probiotics on human psychological disorders (Huang et al., 2016; McKean et 
al., 2017; Wallace and Milev, 2017). Consequently, it is tempting to postulate that 
bacteria belonging to the Lactobacillus genus may help to alter some behavioural traits 
manifested in psychological disorders.  

Depression is a multifactorial disorder in humans. Its core symptoms include a 
depressed mood, a feeling of worthlessness, and recurring thoughts of death or suicide 
that are impossible to model in laboratory animals. The original version of the FST was 
designed to be “a primary screening test for antidepressants” (Porsolt et al., 1977). A 
drug’s ability to reduce passive coping (i.e., decrease the duration of immobility) in the 
FST was found to be a predictor of its efficacy as an antidepressant in humans (Petit-
Demouliere et al., 2005; Castagné et al., 2011). However, the FST’s successful 
predictive validity for antidepressants has led to the anthropomorphic over-interpretation 
of its outcomes, whereby increased immobility is equated to behavioural despair or 
“depressive-like” traits (Molendijk and de Kloet, 2015; Yankelevitch-Yahav et al., 2015; 
de Kloet and Molendijk, 2016).  

Therefore, while our results suggest that Lactobacillus bacteria may be effective in 
alleviating some depression symptoms, it should be noted that the FST is not analogous 
to the disorder in its entirety (Commons et al., 2017). Indeed, each standardized test 
(e.g., FST, tail suspension tests, sucrose preference) aimed at measuring various 
aspects of depression has its own strengths and weaknesses in terms of predictive, 
face and construct validities (Powell et al., 2012). The FST is one of the most commonly 
used tests and a valid tool to assess antidepressant effects (Kara et al., 2018) due to its 
low costs and high reliability (Petit-Demouliere et al., 2005). Additionally, the FST has 
good predictive validity, and the analogy between the FST model and the disorder 
affords some face validity (Willner, 1984). Nevertheless, it holds poor construct validity 
and lacks specificity which can be explained by high sensitivity to methodological 
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variations (Petit-Demouliere et al., 2005). Indeed, the validity of the FST when 
comparing doses and various compounds might only be relevant to single experiments 
(Kara et al., 2018). Furthermore, FST responses can also vary greatly depending on 
breed of animals (Petit-Demouliere et al., 2005; Powell et al., 2012). Considering the 
limits of this behavioural test, the suggestion that Lactobacillus may reduce depressive-
like behaviour under stress conditions should be interpreted with caution. In general, 
future research should focus on assessing a broader category of depression-associated 
behaviours and physiological parameters to elucidate the true impact of probiotic 
therapies and their efficiency in alleviating symptoms of psychological disorders. 
Therefore, further, rigorous investigations in humans and animal models that better 
represent the physiological and behavioural hallmarks of clinical depression are 
needed.  

Keeping the above limitations regarding FST in mind, it is nevertheless noteworthy that 
the current literature on gut microbiome research provides several modes of action 
through which effective probiotic bacteria may exert effects on psychological disorders. 
A complex network, including the enteric nervous system (ENS), sympathetic and 
parasympathetic branches of the autonomic nervous system, neuroendocrine signaling 
pathways, and the neuro-immune system supports communication between the gut and 
the central nervous system (CNS) (Grenham et al., 2011). The gut microbiota can, 
therefore, influence the CNS via the immune system and ENS, especially under 
conditions of stress (Foster and McVey Neufeld, 2013; Huang et al., 2016; Foster et al., 
2017; Wallace and Milev, 2017). Indeed, stress increases intestinal permeability (Maes 
et al., 2009) allowing commensal microorganisms to translocate across the intestinal 
mucosa and interact with both immune cells and ENS neurons. This “leaky gut” effect 
has been associated with major depressive disorder (MDD) (Teitelbaum et al., 2008; 
Gareau et al., 2008). More specifically, the increase of the pro-inflammatory mediators 
IL-6 and IFN-γ in response to bacterial translocation across the gut epithelium (Foster et 
al., 2017) is also mirrored in depressed patients (Hodes et al., 2015). Importantly, 
Lactobacillus supplementation is demonstrated to suppress the pro-inflammatory 
response and protects against the disruption of the gut barrier by producing compounds 
that promote its integrity (Matsumoto et al., 2005; Lin et al., 2008; Ait-Belgnaoui et al., 
2012; Kozakova et al., 2016). This group of bacteria has also been implicated in GABA 
receptor expression via the vagus nerve (Bravo et al., 2011), hyperpolarization and 
excitability of ENS neurons, influencing gut motility and pain perception via the ENS 
(Kunze et al., 2009), and increasing dopamine and serotonin levels (Liu et al., 2016b). It 
is conceivable that these connections between the gut microbiota and the CNS may be 
disrupted in depression. Given the link between this bacterial genus and key CNS 
compounds, Lactobacillus supplements could be used as a tool to increase our 
knowledge and understanding of the interactions within the complex gut-brain network, 
and to, eventually, modulate its function. This putative connection to psychological 
disorders may also explain why Lactobacillus-based supplementation was most 
effective at reducing immobility time in the FST in rodents that were more stressed. It is 
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likely that the benefits imparted to rodents that did not undergo an additional 
experimental stressor are limited.  

Remarkably, the time and the order in which studies supplemented or stressed their 
population did not affect the outcome of the FST (Figure 2.5 C). This is in agreement 
with Hadizadeh et al. (2019), who demonstrated that offspring of rat dams stressed 
during their third trimester showed marked improvements in mood disorders symptoms 
when supplemented with a Lactobacillus-based probiotic either as a prevention (pre-
stress) or as a reversal (post-stress) treatment. Taken together with our findings, the 
data suggests that probiotic supplementation can be both preventive (when 
supplemented before a stress) and protective (when supplemented during a stress). It 
further suggests that Lactobacillus-based probiotic can reverse pathophysiological 
changes associated with some psychological disorders. 

In addition, we further report that acute (i.e., short-term) Lactobacillus supplementation 
led to over-predicting the duration of immobility in the FST (Figure 2.6 A). While the 
ideal treatment duration to observe a positive impact of a probiotic is unknown (Wallace 
and Milev, 2017), the adherence of bacteria to epithelial cells and mucosal surfaces is a 
crucial criterion for probiotic selection (Duary et al., 2011). Goldin et al. (1992) reported 
that a Lactobacillus strain persisted in human feces for up to 4 days in 87% of 
individuals, but up to 7 days in 33% of the individuals. This suggests that the gut transit 
and retention times may ultimately influence treatment efficacy and that individual 
differences between subjects can influence probiotic gut colonization. Additional factors 
of gut physiology, such as substrates in the lumen, villus height and crypt dept, may 
affect bacterial colonization and functions (Burkholder et al., 2008; Thanh et al., 2009). 
Further investigations are necessary to better assess the role of gut physiology on the 
impact of bacterial strains and other types of microorganisms on stress-induced 
behaviours.  

It is noteworthy that the non-stressed individuals of each study were not completely 
devoid of stress. Indeed, 5 studies conducted the FST based on the original protocol 
from Porsolt, Le Pichon, and Jalfre (1977), which implement a pretest session 24 hours 
prior to data collection (48h in 1 study, Wei et al., 2019, Study 13). This preconditioning 
step represents an additional stressor thought to induce a state of behavioural despair 
(Porsolt et al., 1977). Indeed, the pretest modifies the behaviour of animals as rats 
develop immobility significantly faster during the second test (Porsolt et al., 1977). Thus, 
comparing studies that used a pretest to those that did not may yield different results. In 
order to account for this, the impact of the presence or absence of a pretest was tested 
in this meta-analysis as a covariate. However, we report no impact on the immobility 
outcome in the FST (P > 0.05). Additionally, all 14 studies included in this meta-analysis 
assessed animals’ behaviour and cognition through test batteries (between 2 and 5 
tests, including the FST, Table 2.1). The actual order in which the tests were carried 
was not always specified, which implies that numerous handling procedures and 
stressful situations for the animals may have taken place prior to the FST. While short-
term, daily handling for 5 days prior to the FST may not affect immobility time in rats 
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(Bogdanova et al., 2013), research shows that the choice of handling method (e.g. 
picking up by the tail, use of tunnels or open hand voluntary approach) can induce 
profound variations in the mice’s stress response (Hurst and West, 2010). Indeed, 
gentle handling reduced immobility duration in the FST compared to the one of mice 
that were aversively or minimally handled (Neely et al., 2018). Unfortunately, the 
techniques or quality of handling is sparsely reported in publications, even in 
behavioural studies.  

We also tested the impact of other behavioural testing, in addition to the FST, on the 
outcome. The number of other behavioural tests appeared to significantly influence the 
immobility duration (data not shown). However, this consideration should be taken with 
caution as there was a low number of observations (n = 1) in the treatment groups, and 
the order in which the other tests were administered were not always specified. Thus, it 
is unknown whether these other tests happened before or after the FST, which is crucial 
for the interpretation of the results. We assume that only behavioural tests and the 
amount of handling happening before the FST would impact the result in the FST. We 
cannot exclude the possibility that the additional handling and behavioural testing 
represented yet another stressor, and it is possible that these test batteries may have 
masked the true changes in immobility duration in response to the intended stress 
treatment. Thus, all individuals in the studies would have been subjected to 
accumulated stress over the course of the experiments and various testing procedures, 
regardless of the intended stress regimen. As such, a limitation of this meta-analysis is 
that the non-stressed groups are not fully devoid of a stressful environment prior to the 
FST. Nevertheless, given that all animals in a given study underwent the same 
behavioural tests, the observed differences between the groups would still remain 
indicative of the impact of the intended stress regimen on the FST outcomes (Table 
2.1).  

Surprisingly, we report that key variables such as the age, sex, animal species and 
breed, Lactobacillus strain and bacterial dosage did not significantly affect the FST 
immobility duration in our main model. It is noteworthy that male animals are 
preferentially selected for animal models due to concerns about confounding 
contributions from the oestrous cycle, which is known to influence behaviour in the FST 
(Bogdanova et al., 2013). The only study within the meta-analysis that employed both 
male and female subjects did not control for the ovarian cycle phase (Murray et al., 
2019). Mice received the Lactobacillus-based probiotic treatment during their pubertal 
period of development (5 to 7 weeks of age), which may have impacted the results of 
that study. We report a significant sex-dependent over-prediction of the duration of 
immobility based on the residuals for female subjects, an observation which is absent in 
males (Figure 2.4 A). This suggests that the female animals used in Murray et al., 
(2019) were tested during the proestrous or estrous phases as longer immobility times 
in the FST are observed within these periods (Bogdanova et al., 2013). This sex 
difference is in line with the current literature on affective disorders, where rates of 
depression are distinctly higher in females (Cáceda et al., 2014; Parker et al., 2014; 
World Health Organization, 2017). Indeed, women have higher rates of depression than 
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men and often experience depression symptoms during critical reproductive periods 
(Noble, 2005). These sex-based significant differences highlight the need for rigorously 
controlled studies, including a balance between both sexes and a control of the female 
oestral cycle phase, to improve sex-oriented treatment of depression (Clayton and 
Collins, 2014; Tannenbaum et al., 2016). Similar to the unbalanced use of males and 
females across studies, we report that only two studies used rats (Morshedi et al., 2018; 
Liu et al., 2019), while the remaining studies used mice. Rodents are some of the most-
widely used animal models, but they present several species-specific similarities and 
differences within the gut microbiota (Nagpal et al., 2018). Interestingly, mice microbiota 
are more similar to humans than those in rats (Nagpal et al., 2018). Because of the 
variability of these species-specific gut microbiota signatures, it is unclear whether the 
same Lactobacillus-based supplementation would impact each rodent species the same 
way. Our meta-analysis shows that mice and rats display similar immobility behaviour in 
the FST. Indeed, Figure 2.4 B shows balanced residuals in both rats and mice. The 
number of publications assessing the influence of the same Lactobacillus-based 
supplementation in multiple species is limited. Yet, in a double-blind RCT, daily 
supplementation with a combination of Lactobacillus helveticus R0052 and 
Bifidobacterium longum displayed beneficial psychological effects both in rats and in 
humans (Messaoudi et al., 2011a). Thus, some Lactobacillus-based supplementations 
are beneficial across species, despite the innate gut microbiota disparities. This 
hypothesis should be further tested to increase our understanding. 

Behavioural responses to FST are also proposed to depend on the water temperature 
(Bruner and Vargas, 1994; Bogdanova et al., 2013). Indeed, rodents swimming in 
relatively cold water (usually 25°C) compared to their core body temperature (~36-37°C) 
show increased motor activity, as well as changes in cardiovascular and neurochemistry 
parameters (Porsolt et al., 1979; Linthorst et al., 2008). However, the water temperature 
did not impact the immobility time in the FST (P > 0.05) within this meta-analysis as the 
studies used similar water temperatures (22-25°C, Table 2.1). Similarly, the container 
dimensions of the FST set-up play a significant role in determining immobility behaviour. 
When first developed, the FST tank was designed to have a depth of 15 cm of water, 
shallow enough for the rat to feel the bottom with its hind paws and tail (Porsolt et al., 
1978). Numerous modified versions of the FST involve containers of various diameters 
and water depth which may alter swimming and immobility behaviour. In the present 
meta-analysis, the water depth (varying between 10 and 30 cm), and the container 
dimensions (diameter varying between 9 and 21 cm and depth between 25 and 50 cm) 
did not impact the immobility time in the FST (P > 0.05). 

To the best of the authors’ knowledge, this study is the first to systematically review the 
effect of Lactobacillus-based probiotics on the duration of immobility in an FST in 
rodents by pooling the results of RCTs. Nevertheless, it is important to note a few 
limitations of this work. Indeed, while some population parameters, the probiotic strain, 
the dose, and the type of stress treatment were recorded and considered in this 
analysis, other factors that were not considered, such as diet, may also significantly 
contribute to immobility in the FST. In particular, there is great individual variability 
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between healthy gut microbiomes, which may influence responses to supplementation 
with particular strains of probiotics.  

Additionally, the number of studies included in this analysis and the relative sample 
sizes of the studies are also somewhat limited. While the current analysis only showed 
a significant impact of Lactobacillus-based probiotics on the immobility behaviour of 
stressed rodents, it is important to note that only three studies (in two articles) 
measured the outcomes in a Lactobacillus-based supplemented non-stressed treatment 
group (Li et al., 2018; Murray et al., 2019), which may have influenced the results. 
Previously published meta-analyses have reported a positive effect of Lactobacilli on 
psychological symptoms of depression in healthy, non-depressed humans (Messaoudi 
et al., 2011a; Huang et al., 2016; McKean et al., 2017) and highlights the need for more 
rigorous RCTs in non-stressed individuals. We also observed some large-scale 
differences of the mean differences between all studies (Figure 2.3). However, the 
visual assessment of funnel plots revealed no publication bias (Figure 2.2 A and B). 
Finally, it should be acknowledged that the manuscript search, screening, and data 
extracting were performed by a single reviewer and that the protocol has not been 
stored in a public repository. However, the steps in the review protocol are presented in 
the current study allowing for replication. The single reviewer received oversight from 
the co-authors, but it may nonetheless have impacted data quality and accuracy, 
including the omission of studies published in languages other than English. 

2.6 Conclusion 

This systematic review and meta-analysis integrate results of previous studies and 
support the potential role of Lactobacillus-based probiotics in mitigating stress-induced 
behaviours. Within the context of the FST, we report that Lactobacillus-based probiotic 
supplements significantly decreased the duration of immobility of stressed rodents. 
Further evidence from larger samples and more rigorous randomized control trials are 
needed to further elucidate the influence of important biological factors such as sex, 
animal species, duration of supplementation, Lactobacillus species, and the order of 
supplementation and stress treatments. The impact of Lactobacillus-based probiotic 
supplements under non-stressful conditions should also be evaluated in depth. The 
potential use of probiotics as a novel treatment or prevention strategy for major 
psychological disorders may aid in avoiding the stigma, latency and side effects 
associated with current antidepressants usage.  
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3.1 Abstract 

Feather pecking (FP) is a stress-induced neuropsychological disorder of birds. Intestinal 
dysbiosis and inflammation are common traits of these disorders. FP is, therefore, 
proposed to be a behavioural consequence of dysregulated communication between 
the gut and the brain. Probiotic bacteria are known to favorably modulate the gut 
microbiome and hence the neurochemical and immune components of the gut-brain 
axis. Consequently, probiotic supplementation represents a promising new therapeutic 
to mitigate widespread FP in domestic chickens. We monitored FP, gut microbiota 
composition, immune markers, and amino acids related to the production of 
neurochemicals in chickens supplemented with Lactobacillus rhamnosus or a placebo. 
Data demonstrate that, when stressed, the incidence of FP increased significantly; 
however, L. rhamnosus prevented this increase. L. rhamnosus supplementation showed 
a strong immunological effect by increasing the regulatory T cell population of the 
spleen and the cecal tonsils, in addition to limiting cecal microbiota dysbiosis. Despite 
minimal changes in aromatic amino acid levels, data suggest that catecholaminergic 
circuits may be an interesting target for further studies. Overall, our findings provide the 
first data supporting the use of a single-strain probiotic to reduce stress-induced FP in 
chickens and promise to improve domestic birds' welfare. 

3.2 Introduction 

The mammalian stress response initiates a cascade of physiological and behavioural 
changes through the neuroendocrine, metabolic, immune, and autonomic nervous 
systems (McEwen, 2013). When stressors are severe, chronic, multiple, and/or 
unpredictable, these adaptation processes may fail to return the organism to 
homeostasis (Moberg, 1987). This failure can lead to chronic disease, which is 
accompanied by increased hypothalamic-pituitary-adrenal (HPA) axis activity (Frodl and 
O’Keane, 2013), severe decrease in number and function of lymphocytes T subset 
profiles (Segerstrom and Miller, 2004), changes to concentrations of immune activation 
markers (Glaser and Kiecolt-Glaser, 2005; Dhabhar, 2014), and inflammation-induced 
changes in catabolism of aromatic amino acids, such as tryptophan (TRP), 
phenylalanine (PHE) and tyrosine (TYR) (Strasser et al., 2017).  

Disturbances in monoaminergic neurotransmitters systems that regulate behaviour 
(Ahmad et al., 2010), in their aromatic amino acids precursors’ metabolism as well as in 
the HPA-axis such as observed in psychiatric disorders (Marin et al., 2011; Reader et 
al., 2015; Toben and Baune, 2015), are concomitant with altered functioning and 
metabolism of lymphocytes (Gladkevich et al., 2004). Lymphocytes are cells of the 
immune system divided into two major lineages which include the T (thymus-derived) 
and B (bone-marrow-derived, or bursa of Fabricius–derived in avian species) cells 
(Stewart, 2012). Subsets of T lymphocytes (distinguished by surface-markers) are 
responsible for cell-mediated immunity and cytotoxicity but also regulate the 
inflammatory response (Jonuleit and Schmitt, 2003) and, despite some differences 
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(Sharma and Tizard, 1984), can be found both in mammals and in chickens (Kaufman, 
2013). 

In mammals, TRP is largely catabolized into kynurenine (KYN) via multiple enzymes, 
namely, indoleamine 2,3-dioxygenase 1 and 2 (IDO-1, IDO-2), and tryptophan 2,3-
dioxygenase (TDO), with a small percentage being converted into serotonin. PHE is 
metabolized to TYR to produce the precursor of the catecholamine neurotransmitters 
dopamine, adrenalin, and noradrenalin. Stress-induced immune activation can dampen 
the catabolism of these aromatic amino acids into neurochemicals (Strasser et al., 
2017; Gostner et al., 2020). In turn, in mammals, a pro-inflammatory state decreases 
serotonin and catecholamine production (Widner et al., 2002; Neurauter et al., 2008; 
Cryan and Dinan, 2012; O’Mahony et al., 2015). Actually, one of the most potent 
inducers of IDO is the cytokine interferon-γ, produced by T lymphocytes (King and 
Thomas, 2007). Similar to mammals, stress can suppress the chicken immune system 
(Shini et al., 2010). However, there is some indication that the avian amino acid 
metabolism may be less intimately linked to stress and the immune response compared 
to mammals by virtue of enzymatic differences in the catabolic pathways (Birkl et al., 
2019a). 

Recent research suggests that stress-induced activation of the neuroendocrine system 
affects gastrointestinal tract function (Konturek et al., 2011), including gastrointestinal 
motility (West et al., 2017) and gut microbiota composition (O’Mahony et al., 2009; 
Galley et al., 2014b; a; Bharwani et al., 2016). For instance, exposure to stress reduces 
beneficial microbes, such as Lactobacillus species (Bailey and Coe, 1999; García-
Ródenas et al., 2006; Bailey, 2014). The resulting dysbiosis may disrupt the epithelial 
barrier, thereby increasing susceptibility to enteric infection and inflammation (Maes et 
al., 2009). This “leaky gut” phenomenon allows bacteria to translocate across the 
intestinal mucosa and activates a mucosal immune response increasing the production 
of pro-inflammatory cytokines (Cryan and Dinan, 2012; Reader et al., 2015). 

The majority of commercial laying hens hatch and live in standard housing, which tend 
to be physically, socially, nutritionally, and sensorially restricted environments. These 
environments can be powerful social and environmental chronic stressors that could 
induce high rates of severe feather pecking (FP) (van Staaveren and Harlander, 2020). 
While the gentle form of FP in laying hens targets the tips and edges of feathers without 
causing damages and is suggested to be similar to social exploration or allo-preening 
(van Staaveren and Harlander, 2020), the severe form of FP is a behaviour, whereby 
individuals grasp, pull and occasionally ingest feathers of their conspecifics (Harlander-
Matauschek and Häusler, 2009). FP can cause feather loss and skin damage, and in 
some cases, this can escalate to severe injuries and cannibalism (van Staaveren and 
Harlander, 2020). The prevalence of severe FP is reported to range from 15% to 95% 
on laying hen commercial farms, making it a major animal welfare concern (Green et al., 
2000; Decina et al., 2019c).  
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Similarly to human psychiatric disorders, FP is associated with a range of comorbidities, 
such as higher HPA-axis reactivity (Korte et al., 1998; Kjaer and Guémené, 2009), 
alterations in the monoaminergic neurotransmitter system and their precursors, TRP, 
PHE, and TYR (Van Hierden et al., 2004b; Kops et al., 2013b, 2017; de Haas and van 
der Eijk, 2018; Birkl et al., 2019a), and despite no obvious difference in relative 
abundance T lymphocytes subsets, a more sensitive immune system (Buitenhuis et al., 
2006; van der Eijk et al., 2019b). Of the multiple comorbidities accompanying FP, the 
role of the gut-brain axis in the development of FP has received increased attention in 
recent years. For example, Birkl et al. (Birkl et al., 2018) and van der Eijk et al. (van der 
Eijk et al., 2019c) demonstrated that the cecal droppings of FP birds had a higher 
abundance of Clostridiales and a lower abundance of Lactobacillus compared to non-
FP birds. Additionally, FP and non-FP birds are reported to harbor distinct gut 
microbiota and short-chain fatty acid profiles (Meyer et al., 2013). Whether such 
differences contribute to FP symptoms or whether they are the underlying cause of FP 
is still unknown. Despite the vast complexity of the gut microbiota, research in human 
and murine models show that supplementation with a single or multiple bacterial 
strain(s) can protect against stress-induced behaviour by shifting the levels of 
monoamine neurotransmitter precursors, by altering the immune response such as 
increasing T regulatory cells (a lymphocyte subset), and by reversing gut dysbiosis 
(Bravo et al., 2011; Strasser et al., 2016b; Bharwani et al., 2017).  

In this study, we investigated the ability of oral supplementation with a single bacterium 
to modulate FP behaviour, immune biomarkers, and T cell phenotypes, as well as cecal 
microbial composition, the HPA axis and aromatic amino acid metabolism in birds 
selected for FP and exposed to chronic, repeated, unpredictable stress. To this end, we 
used Lactobacillus rhamnosus JB-1 for the oral supplement as the Lactobacillus genus 
is underrepresented in the cecal droppings of feather peckers (Birkl et al., 2018; van der 
Eijk et al., 2019c). Furthermore, L. rhamnosus has been demonstrated to attenuate 
behavioural deficits induced by chronic social stress in mice (Bharwani et al., 2017). 

3.3 Methods 

3.3.1 Ethical statement 

The experiment was approved by the Animal Care Committee at the University of 
Guelph (Animal Utilization Protocol #3206). The study was carried out in accordance 
with relevant guidelines and regulations as well as the ARRIVE guidelines (Percie du 
Sert et al., 2020).  

3.3.2 Animals and housing conditions 

Non-beak-trimmed White Leghorn laying hens, originating from a selection experiment 
in which birds were divergently selected for high (HFP) and low (LFP) feather pecking 
behaviour (Kjaer et al., 2001), were used in this study. A total of 86 HFP birds were 
wing tagged at hatch, vaccinated and housed in 4 floor pens (22 ± 5 birds) until 14 
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weeks of age (woa) according to standard management conditions at the Research 
Station of the University of Guelph, Guelph, Ontario, Canada. 

At 14 woa, birds were randomly allocated to 12 identical floor pens (7 ± 1 birds). Each 
pen (1.6 m2) was littered with wood shavings as bedding material and equipped with 
one round metal feeder (43 Ø cm), a 4 nipple drinker, two nest boxes (46 x 28 cm), 1 
platform (125 x 31cm, 90 cm above the ground) and two elevated perches (15 cm of 
perch/hen; 55 and 120 cm above the ground). One camera (Samsung SNO-5080R, IR, 
Samsung Techwin CO., Gyeongi-do Korea) was ceiling-mounted above each pen to 
allow for a full view of the pen. Auditory contact and smell were allowed between pens, 
but visual contact was prevented by opaque PVC boards. Light was provided at 20 lux 
from 05:00 until 19:00. The average daily temperature was 20 ± 0.5 °C. Birds had ad 
libitum access to well water and coarse crumbled layer feed. The composition and 
nutrients formulation of the feed are detailed in Supplementary Tables S 4.1 and S 4.2.  

3.3.3 Lactobacillus rhamnosus supplementation and chronic, unpredictable 
stress treatments 

An overview of the experimental timeline is represented in Figure 3.1. Half of the pens 
were systematically assigned to receive either an oral supplementation with 5 x 109 
Lactobacillus rhamnosus JB-1 (Lacto, n = 6 pens, 42 birds) resuspended in 1 mL of 
drinking water or a placebo of 1 mL drinking water (Placebo, n = 6 pens, 44 birds). 
Temperature and water composition were not controlled. Lactobacillus rhamnosus JB-1 
was a gift from Alimentary Health Inc., Cork, Ireland to McMaster University. Between 
19 to 26 woa birds were supplemented individually using 12 mL plastic syringes. Birds 
received treatments once a day, Monday to Friday mornings, between 9:00 and 10:30. 
To limit additional stress due to daily handlings, birds were trained, prior to the 
experiment, to enter a dog crate (93 x 61 x 58 cm) and receive supplementations using 
canned sweet whole kernel corn as a food reward. 

Following 5 weeks of Lacto or Placebo supplementation, three pens from each group 
were randomly assigned to undergo a sequence of stressors (S, n = 6 pens, 42 birds) 
spanning a period of 3 weeks (Figure 3.1). The remaining pens continued to receive 
Lacto or Placebo supplements in the absence of stress (NS, n = 6 pens, 44 birds). The 
five stressors used in this experiment were: social disruption (5 times), physical restraint 
of all individuals in a pen for 1 h in a transport crate (4 times), individual manual restraint 
for 5 minutes on a table outside of the experimental room (4 times), blocking nest boxes 
used for egg-laying for 4 days (twice), and blocking perches used for roosting for 4 days 
(twice). The 3-weeks stress regimen was designed to mimic the unpredictable and 
repeated stressors that hens encounter in commercial farm settings. These were 
reported as potential triggers for SFP in the literature (Beuving and Blokhuis, 1997; 
Korte et al., 1997; Huber-Eicher et al., 1999; Birkl et al., 2019a). One social disruption 
stressor consisted of splitting the pen into two subgroups of 3 to 4 individuals and 
mixing them with another subgroup from a different stressed pen that had received the 
same supplement (Lacto or Placebo). These newly mixed, socially disrupted, groups of 
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birds were moved into new, identical pens with fresh bedding material and housed 
together until the next social disruption. 

 

Figure 3.1. Schematic diagram of experimental timeline. Laying hens were moved to the 
experimental pens at 14 weeks of age (woa). The supplementation with L. rhamnosus (Lacto) or a 
placebo (Placebo) started at week 19 and lasted until the end of the experiment. The stress 
treatment spanned weeks 24-26. Physical examinations, blood, and fecal sampling (red arrows) 
were conducted at 18 woa (as a baseline) and 27 woa. Behaviours were recorded during week 18 
and weeks 24-26. Spleen and cecal tonsils samplings were performed at 28 woa. 

3.3.4 Behavioural observations and physical examination 

Birds were individually identified using numbered silicone backpacks (8 x 6 x 0.5 cm) 
provided 2 weeks before the experiment started. Backpacks were fastened around the 
wings via two elastic straps secured to the backpacks with metal eyelets (Harlander-
Matauschek et al., 2009). The time windows used to observe FP activity were 
determined by pilot observations and chosen based on the general activity level of the 
birds. Baseline behavioural observations were recorded over three days during week 18 
(5 min in the morning at 8:00 and 5 min in the afternoon at 17:00). During the 
simultaneous daily supplementation and stress treatments (weeks 24-26), birds were 
observed for 5 min at 8:00 and 10 min post-stressors. In total, each individual bird was 
observed for 185 min: 11 morning observations prior to daily supplementation treatment 
(5 min each) and 13 post-stress observations (10 min each).  

All-occurrence sampling was used to record initiators and recipients of gentle and 
severe FP interactions. An occurrence was defined as a sequence of uninterrupted 
behaviour lasting more than 4 seconds aimed at the same bird (Birkl et al., 2017). 
Gentle FP was defined as gentle peck(s) at the tips and edges of feathers of 
conspecifics without their removal. Severe FP was defined as intended, forceful peck(s) 
towards the feathers/body (not the head) of conspecifics that may remove feathers and 
cause injury (Savory, 1995). All behavioural observations were performed by a trained, 
blinded observer. Intra-repeatability was measured through three videos observations 



 

 

39 

 

conducted at the beginning, middle and end of the recording period and by calculating 
the weighted Kappa coefficient via proc FREQ in SAS (weighted Kappa= 0.8754). 

Physical examinations to determine feather cover and bodyweight of each bird were 
performed during weeks 18 and 27 (Figure 3.1). Feather cover was assessed using a 
severity scale from 0 (no or slight wear, nearly intact feathering) to 2 (at least one 
featherless area ≥ $2 Canadian coin) on the neck, back or tail (Decina et al., 2019a). 

3.3.5 Blood collection and analysis 

Blood samples were collected (3.5 mL/hen) at 18 and 27 woa from the wing vein of all 
birds using EDTA-coated vacutainer tubes. Individual birds were sampled, one hour 
post-feeding (feeders were removed), on the same day of the week and at the same 
time of day (between 10:00 and 14:00) during both sampling weeks. After collection, 
samples were stored on ice (maximum of 4 hours) until centrifugation (4°C, 2,500 rpm, 
15 min) for plasma separation. Plasma was aliquoted into 1.5 mL microtubes and stored 
at -80 °C until further analysis.  

The concentration of amino acids and their derivatives, nitrite and neopterin were 
determined performed as reported previously (Widner et al., 1997; Geisler et al., 2015). 
Briefly, samples were analysed via reversed-phase HPLC using a LiChrosorb C18 
column (5 μm particle size, Merck, Darmstadt, Germany) on a Varian ProStar system. 
For the separation of TRP and KYN, a 15 mmol/L acetic acid-sodium acetate solution 
(pH = 4.0) was used as the mobile phase. For sample preparation, protein was 
precipitated by adding 25 µl 2 mol/L trichloroacetic acid (Merck KGaA, Darmstadt, 
Germany) to 100 µl of sample. An aliquot of 100 µl of 3-nitro-L-tyrosine (25 µmol/L, 
Sigma Aldrich, Vienna, Austria) was also added as the internal standard. TRP was 
detected by its natural fluorescence at an excitation wavelength of 286 nm and an 
emission wavelength of 366 nm, KYN and 3-nitro-L-tyrosine were detected at a 
wavelength of 360 nm. To determine PHE and TYR concentrations, 30 μL of plasma 
was diluted with 30 μL of 0.015 mol/L potassium dihydrogen phosphate (Merck KGaA, 
Darmstadt, Germany), 300 μL of 500 μmol/L 3-nitro-L-tyrosine, and 75 μL of 2 mol/L 
trichloroacetic acid (for protein precipitation). After centrifugation, 370 μL of the 
supernatant was diluted with 400 μL potassium dihydrogen phosphate (0.015 mol/L), 
which was also used as the mobile phase. PHE and TYR concentrations were 
determined simultaneously by monitoring their natural fluorescence at an excitation 
wavelength of 210 nm and an emission wavelength of 302 nm. 

Albumin-based mixtures of TRP, KYN, PHE and TYR (Sigma-Aldrich, Vienna, Austria) 
were prepared for external calibration using the same procedure used to analyze 
plasma samples. In mammals, the KYN:TRP ratio can be used to estimate TRP 
metabolism along the KYN axis. In humans, this ratio is used as an index of the IDO-1 
enzyme mediated TRP breakdown when accompanied by an increase in markers (such 
as neopterin) of the cellular immune system (Fuchs et al., 1991). PHE:TYR ratios were 
calculated as phenylalanine 4-hydroxylase (PAH) activity, which converts PHE to TYR 
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(Neurauter et al., 2008). TRP:(PHE+TYR) is a substitution for the commonly used ratio 
of TRP to the large neutral amino acids. As described in Wurtman et al. (1980), this 
ratio indicates the competition of TRP with other amino acids for uptake across the 
blood-brain-barrier. However, these findings relate to mammals and may not be fully 
translatable to poultry because of possible evolutionary variations (Ball et al., 2007; 
Yuasa et al., 2015), and thus, the results should be approached with caution.  

To estimate nitric oxide (NO) production, the stable NO metabolite nitrite was measured 
in the plasma sample collected using a modified Griess assay (Merck KGaA, 
Darmstadt, Germany). Neopterin levels were measured by enzyme-linked 
immunosorbent assay (ELISA) with a detection limit of 2.0 nmol/L (BRAHMS 
Diagnostics, Hennigdorf, Germany). Corticosterone concentrations were analysed using 
an ELISA kit (Enzo Life Sciences Inc., NY, USA). The intra- and inter-assay coefficients 
of variation based on controls were 1.5% and 6.5% for low quality controls, 0.9% and 
2.5% for medium quality controls, and 0.9% and 1.4% for high quality controls, 
respectively.  

3.3.6 Sampling of cecal droppings and 16S rRNA sequencing 

During weeks 18 and 27, all birds were transferred to individual cages (45.7 L × 45.7 W 
× 40.5 H cm) for a maximum of 48 hours. The hens had visual contact but no physical 
access to their neighbors. Clean foil trays were placed underneath each cage to collect 
droppings from each bird. After a minimum of 24 hours, one gram of cecal feces 
material per bird was sampled using a sterile spatula. Cecal excreta were identified by 
their characteristic homogeneous, smooth, and creamy texture and dark color. Samples 
were taken from the middle of the cecal discharge to avoid contamination with non-
cecal excreta. The cecal samples were transferred into sterile 1.5 ml Eppendorf tubes 
and stored at –80 °C until further processing of the sample.  

DNA extraction was carried out as previously described (Bharwani et al., 2016, 2017), 
using a modified protocol to increase recovery of bacteria across taxa (Whelan et al., 
2014). 16S rRNA sequencing was carried out using a modified, barcoded Illumina 
sequencing method (Bartram et al., 2011). The 341F and 518R primers were used to 
amplify 16S rRNA from cecal excreta samples. A MiSeq Illumina sequencer in the 
McMaster Genome Center was used for paired-end reads of the V3 region (Muyzer et 
al., 1993) and 250 nucleotide paired-end sequencing. An in-house bioinformatic pipeline 
was used to process the generated data (Whelan and Surette, 2017). Abundant 
Operational Taxonomic Units (OTUs) were used to produce clustered sequences of 
OTUs (Ye, 2010), and taxonomic assignments were established using the RDP 
classifier and the GreenGenes training set (DeSantis et al., 2006; McDonald et al., 
2012). Sequencing produced 5.960 OTUs, and a minimum, maximum, and median of 
8,856, 126,407, and 56,768 reads/sample respectively. Data were rarefied at a 
sequencing depth of 8,856 reads/sample using QIIME (Caporaso et al., 2010). The 
Shannon diversity index was calculated for alpha-diversity analysis, and Jackknife 
resampling was used to generate Bray-Curtis distances for beta-diversity analysis. 
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(Dis)similarity between groups was calculated using Kruskal-Wallis H and Mann-
Whitney U tests in GraphPad Prism 6. 

3.3.7 Spleen and cecal tonsil samplings and analysis 

At week 28, 16 hens (4 Lacto-S; 4 Lacto-NS; 4 Placebo-S; 4 Placebo-NS, whereby S = 

stressed and NS = non-stressed) were killed by cervical dislocation. The birds were 

chosen based on their SFP phenotype. One cecal tonsil and the spleen were harvested 

from each bird within 3 min after death and kept in 5 mL of 5% Fetal Bovine Serum 

(FBS) containing RPMI medium. Spleen cells were isolated by scratching the spleen on 

a 40 µm cells strainer with a sterile syringe nozzle using sufficient pressure to 

completely crush the full spleen on a 6 well plate containing 6 mL cold Phosphate-

buffered saline (PBS). Cell suspensions were then transferred into 15-mL falcon tubes 

and plates were rinsed with an additional 6 mL of cold PBS and pooled into the tubes. 

Cell suspensions were then centrifuged at 1,500 rpm at 4°C for 10 min. Cells were then 

resuspended in red blood cell (RBC) lysis buffer for 3-4 min and washed with cold PBS 

at 1,500 rpm for 10 min at 4°C. Cells were resuspended in 5% FBS-RPMI medium. 

Cecal tonsils were cut into small pieces and digested in 2 mL of 5% FBS-RPMI 

containing 5µM EDTA and 20 µg/mL Collagenase IV (Sigma Aldrich, Oakville, Canada) 

at 37°C with shaking for 40 min. Then, cecal suspensions were passed through 40 µm 

strainer and washed with 5% FBS-RPMI medium by centrifuging at 1,500 rpm (4°C) for 

10 min. Cells were then resuspended in 5% FBS-RPMI medium. Viable spleen and 

cecal tonsil cells were counted by Trypan Blue exclusion and diluted in Fluorescence-

activated cell sorting (FACS) buffer (PBS + 2% FBS) to a concentration of 106 cells/ml. 

Both splenocytes and cecal tonsil cells were stained for regulatory T cells (Treg) 

markers using the following antibodies conjugated to their respective dyes: Mouse Anti-

Chicken CD3 - APC, Mouse Anti-Chicken CD4 -PE, Mouse Anti-Chicken CD8-PerCP 

Cy5.5 (Southern Biotech, Birmingham, AL, USA) and Human Anti-Chicken CD25-FITC 

(BIO-RAD, Mississauga, ON Canada). Data were acquired using FACSCelesta (Becton 

Dickinson, Oakville, ON, Canada) and analysed using FlowJo (TreeStar, Ashland, OR, 

USA).  

3.3.8 Statistical analysis 

FP frequencies were determined per individual per min and averaged at the pen level. 

Feather cover was scored across different body regions and these scores were 

combined to determine presence (at least one score > 0) or absence (all regions scored 

0) of plumage damage. 

The SAS software (version 9.4, SAS Institute, Cary NC) was used for all statistical 

computations except for the microbiota and immunological data, which were analyzed 

with GraphPad Prism 6 and SPSS using a two-tailed Student’s t-test, Mann-Whitney U-
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test, Kruskal-Wallis test, or ANOVAs, with Dunn’s multiple comparisons post-hoc tests. 

The assumptions of normally distributed residuals and homogeneity of variance were 

examined graphically with the use of QQ plots. Data was transformed where necessary. 

Statistical significance was considered at P < 0.05 and tendencies are reported when 

0.05 ≤ P ≤ 0.1. Values are presented as least square (LS) means ± standard error, 

unless stated otherwise. 

A generalized linear mixed model (PROC GLIMMIX) was used to assess the effect of 

supplementation (Lacto, Placebo) under stressed (S) versus non-stressed (NS) 

conditions. For each outcome, body weight and baseline values (i.e., behaviour or 

physiological measures collected at 18 woa) were used as covariates. Differences 

between LS means were compared pairwise using a Tukey-Kramer adjustment. Scatter 

plots of studentized residuals against predicted values, and treatment values and a 

Shapiro-Wilk test of normality were used to confirm the assumptions of the variance 

analysis. To detect possible outliers, studentized residuals outside a ± 3.4 envelope 

were used. To identify whether blood measurements were interrelated with the severe 

FP phenotype, an additional GLIMMIX model was performed for each blood parameter 

with the phenotype as a fixed effect.  

3.4 Results 

3.4.1 Lactobacillus rhamnosus supplementation modulates stress-induced 
pecking behaviour and feather cover 

The sequence of stressors in the present study triggered severe feather pecking (FP) in 
birds supplemented with L. rhamnosus (Lacto) or with drinking water as a control 
(Placebo) (F1,6 = 9.56, P = 0.021, Figure 3.2 A). As expected, this was accompanied by 
a significant increase in the damage to the feather cover (Stressed: 0.38 ± 0.075 vs. 
Non-stressed: 0.13 ± 0.063; OR = 4.10, 95%CI: 1.14 - 14.78, F1,82 = 4.78, P = 0.032). 

Interestingly, the Lacto treatment significantly attenuated severe FP behaviour in the 
presence of stress by 2.5-fold relative to birds receiving the Placebo (Figure 3.2 A). 
Indeed, the incidence of severe FP (P = 0.664) and the feather cover score (Stressed-
Lacto: 0.35 ± 0.107 vs. Stressed-Placebo: 0.41 ± 0.105; OR = 1.15, 95%CI = 0.31 - 
4.25, P = 0.996) in stressed, Lacto birds was not significantly different from that of non-
stressed Lacto birds. In contrast, stressed, Placebo supplemented birds performed a 
significantly higher number of severe FP events (P = 0.032, Figure 3.2 A) and displayed 
a tendency to have a more deteriorated feather cover than their non-stressed 
counterparts (Stress-Placebo: 0.41 ± 0.105 vs. Non-stress-Placebo: 0.05 ± 0.044; OR = 
14.54, 95%CI = 1.59 - 132.70, P = 0.084). It is also noteworthy that Lacto birds 
performed gentle FP more frequently than Placebo birds (F1,6 = 11.94, P = 0.014; Figure 
3.2 B), regardless of the stress treatment. 
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Figure 3.2. Expression of severe and gentle feather pecking behaviour. Frequency of severe (a) 
and gentle (b) feather pecks per minute (Least Squares Means ± Standard Error) between weeks 
24 and 26 based on supplementation (Lacto: L. rhamnosus, Placebo: Placebo supplementation) 
and stress (S: stressed, NS: non-stressed) treatment (n: S-Placebo = 22, NS-Placebo = 22, S-Lacto 
= 20, NS-Lacto = 22). Asterisks (*) indicate statistically significant differences (P < 0.05). 

3.4.2 Lactobacillus rhamnosus treatment prevents stress-induced alterations to 
the cecal microbiota 

The species richness of the microbial communities (i.e., alpha diversity) was measured 

using the Shannon’s diversity index. We found that alpha diversity was similar between 

the test groups and was not influenced by either Lacto supplementation (F1,80 = 0.380, P 

= 0.539) or stress (F1,80 = 0.425, P = 0.516; Figure 3.3). Changes in relative abundance 

of individual operational taxonomic units are shown in the Appendices (Supplementary 

Figure S 3.1). 
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Figure 3.3. Alpha diversity of microbial communities of cecal samples from laying hens. Alpha 
diversity of microbial communities of cecal samples measured using the Shannon index from 
laying hens at 27 weeks of age based on supplementation (Lacto: L. rhamnosus, Placebo: Placebo 
supplementation) and stress (S: stressed, NS: non-stressed) treatment (n: S-Placebo = 22, NS-
Placebo = 22, S-Lacto = 18, NS-Lacto = 22). 

Beta diversity accounts for differences in the bacterial community composition. In 

contrast to alpha diversity, beta diversity measured using the Bray-Curtis dissimilarity, 

was significantly altered by chronic, unpredictable stressors in the Placebo birds 

(median: NS-Placebo: 0.594, S-Placebo: 0.619; P < 0.05; Figure 3.4). Stressed Placebo 

birds also had a higher dissimilarity value relative to the baseline (18 weeks of age 

[woa]) than stressed Lacto supplemented birds (median: S-Placebo: 0.619, S-Lacto: 

0.590; P < 0.05; Figure 3.4).  

 

Figure 3.4. Beta diversity of microbial community diversity of cecal samples from laying hens. 
Beta diversity analysis as shown by Bray-Curtis distance calculations. The dissimilarity values for 
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each experimental group based on supplementation (Lacto: L. rhamnosus, Placebo: Placebo 
supplementation) and stress (S: stressed, NS: non-stressed) treatment compare week 18 
(baseline) and week 27 (n: S-Placebo = 22, NS-Placebo = 22, S-Lacto = 18, NS-Lacto = 22). 
Asterisks (*) indicate statistically significant differences (P < 0.05). 

3.4.3 Lactobacillus rhamnosus supplementation regulates chronic stress-
induced alterations of T- regulatory cells population in the spleen and cecal 
tonsils 

The common T cell marker, CD3, was used in combination with other cell surface 
markers to identify changes to T cell sub-populations in response to L. rhamnosus 
supplementation and the sequence of stressors introduced in this experiment. An 
example of the gating strategy is shown in the Appendices (Supplementary Figure S 
3.2). According to flow cytometry analysis, neither Lacto supplementation nor stress 
impacted the proportion of T helper cells (CD3+CD4+) and cytotoxic T cells (CD3+CD8+) 
in the spleen (Figure 3.5 A and B) or in the cecal tonsils (Figure 3.5 D and E).  

In contrast, we report a significant increase of the proportion of regulatory T cells (Treg; 
CD3+CD4+CD25+) in the cecal tonsils (P < 0.001, Figure 3.5 F) and a tendency of 
increase in the spleen (P = 0.088, Figure 3.5 C) in stressed Lacto birds compared to 
stressed Placebo birds. Indeed, Treg cells represented 47.6% of the cecal tonsil T cell 
population in the former group, while this proportion was merely 28% in the latter (F3,3 
= 2.18, P < 0.001). In non-stressed birds, splenic Treg cells were also significantly more 
abundant in Lacto birds compared to Placebo birds (11.75% vs. 5.0% F3,3 = 12.79, P = 
0.042). This difference in the spleen was further increased when Lacto birds were 
stressed (F3,3 = 33.61, P = 0.014). In the absence of stress, the proportion of Treg cells 
in the cecal tonsils were similar between groups.  
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Figure 3.5. T cell sub-populations in the spleen and cecal tonsils. T cell sub-populations in the 
spleen (A-C) and cecal tonsils (D-F) after three weeks of L. rhamnosus (Lacto) or placebo 
(Placebo) supplementation and stress treatment (S: stressed, NS: non-stressed). Sub-populations 
were identified using the following combinations of cell surface markers: T helper cells (A, D) = 
CD3+CD4+; cytotoxic T cells (B, E) = CD3+CD8+; T regulatory cells (C, F) = CD3+CD4+CD25+ (n: S-
Placebo = 4, NS-Placebo = 4, S-Lacto = 4, NS-Lacto = 4). Asterisks (*) indicate statistically 
significant differences (P < 0.05).  

3.4.4 Severe FP phenotype is associated with elevated PHE levels 

Stressors, L. rhamnosus supplementation and their interaction did not significantly 
change peripheral plasma levels of TRP, PHE, TYR, KYN, and their relevant ratios. 
Furthermore, the TRP:(PHE+TYR) ratio, as well as the nitrite, neopterin and 
corticosterone (CORT) concentrations were similar among groups (Table 3.1).  
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Table 3.1. Least Squares Means (± Standard Error) of amino acid, immune biomarker, and corticosterone concentrations in laying hens 
(n: S-Placebo = 22, NS-Placebo = 22, S-Lacto = 20, NS-Lacto = 22) after 8 weeks of treatment based on supplementation (Lacto: L. 
rhamnosus, Placebo: Placebo supplementation) and stress (stressed, non-stressed). No statistically significant difference was found 
due to the stress treatment, L. rhamnosus supplementation or their interaction (P-value shown refers to the interaction). 

 Lacto (n = 42) Placebo (n = 44)  

 

Stressed 
(n = 20) 

Non-Stressed 
(n = 22) 

Stressed 
(n = 22) 

Non-Stressed 
(n = 22) 

P-value 
 

Tryptophan (TRP) (µmol/L) 73 ± 2.3 71 ± 2.1 72 ± 2.1 75 ± 2.1 0.291 

Tyrosine (TYR) (µmol/L) 93 ± 4.6 94 ± 4.6 93 ± 4.3 96 ± 4.6 0.787 

Phenylalanine (PHE) (µmol/L) 90 ± 3.7 90 ± 3.6 91 ± 3.3 92 ± 3.6 0.880 

TRP:(PHE+TYR) 0.40 ± 0.019 0.40 ± 0.019 0.40 ± 0.017 0.41 ± 0.019 0.969 

KYN:TRP (µmol/mmol) 3.0 ± 0.32 3.9 ± 0.60 3.2 ± 0.41 2.8 ± 0.30 0.112 

PHE:TYR (µmol/µmol) 1.00 ± 0.032 0.98 ± 0.033 0.98 ± 0.030 0.97 ± 0.032 0.838 

Kynurenine (KYN) (µmol/L) 0.22 ± 0.021 0.29 ± 0.040 0.21 ± 0.024 0.22 ± 0.021 0.322 

Nitrite (µmol/L) 53 ± 9.8 37 ± 6.5 50 ± 10.8 49 ± 8.7 0.384 

Neopterin (nmol/L) 2.6 ± 0.11 2.55 ± 0.089 2.63 ± 0.095 2.60 ± 0.087 0.789 

Corticosterone (pg/mL) 2093 ± 538.1 1644 ± 423.6 1451 ± 359.0 1270 ± 308.9 0.828 
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However, birds exhibiting a severe FP phenotype, characterized as individuals that 

displayed at least one severe FP bout between 24-26 woa, had higher peripheral 

plasma PHE levels (F1,77 = 7.88, P = 0.006) and a tendency for higher TYR levels (F1,77 

= 3.84, P = 0.054) compared to birds classified as non-feather peckers (Table 3.2). 

Table 3.2. Least Squares Means (± Standard Error) of the amino acid, immune biomarker, and 
corticosterone concentrations in laying hens according to their feather pecking phenotype. A 
feather pecker was characterized as a bird that displayed severe feather-pecking behaviour at 
least once between 24-26 weeks of age.  

  
Feather Pecker 
 (n = 30) 

Non-Feather Pecker 
 (n = 56) 

P-value 

    

Tryptophan (TRP) (µmol/L) 74 ± 1.8 72 ± 1.3 0.244 

Tyrosine (TYR) (µmol/L) 100 ± 3.6 91 ± 2.7 0.054 

Phenylalanine (PHE) (µmol/L) 97 ± 2.8 87 ± 2.1 0.006 

TRP:(PHE+TYR) 0.39 ± 0.015 0.41 ± 0.011 0.272 

KYN:TRP (µmol/mmol) 3.1 ± 0.26 3.1 ± 0.21 0.842 

PHE:TYR (µmol/µmol) 0.99 ± 0.026 0.98 ± 0.019 0.762 

Kynurenine (KYN) (µmol/L) 0.24 ± 0.020 0.23 ± 0.015 0.722 

Nitrite (µmol/L) 50 ± 7.5 45 ± 4.6 0.604 

Neopterin (nmol/L) 2.53 ± 0.077 2.68 ± 0.059 0.137 

Corticosterone (pg/mL) 2180 ± 528.2 2278 ± 398.3 0.884 

3.5 Discussion 

Recent advances in feather pecking (FP) research in laying hens explored the role of 

bidirectional communication between the gut and the brain and have suggested that 

severe FP may be linked to neurobiological dysfunction (van Staaveren and Harlander, 

2020). Fundamental work has shown that the gut microbiota and the microbiota-derived 

metabolites are distinct in feather peckers versus non-peckers, whereby the former has 

a significantly lower abundance of Lactobacillus bacteria in the ceca (Meyer et al., 2013; 

Birkl et al., 2018; van der Eijk et al., 2019c). In murine models, specific Lactobacillus gut 

bacteria can modulate central nervous system-driven behaviours (Bravo et al., 2011; 

Bharwani et al., 2017), alter the monoaminergic system (Javkar et al., 2020) and their 

amino acid precursors (Valladares et al., 2013; Liu et al., 2016a), impact the 

hypothalamic-pituitary-adrenal (HPA) axis (Bravo et al., 2011), and influence the 

immune system (Forsythe et al., 2007; Karimi et al., 2012; Forsythe and Kunze, 2013; 

Bharwani et al., 2017). Interestingly, these same pathways are associated with severe 

FP in laying hens (Van Hierden et al., 2004a; Buitenhuis et al., 2006; Birkl et al., 2017, 

2019a; Kops et al., 2017; de Haas and van der Eijk, 2018; van der Eijk et al., 2019b; a). 

Nevertheless, the ability of a single bacterial strain to prevent or reduce FP and/or 

influence the associated physiological systems has not yet been investigated. 
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Therefore, the aim of the present study was to determine whether oral supplementation 

with a single Lactobacillus rhamnosus strain could modulate stress-induced FP 

behaviour and associated physiological parameters in laying hens that are genetically 

selected for high FP activity. To this end, we report the effect of stress and L. 

rhamnosus JB-1 supplementation on FP, T cell phenotypes, the cecal microbiota, 

corticosterone levels, and the metabolism of the aromatic amino acids tryptophan 

(TRP), phenylalanine (PHE), and tyrosine (TYR) (Figure 3.6).  

The sequences of stressors administered to the experimental subjects of this study 

were designed to mimic the chronic, unpredictable, social, and non-social environments 

that laying hens encounter in commercial settings. The FP data (Figure 3.2 A) mirror the 

literature, showing that severe FP increased in response to stress (Birkl et al., 2019a). A 

critical finding of this study is that an oral L. rhamnosus supplement (Lacto group) 

prevented the stress-induced increase of severe FP behaviour (Figure 3.2 A) and 

concomitantly improved the feather cover, a reliable indicator of severe FP (Bestman et 

al., 2009; Sherwin et al., 2010). Our results suggest that a single bacterial strain is thus 

protective against social behavioural deficits triggered by chronic, unpredictable 

environments in laying hens consistent with data from studies using murine models 

(Bravo et al., 2011; Bharwani et al., 2017) 

In addition to its ability to prevent severe FP, the beneficial effect of an L. rhamnosus 

supplement is further evidenced by the increase of gentle FP in Lacto birds (Figure 3.2 

B). Gentle FP has been suggested to be a form of explorative, pro-social pecking that 

plays an important role in the building and maintenance of positive, social relationships 

among chicks (van Staaveren and Harlander, 2020). Given the divergent motivations 

behind gentle and severe FP, it is critical that studies investigating FP differentiate these 

two forms (van Staaveren and Harlander, 2020). In mice, L. rhamnosus likewise 

mediates pro-social behaviour which is accompanied by changes in cerebral GABAergic 

activity via the vagus nerve (Bravo et al., 2011). A recent study showed that L. 

rhamnosus interacts with the enteric nervous system (ENS) in laying hens (Perez-

Burgos et al., 2014; van Staaveren et al., 2020b). Considering that the vagus nerve 

connects the ENS with the central nervous system, the ENS may indeed be an 

important component of the pathway through which L. rhamnosus promotes sociable, 

gentle FP behaviour in chickens. Further research is required to test this assumption.  

While oral supplementation focuses on the microbiota-gut-brain axis, it is important to 

acknowledge the potential impact of this treatment on the oral microbiota and its 

possible consequences on FP behaviour. Indeed, the transfer of the oral microbiota to 

the feather cover via preening or pecking may change the olfactory features or taste of 

feathers. Enteric and environmental bacteria influence olfaction in mice (François et al., 

2016), alter body odor in birds (Maraci et al., 2018) and are responsible for recognition 

of species (Bienenstock et al., 2018). Thus, it is important to acknowledge that, in the 
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present study, oral supplementation of L. rhamnosus may have resulted in the transfer 

of the bacteria to the feather cover via preening or pecking leading to a change in the 

olfactory features or taste of feathers (Harlander-Matauschek and Häusler, 2009). This 

in turn, may have promoted gentle FP and dissuaded birds from performing severe FP. 

While the theory needs to be tested experimentally, this association may identify the 

feather cover or skin of the birds as a significant contributor to social behaviour. 

In addition to reducing severe FP and improving feather cover, our data show that the 

stress treatment significantly altered the microbiota profile of the cecal droppings. The 

stressed Placebo hens had a higher increase in dissimilarity from 18 to 27 weeks 

compared to the non-stressed Placebo hens (Figure 3.4). However, the stress treatment 

did not alter the changes in the microbiota profile between 18 and 27 weeks in Lacto 

hens (Figure 3.4). Additionally, the stressed-Lacto birds displayed significantly lower 

dissimilarity in their cecal microbial community diversity from week 18 to 27 than the 

stressed-Placebo. There were also OTU level differences between stressed Placebo 

hens and Lacto hens (Supplementary Figure S 3.1). This suggests that L. rhamnosus 

supplementation is preventing stress-induced disruption of cecal bacterial community 

structure in laying hens. However, regardless of the bird’s supplementation and stress 

treatments, no significant correlations were found between the Shannon Index values 

and the bird’s gentle and severe pecking phenotype (data not shown). It should be 

noted that we only assessed the effect of Lacto treatment under stressful condition on 

microbiome composition. Indeed, previous studies have demonstrated that L. 

rhamnosus shows behavioural effects under challenging, i.e., stressful situations and 

does so without altering microbiome composition (Bharwani et al., 2017). Furthermore, 

it has been observed that the L. rhamnosus can induce changes within minutes on the 

gut motility ex-vivo in mice (Wu et al., 2013) and in laying hens (van Staaveren et al., 

2020b), further suggesting that the effect of Lactobacillus may be mediated through 

other avenues than microbiota composition changes. Thus, the effects of 

supplementation alone on the microbiome would provide no mechanistic insight. The 

actual mode of action of L. rhamnosus is yet to be shown experimentally.  

The immunomodulatory capacities of L. rhamnosus are well recognized in mammals 

(Karimi et al., 2009, 2012; Cervantes-Barragan et al., 2017). We presently report that 

the L. rhamnosus supplement also impacts immune measurements in birds. In 

particular, L. rhamnosus supplementation significantly increased the regulatory T (Treg) 

cell population in the cecal tonsils and the spleen in response to stress (Figure 3.5). 

Regulatory T cells are suppressor T cells crucial for regulating the inflammatory 

response and preventing autoimmunity (Jonuleit and Schmitt, 2003). Thus, we conclude 

that the bacterium was able to influence the local immune system of the hens similar to 

previous observations in mice (Karimi et al., 2009, 2012). Chicken cecal tonsil cells 

respond more rapidly than spleen cells to the bacterial stimuli, which could explain 
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differences between these tissue sites (Brisbin et al., 2010). Short-chain fatty acids 

(SCFAs) produced by commensal organisms are known to trigger the increase of Treg 

in mammals and chicken cecal tonsils (Meimandipour et al., 2010; Arpaia et al., 2013; 

Lee et al., 2018). The ability of L. rhamnosus to produce SCFAs that mediate immune 

activation is yet to be investigated, and further research should consider testing for 

SCFAs to help identify the modes of action of the bacteria. 

Nitric oxide (NO) is produced as part of the innate, pro-inflammatory immune response 

when nitric oxide synthase production is stimulated by IFN-γ. Kujundžić and Lowenthal 

(Kujundžić and Lowenthal, 2008) demonstrated that the expression of inducible nitric 

oxide synthase (iNOS) and NO formation can be efficiently stimulated by chicken IFN-γ 

in the chicken macrophage cell line HD11, reaching nitrite concentration of 

approximately 40 µmol/L after 24h of treatment. Since NO is rapidly converted to the 

more stable metabolite nitrite, the latter is used as a surrogate marker of NO (Uehara et 

al., 2015). We report no statistically significant differences in the nitrite levels between 

treatment groups. However, under non-stressed conditions, the Lacto birds had a lower 

plasma nitrite concentration compared to the Placebo group. Moreover, in parallel to 

increasing Treg cells, stress caused an increase in nitrite levels in Lacto supplemented 

birds. Taken together, this set of data suggests that the baseline inflammation status is 

lower in Lacto-supplemented birds. The overall increase of the Treg population in 

stressed Lacto birds may be an attempt to counteract the induced immune activation 

(O’Garra et al., 2004). Thus, the pro-inflammatory response leading to more nitrite may 

be balanced out by the anti-inflammatory effect of Treg cells on the long term.  
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Figure 3.6. Effect of Lactobacillus rhamnosus on feather pecking behaviour, related physiological 
pathways, and hypothetical mode of action of the bacteria in chronically stressed laying hens. L. 
rhamnosus prevented a stress-induced increase of severe feather pecking in chickens (1); 
potentially the L. rhamnosus modulates the sensory properties (e.g., taste, smell) of feathers via 
transfer of oral microbiota to the feather cover. However, L. rhamnosus supplementation impacts 
more physiological systems as shown by limiting stress-induced cecal microbiota dysbiosis (2). 
This may impact the enteric nervous system, notably the nervus vagus, which could induce 
changes in the cerebral GABAergic activity. Changes in the birds’ immune system were found that 
indicate a role for the regulation of inflammation as shown by an increase in regulatory T (Treg) 
cell populations in the spleen and cecal tonsils (3). L. rhamnosus could potentially produce short 
chain fatty acids (SCFAs) that are known to trigger an increase in Treg in other animals. This 
increase in Tregs could be a counter reaction to stressed-induced inflammation as shown by 
numerically elevated nitrite concentration in the peripheral plasma (4). While alterations in the 
monoaminergic system are implicated in feather pecking behaviour, we found limited changes in 
the peripheral monoaminergic system (4), however, catecholaminergic circuits could still play a 
role. Changes in these different physiological pathways can influence the central nervous system, 
and ultimately behaviour, such as feather pecking in laying hens. Experimental findings are 
numbered (1-4) and hypothetical modes of actions of L. rhamnosus are represented with dashed 
arrows. 

Corticosterone (CORT) is a surrogate measure of the HPA axis activation and is used 

as an indicator of acute stress in birds (Van Hierden et al., 2004b; Scanes, 2016). 

Surprisingly, we observed no increase in the plasma CORT concentration under stress. 

Nevertheless, it is noteworthy that CORT levels recorded in this study were low 
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compared to a recent study using the same genetic line (van der Eijk et al., 2019b) and 

similar to those in resting birds (Kjaer and Guémené, 2009). We further report that 

CORT measurements between peckers and non-peckers were similar, confirming 

previous observations (van der Eijk et al., 2019a). Despite being an indicator of acute 

stress, chronic stress is known to downregulate CORT production through a negative 

feedback loop (Cyr et al., 2007). Therefore, it is possible that the sequence of stressors 

used in the study dampened CORT levels over time, as this stress regimen was 

intended to represent chronic stress. In addition, it is important to acknowledge that only 

two timepoints were used to measure plasma CORT levels, which may not have 

adequately represented changes in CORT concentrations under chronic stress 

conditions.  

Neither the ingestion of L. rhamnosus nor the chronic use of stressors significantly 

altered TRP, PHE, and TYR levels, their ratios, or the downstream metabolite, KYN. In 

humans, an elevated KYN:TRP ratio is an indicator of TRP degradation by the IDO-1 

enzyme activated during acute innate and adaptive immune responses (Widner et al., 

2002; Cryan and Dinan, 2012; O’Mahony et al., 2015; Strasser et al., 2017), linking 

immune activation to the development of neuropsychiatric symptoms (Strasser et al., 

2017). Actually, one of the most potent inducers of IDO is IFN-γ, produced by T cells 

(King and Thomas, 2007), while certain IDO-expressing cells inhibit T cell activation 

(Grohmann et al., 2003; Mellor and Munn, 2004). In parallel, pro-inflammatory cascades 

are also associated with increased phenylalanine hydroxylase (PAH) activity (Neurauter 

et al., 2008), which metabolizes PHE to TYR and is reflected by the PHE:TYR ratio. In 

chronic episodes of immune activation, PHE and PHE:TYR ratio are elevated at the 

expense of dopamine (Strasser et al., 2016a), a neurotransmitter which has actions on 

both the nervous and the immune systems (Feng and Lu, 2021) and is involved in gut-

brain signaling (Franco et al., 2021). Further down the PHE-TYR-Dopamine pathway, 

norepinephrine differentially regulates naive and effector CD8+ T cell activity (Kin, 2006) 

and decreases functionality and proliferation of CD8+ T cell (Slota and Weng, 2014). 

Thus, in mammals, aromatic amino acid metabolism and the monoaminergic 

neurotransmitter systems are associated and connected to the host peripheral immune 

system responsiveness. The divergence from the mammal system is likely due to 

evolutionary differences in laying hen’s amino acid metabolism, notably the lack of IDO-

1 (Ball et al., 2007; Yuasa et al., 2015). IDO-2, the isoenzyme, has a relatively low 

affinity for TRP and a low enzymatic efficiency because of its very low catalytic velocity 

(Yuasa et al., 2015). So far, no direct in vivo evidence suggests that the induction of 

aromatic amino acid metabolism in laying hens is mediated via immunological 

cascades. Interestingly, though Kujundžić and Lowenthal (2008) reported the 

upregulation of TRP degrading enzymatic activity in IFN-γ stimulated lysates of the 

chicken macrophage cell line HD11 that is able to produce KYN. Nevertheless, the KYN 

concentrations of these lysates decreased over a period of 24 h after treatment. It is 
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possible that the activity of other downstream enzymes in the KYN breakdown pathway 

may be responsible for the consumption of KYN. Therefore, it remains unclear whether 

cytokines can stimulate TRP catabolism in chicken macrophages. 

As this study focuses on laying hens and attempts to mimic commercial settings, it is 

important to emphasize that data collection coincided with the onset of egg-laying. The 

nutritional requirements of hens undergo a significant shift during this period, and 

resources are preferentially channeled towards protein synthesis for egg formation, 

while requirements for growth are minimal (Vignale- Lake, 2014). Additionally, the 

pullets bred for high FP behaviour may not have the same requirement as commercial 

birds. Thus, we also hypothesize that the respective amino acids concentrations in the 

commercial diet we used may not have been sufficient for the young laying hens in this 

study. Indeed, we observed a 14% decrease in plasma TRP and TYR levels between 

18 and 26 weeks of age. It is, therefore, possible that the physiological stress 

encountered by hens during this transitional period may have masked the true changes 

to plasma amino acid concentrations in response to stress exposure. Finally, there is 

also evidence suggesting that plasma amino acid levels vary depending on the timing of 

blood extraction and the amount of feeding. As such, one limitation of this study is that 

fasting levels of TRP, PHE, and TYR were not recorded.  

Yet another important social context that must be considered is that the birds in the 

present study were familiarized with human-interactions which may have attenuated the 

impact of stressors (Kjaer and Guémené, 2009). Furthermore, social disruptions 

happened concurrently with the replacement of the bedding material. Fresh bedding 

material is an environmental enrichment, which, in turn, may have countered the 

intended stress of the social disruption (Nazar and Marin, 2011).  

We found that birds that exhibited a severe FP phenotype had significantly higher PHE 

and a tendency for higher TYR levels than non-peckers (Table 3.2). However, we report 

no difference in PHE:TYR ratio between peckers and non-peckers, suggesting that the 

relative change in PHE and TYR was equal. PHE and TYR can cross the blood-brain 

barrier. In mammals, the plasma levels are good indicators of PHE and TYR brain levels 

(Record et al., 1976; Curzon, 1979). Peckers may have higher central levels of PHE 

and TYR producing higher levels of catecholamines, which may indicate a more 

sensitive and hyperactive response to stress. Thus, our results are in line with the 

higher dopaminergic activity found in chickens exhibiting severe FP and injurious 

pecking. This work reinforces the theory that the dopamine pathway plays a role in 

stress regulation in chickens (Kjaer et al., 2004; Dennis et al., 2008; de Haas and van 

der Eijk, 2018; Birkl et al., 2019a). However, chickens have different metabolic 

properties and requirements for amino acids compared with mammals. These results 

should be considered with caution as the correlation between central and peripheral 

levels in poultry species is yet to be tested.  
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To the authors’ knowledge, we show for the first time that administration of L. 

rhamnosus JB-1 in laying hens can alter brain and immune function under stress, 

resulting in reduced severe FP and improved feather cover in birds. The gut microbiota 

was also significantly more resistant to stress-induced changes when birds received the 

Lacto supplement (Figure 3.4). Furthermore, the data presented herein shed light on the 

potential associations between the immune system, the gut microbiome, and neuro-

chemical pathways that contribute to FP.  

3.6 Conclusion 

In conclusion, our data suggest that single-microbe supplementation can ameliorate 

severe FP in laying hens. Further research should elucidate whether L. rhamnosus 

drives the changes to FP behaviour (i.e., direct effect), or whether the bacterium 

modulates the diversity and/or function of other microbial communities, metabolites, and 

the immune system, thereby triggering other behaviour that result in the observed FP 

shifts (i.e., indirect effect). Additionally, results would need to be replicated in other 

genetic lines, as well as commercial lines. The feasibility of supplementation under 

commercial conditions should also be investigated. Our findings identify potential 

biological mechanisms behind the therapeutic effects of probiotics, which paves the way 

for individualized, microbial interventions in millions of domestic birds with a history of 

FP.  
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4.1 Abstract 

In mammals, early-life probiotic supplementation is a promising tool for preventing 
unfavourable, gut microbiome-related behavioural, immunological, and aromatic amino 
acid alterations later in life. In laying hens, feather-pecking behaviour is proposed to be 
a consequence of gut-brain axis dysregulation. Lactobacillus rhamnosus decreases 
stress-induced feather pecking in adult hens, but whether its effect in pullets is more 
robust is unknown. Consequently, we investigated whether early-life, oral 
supplementation with a single Lactobacillus rhamnosus strain can prevent stress-
induced feather-pecking behaviour in chickens. To this end, we monitored both the 
short- and long-term effects of the probiotic supplement on behaviour and related 
physiological parameters. We hypothesized that L. rhamnosus would reduce pecking 
behaviour by modulating the biological pathways associated with this detrimental 
behaviour, namely aromatic amino acid turnover linked to neurotransmitter production 
and stress-related immune responses. We report that stress decreased the proportion 
of cytotoxic T cells in the tonsils (P = 0.047). Counteracting this T cell depression, birds 
receiving the L. rhamnosus supplementation significantly increased all T lymphocyte 
subset proportions (P < 0.05). Both phenotypic and genotypic feather peckers had lower 
plasma tryptophan concentrations compared to their non-pecking counterparts. The 
probiotic supplement caused a short-term increase in plasma tryptophan (P < 0.001) 
and the TRP:(PHE+TYR) ratio (P < 0.001). The administration of social stressors did 
not significantly increase feather pecking in pullets, an observation consistent with the 
age-dependent onset of pecking behaviour. Despite minimal changes to behaviour, our 
data demonstrate the impact of L. rhamnosus supplementation on the immune system 
and the turnover of the serotonin precursor tryptophan. Our findings indicate that L. 
rhamnosus exerts a transient, beneficial effect on the immune response and tryptophan 
catabolism in pullets. 

4.2 Introduction 

In mammals, the rapid colonization of the gastrointestinal tract (GIT) of newborns by 
microorganisms is heavily impacted by the mother and the surrounding environment 
(Dominguez-Bello et al., 2010). Impairment of this early-life colonization process can 
disrupt the microbiota composition of the host (Shao et al., 2019) and potentially 
contribute to diseases and psychological disorders later in life (Cryan and Dinan, 2012; 
Tamburini et al., 2016). Early-life microbial interventions have been used to prevent 
dysbiosis-related diseases in adulthood (Hashemi et al., 2016). To this end, 
Lactobacillus species are among the most important and widely used probiotics in 
mammals. While lactic acid bacteria are Gram-positive commensals of the GIT, their 
abundance is low in humans (Nistal et al., 2016; Almonacid et al., 2017). With 
numerous reported benefits on the stress response, the immune system, and stress-
induced behaviour of mammals, Lactobacillus-based treatments are being developed as 
novel preventives and therapeutics for diseases related to these systems (Bravo et al., 
2011; Palomar et al., 2014b; Huang et al., 2016; Chapter 2).  
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Similarly, microbial colonization of the chicken GIT plays a key role in immunological 
and metabolic pathways impacting health and disease (Brisbin et al., 2008; Stanley et 
al., 2014; Varmuzova et al., 2016). The chick gut microbiota undergoes important 
changes post-hatch (Stanley et al., 2014). Indeed, the composition and complexity of 
the gastrointestinal microbial community change rapidly and reach a maximum bacterial 
density within the first week following hatching (Apajalahti et al., 2004; Apajalahti and 
Kettunen, 2006; Ballou et al., 2016). In contrast to humans, Lactobacillus is a 
predominant genus throughout the GIT of chickens, and the commensal lactobacilli 
become established within the first 7 days following hatch (Tannock, 2004; Apajalahti et 
al., 2004; Apajalahti and Kettunen, 2006; Ballou et al., 2016). They are found in the 
crop, the proventriculus, the gizzard, the duodenum, the small intestine, and the ceca 
(Van Der Wielen et al., 2002; Rehman et al., 2007; Pan and Yu, 2013; Stanley et al., 
2014; Waite and Taylor, 2014; Oakley et al., 2014; Shang et al., 2018). The intestinal 
Lactobacillus population likely originates from the established microbiota of the crop 
(Walter, 2008). Lactobacilli resist the low pH and bile salt encountered in the chicken 
GIT (Dec et al., 2018) allowing them to survive the transit through the stomach and 
duodenum (Dec et al., 2018). As such, Lactobacillus species are interesting candidates 
for early-life supplementation aimed at shaping the bacterial community in chickens as: 
1) they are a prominent genus within the gut which may translate to a greater role in GIT 
signaling pathways and 2) they can survive the passage through the GIT if introduced 
as an oral supplement. 

Commensal bacteria exert a range of protective structural and metabolic effects on the 
GIT (O’Hara and Shanahan, 2006). These include nutrient absorption, development of 
immunity, and competitive exclusion of pathogenic bacteria (Tannock, 2004; Yegani and 
Korver, 2008). Indeed, lactobacilli inhibit the growth of pathogens like Campylobacter 
(Kizerwetter-Świda and Binek, 2009) and improve the numbers of other beneficial 
microbes (Ballou et al., 2016). Lactobacillus spp. also contribute to chicken intestinal 
homeostasis by exerting immunomodulatory effects (Noujaim et al., 2008; Haghighi et 
al., 2008; Brisbin et al., 2010, 2011). For example, they reshape cytokine expression in 
chicken cecal tonsils (Haghighi et al., 2008; Brisbin et al., 2010, 2011) and increase T 
lymphocyte subpopulations in the GIT of stressed and non-stressed chicks (Noujaim et 
al., 2008). Furthermore, they modulate the catabolic pathway of the aromatic amino 
acids (AAA), tryptophan (TRP) (Valladares et al., 2013; Marin et al., 2017; Dec et al., 
2018), phenylalanine (PHE), and tyrosine (TYR) (Gummalla and Broadbent, 2001). 
Consequently, lactobacilli influence the level of monoamine neurotransmitters (Dhaliwal 
et al., 2018b) and the production of neurotransmitters in vivo or in-vitro, such as GABA 
(Barrett et al., 2012), serotonin (Liu et al., 2016a), catecholamines (Oleskin et al., 2014; 
Liu et al., 2016a), and acetylcholine (Rowatt, 1948; Girvin and Stevenson, 1954). 
Alterations to the monoaminergic system by the resident lactobacilli can affect both gut 
and brain function directly and indirectly.  

The metabolic changes associated with inflammatory processes and monoaminergic 
neurotransmitters play a role in disease (Leblhuber et al., 2021) and psychological 
disorders, such as anxiety or depression (Reader et al., 2015; Toben and Baune, 2015; 
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Strasser et al., 2017; Hüfner et al., 2019). Lactobacillus reuteri intake improved 
depressive-like behaviour in mice by reversing the stress-induced decrease of fecal 
H2O2 levels and depleting the resident Lactobacillus population (Marin et al., 2017). The 
same treatment also increased intestinal IDO-1 expression, the primary enzyme 
responsible for TRP degradation, and increased plasma kynurenine (KYN) levels (Marin 
et al., 2017), an indicator of TRP degradation away from serotonin production. 
Furthermore, orally administered Lactobacillus rhamnosus reduced stress-induced 
anxiety- and depression-related behaviour in mice (Bravo et al., 2011; McVey Neufeld 
et al., 2018). Together, these data suggest that probiotic supplements containing 
Lactobacillus species can improve behaviour, especially under stress (Chapter 2). 

Interestingly, Lactobacillus bacteria have also been linked to severe feather pecking 
(SFP) (Meyer et al., 2012; Birkl et al., 2018; van der Eijk et al., 2019c), a damaging 
behaviour, often characterized as a psychological disorder in birds (Van Hierden et al., 
2004a; Kjaer, 2009). While gentle feather pecking (GFP) is a normal part of the laying 
hen’s natural social behaviour, severe, excessive and repetitive pecking, pulling, and 
sometimes eating feathers of conspecifics can lead to feather damage, skin injury, and 
death (van Staaveren and Harlander, 2020). SFP etiology is multifaceted with evidence 
implicating genetic (Kjaer and Sørensen, 1997; Kjaer et al., 2001; Iffland et al., 2019) 
and environmental components (Wennrich, 1974; Blokhuis, 1986). It is proposed to be 
triggered by chronic, unpredictable social or environmental stressors (van Staaveren 
and Harlander, 2020), but the extent and nature of the stress response may differ 
across genetic lines (Brunberg et al., 2016). 

Regardless of the determinants of SFP behaviour, several important observations 
indicate the involvement of major signaling pathways and the gut microbiota in its 
pathophysiology in domestic birds. Indeed, birds bred for their high SFP activity are 
characterized by a lower relative abundance of Lactobacillus in the cecal feces 
compared to non-SFP individuals (Birkl et al., 2018; van der Eijk et al., 2019c). SFP 
birds also display distinct AAA metabolism, including higher dopamine and serotonin 
turnover in the brain, both in the absence of stress (Van Hierden et al., 2002) and under 
acute stress (Kops et al., 2017). Other studies show low PHE:TYR and KYN:TRP ratios 
in stressed SFP birds compared to stressed non-SFP counterparts (Birkl et al., 2017, 
2019a). Furthermore, the gene expression patterns of the neuroendocrine, 
monoaminergic and immune systems of high peckers are distinct from those of low 
peckers (Buitenhuis et al., 2004, 2006; Flisikowski et al., 2009; Biscarini et al., 2010; 
Wysocki et al., 2010; Brunberg et al., 2011, 2016).  

The Lactobacillus genus is significantly underrepresented in the cecal droppings of 
feather peckers (Birkl et al., 2018; van der Eijk et al., 2019c; Borda-Molina et al., 2021). 
Furthermore, L. rhamnosus has been demonstrated to attenuate behavioural deficits 
induced by chronic social stress in mice (Bharwani et al., 2017). Therefore, we originally 
postulated that oral supplementation with Lactobacillus rhamnosus may alter SFP 
behaviour in chickens. Subsequently, we successfully demonstrated that oral 
supplementation with L. rhamnosus JB-1 prevented SFP in stressed adult chickens 
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(Chapter 3). We, therefore, hypothesize that the administration of L. rhamnosus to 
pullets may have a more substantial impact on the microbiota composition. 
Subsequently, we anticipated changes to stress-induced pecking behaviour, and 
associated immunological and metabolic changes in laying hens receiving a probiotic 
supplement. To this end, we investigated whether oral supplementation with the L. 
rhamnosus JB-1 strain during the first nine weeks post-hatch can be a preventive 
measure against chronic, repeated, and unpredictable stressors later in life. The impact 
of Lactobacillus supplementation was measured by quantifying its ability to prevent SFP 
behaviour, modulate immunological markers and actors (KYN:TRP ratio, nitrite level, 
and T cells profile) and affect AAA metabolism (TRP, PHE, TYR, and their respective 
ratios) in birds selected for and against SFP. 

4.3 Methods 

4.3.1 Ethical statement 

This study was approved by the Animal Care Committee at the University of Guelph 
(Animal Utilization Protocol #4113). The study was carried out in accordance with 
relevant guidelines and regulations as well as the ARRIVE guidelines (Percie du Sert et 
al., 2020). 

4.3.2 Animals and housing 

Eggs used in this study originated from White Leghorn laying hens divergently selected 
for high (HFP) and low (LFP) severe feather pecking (SFP) activity (Kjaer et al., 2001). 
A third group of eggs from an unselected control (UC) group of White Leghorns were 
also used. Eggs were incubated together, and birds were hatched, vaccinated and 
housed according to the same standard management conditions at the Research 
Station of the University of Guelph in Guelph, Ontario, Canada. On day of hatch, the 
birds were sexed and individually wing-tagged. A total of 360 non-beak-trimmed 
females were systematically allocated to 12 pens of 30 birds each (10 birds of each 
line). The birds were housed in identical floor pens with wood shavings, one round 
metal feeder (43 Ø cm), and a drinker line (7 nipples) in a windowless room. From day 1 
until 3 weeks of age (woa), a dark brooder (98.5 x 73 x 39 cm) in which 3 sides were 
enclosed using white “strip door curtains” (allowing movement in and out while providing 
darkness) was installed in each pen. Each brooder contained a heating pad. At 4 woa, 
one A-frame perch (15 cm of perch/hen, 55 cm, and 120 cm above the ground) was 
added to each pen. At 17 woa, three nest boxes were added to each pen. Opaque PVC 
boards between the pens prevented birds from seeing each other, and only auditory 
contact was possible. The light schedule totalled 16 hours of light (2 hours dark – 4 
hours light rhythm) at 40 Lux during the first week. After the first week, the hours and 
intensity of light were weekly decreased until reaching 10 hours of light at 10 Lux at 6 
woa. At 18 woa, the light schedule was increased to 12 hours of light at 15 Lux to finally 
reach 20 Lux from 05:00 h till 19:00 h at 20 woa. The average daily temperature started 
at 34 °C at hatch and was decreased every week of 2 ± 1 °C until reaching 20 °C at 42 
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days of age until the end of the experiment. Coarse crumble feed and water were 
provided ad libitum (Research Station feed, Starter: 0 to 6 weeks, Grower: 7 to 16 
weeks and Layer: from 17 weeks). The composition and nutrients formulation of the 
feed are detailed in Supplementary Tables S 4.1 and S 4.2. 

At 5 woa, coccidiosis (Eimeria, protozoa) and necrotic enteritis (Clostridium 
perfringens) caused the death of 4 chicks. The remaining birds were immediately 
treated with 0.024% amprolium (Amprol ®, Huvepharma Canada Corporation Inc., 
Canada) and 0.4 g/L penicillin G potassium (Pot-Pen ®, Vetoquinol N.-A. Inc., Canada) 
administered via drinking water for 6 days. At 11 woa, two birds were removed from the 
experiment due to sexing errors. Between 12 to 14 woa, four birds had to be euthanized 
for health reasons. At 15 woa, one other bird was euthanized because of cannibalistic 
pecking injuries. 

4.3.3 Lactobacillus rhamnosus supplementation and chronic, unpredictable 
stress treatments 

An overview of the experimental timeline is presented in Figure 4.1. Half of the pens 
were systematically assigned to receive an oral supplement of Lactobacillus rhamnosus 
JB-1™ (Lacto, n = 6 pens, 176 birds) dissolved in water. The other half received a 
placebo of drinking water (Placebo, n = 6 pens, 178 birds). L. rhamnosus JB-1 was a 
gift from Alimentary Health Inc., Cork, Ireland to Paul Forsythe and Wolfgang Kunze, 
McMaster University. To inoculate the bird with a sufficient amount of bacteria once to 
facilitate colonialization of the gut, on day of hatch, chicks of the Lacto treatment group 
were individually supplemented with 5 x 109 CFU of L. rhamnosus JB-1™ dissolved in 
0.5 mL of water, while the Placebo chicks received 0.5 mL of water, using a 5 mL plastic 
syringe. During the following 9 weeks, birds were supplemented as a group at the pen 
level (Monday to Friday, between 9:00 h and 10:30 h). A dose of 5 x 109 CFU of L. 
rhamnosus JB-1 per bird was dissolved into drinking water. One hour prior to 
supplementation, the drinker lines were raised to prevent access, and two round 1 L 
drinkers containing either the Lacto or Placebo treatments were placed in the pens. The 
birds were allowed to voluntarily consume the respective supplement. Individual 
consumption was not measured. After consumption of the supplements (in 
approximately 10-15min), the round drinkers were removed from the pens and the 
regular drinker lines were lowered immediately to allow routine access again. 

At 11 woa, a stress regimen was administered to trigger SFP (Birkl et al., 2019a). Three 
pens of each supplementation type were randomly assigned to undergo a sequence of 
stressors spanning a period of 3 weeks (S, n = 6 pens, 177 birds) while the other three 
pens were left undisturbed (NS, n = 6 pens, 177 birds) (Figure 4.1). Stressors were 
environmental (physical restraint of all individuals in a pen for 1 h in a transport crate 
and removal of roosting perches for 24 hours) and social (social disruption by mixing). 
The stressors used in the present study are reported as potential SFP triggers by 
previous work (Huber-Eicher et al., 1999; Cronin et al., 2018; Birkl et al., 2019a). During 
social disruption, birds from one pen were divided into two subgroups of 14 to 15 
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individuals and mixed with another subgroup from a different pen receiving the stress 
treatment and the same supplement (Lacto or Placebo). Upon mixing, birds were placed 
in a new but identical pen with fresh shavings to create a new environment for all birds. 
Each stressor was applied in the afternoon and repeated 5 times. The type of stressor 
used was balanced over the 3-week period, whereby one stressor was administrated 
each day between Monday-Friday (Figure 4.1). This stress regimen was designed to 
mimic the unpredictable and repeated stressors that hens encounter in commercial farm 
settings. 

 

 

Figure 4.1. Schematic diagram of the experimental timeline. The Lacto or Placebo 
supplementation started when birds were 1 day old and lasted 9 weeks. The stress treatment 
spanned weeks 11-13. Physical examinations and measurements of behaviour, blood samples, 
and cecal droppings samples were conducted at 10, 14, and 32 weeks of age. Spleen and cecal 
tonsil samplings were performed at 15 woa from 36 animals. 

4.3.4 Behavioural observations and physical examinations 

Behavioural observations were conducted via video recordings. A camera (Samsung 
SNO-5080R, IR, Samsung Techwin CO., Gyeongi-do Korea) with an aerial view was 
installed in each pen. All birds were individually identified using numbered silicone 
backpacks (8 x 6 x 0.5 cm), fastened around the wings via two elastic straps secured to 
the backpacks with metal eyelets (Harlander-Matauschek et al., 2009). The time 
windows used to observe SFP activity were determined by pilot observations and 
chosen based on the general activity level of the birds. Pilot observations included live 
observations to record general activity in each pen. To measure the short-term impact 
of the supplementation, pens were video recorded for a total of 80 min during the 3-
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week stress treatment: 10 min in the morning for three days spread over the three 
weeks and 10 minutes immediately after each mixing stressor. To assess the long-term 
impact of the supplementation, two more 10-minute recordings were made in the 
morning at 32 woa. Recordings were scheduled outside of the working hours of the farm 
staff. Behavioural analysis was performed by six blinded observers, trained beforehand 
(total of 1.7 h of observations for each of the 354 birds and total of 20 hours of video). 
Intra and inter observer reliability were measured through three videos observations 
conducted at the beginning, middle and end of the recording period. Intra and inter 
repeatability were measured through three videos observations conducted by each 
observer at the beginning, middle and end of the recording period and by calculating the 
weighted Kappa coefficient via proc FREQ in SAS. The weighted Kappa coefficient for 
intra-repeatability ranged between 0.29 - 0.46 and the inter-repeatability ranged 
between 0.39 - 0.90. All-occurrence sampling was used to record the actor and the 
recipient of gentle and severe feather pecking. A sequence of gentle feather pecks (> 4 
sec) at the tips and edges of feathers of another bird was considered as gentle feather 
pecking (GFP) (Birkl et al., 2017), while intent, forceful peck(s) towards the 
feathers/body of another bird that may remove feathers was considered as severe 
feather pecking (SFP). Birds exhibiting at least one bout of GFP or one severe feather 
peck were categorized as gentle, or severe peckers, respectively, for the short- (10-13 
woa) and long-term (32 woa). Non-severe peckers and non-gentle peckers were 
defined as birds that performed 0 bouts or pecks of the respective behaviour. 

A physical examination of each individual bird was completed during weeks 10, 14, and 
32 (Figure 4.1) to determine feather cover, and injuries. The severity of damage to the 
feather cover on the neck, back, and tail was assessed on a 0 to 3 scale (0: no or slight 
wear, nearly intact feathering; 1: damaged feathers or at least one featherless area < $2 
Canadian coin [diameter of 28mm], 2: at least one featherless area ≥ $2 Canadian coin 
and, 3: at least one featherless area ≥ $2 Canadian coin with fresh bloodstains) adapted 
from Decina et al. (2019a). Pecking injuries on the comb/head were recorded as 
present or absent. 

4.3.5 Blood sampling and amino acid analysis 

At 10, 14, and 32 woa, one-hour post-feeding, blood samples (2ml/hen) were collected 
(between 10:00 h and 14:00 h) from the wing vein of each hen into 2 mL EDTA tubes. 
The tubes were gently inverted to ensure complete mixing before being stored on ice 
until the end of sampling (maximum 4 h). At the end of sampling, samples were 
transported (10 min) to the Department of Animal Biosciences of the University of 
Guelph where the plasma was separated by centrifugation at 4°C, 2,500 rpm for 15 
minutes, and stored at -80°C until further analysis. 

The concentrations of amino acids and their derivatives, and nitrite were determined as 
reported previously as in Chapter 3. In brief, samples were analysed via reversed-phase 
HPLC. TRP, PHE and TYR concentrations were determined by monitoring their natural 
fluorescence at an excitation wavelength of 286 nm (TRP) and 210 nm (PHE, TYR), 
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and an emission wavelength of 366 nm (TRP) and 302 nm (PHE, TYR). KYN was 
detected at a wavelength of 360 nm. 

In mammals, the KYN:TRP ratio can be used to estimate TRP metabolism along the 
KYN axis. In humans, this ratio is used as an index of the IDO-1 enzyme-mediated TRP 
breakdown when accompanied by an increase in markers (such as neopterin) of the 
cellular immune system (Fuchs et al., 1991). PHE:TYR ratios indicate phenylalanine 4-
hydroxylase (PAH) activity, which converts PHE to TYR (Neurauter et al., 2008). 
TRP:(PHE+TYR) is a substitution for the commonly used ratio of TRP to the large 
neutral amino acids. As described in Wurtman et al. (1980), this ratio indicates the 
competition of TRP with other amino acids for uptake across the blood-brain-barrier. As 
a surrogate marker for nitric oxide (NO) production, the stable NO metabolite nitrite was 
measured in the plasma sample collected using a modified Griess assay (Merck KGaA, 
Darmstadt, Germany).  

4.3.6 Flow cytometry analysis for T-lymphocyte profiles  

At 16 woa, 36 hens (3 hens per line x supplementation type x stress treatment groups) 
were killed. The birds were chosen based on their SFP phenotype. Within 3 min after 
death, cecal tonsil and spleen tissues were collected from each bird in 5 mL of RPMI 
medium containing 5% fetal bovine serum (FBS) in 15 mL falcon tubes and kept on ice. 
Cells from both tissues were isolated, suspended, centrifuged, and counted as in 
Chapter 3. Viable spleen and cecal tonsils cells were diluted in Fluorescence-Activated 
Cell sorting (FACS) buffer (PBS + 2% FBS) to a concentration of 106 cells/ml. Both 
splenocytes and cecal tonsil cells were stained for T-helper cell (CD3+CD4+ T cell), 
cytotoxic T lymphocyte (CD3+CD8+ T cell) and regulatory T cell (CD3+CD4+CD25+ T 
cells) markers using the same antibodies as in Chapter 3. Data were acquired using 
FACSCelesta (Becton Dickinson, Oakville, ON, Canada) and analysed by FlowJo (BD 
Bioscience, Ashland, OR, USA). The gating strategy was similar to Chapter 3. 

4.3.7 Statistical analysis 

Frequencies of behaviours were determined per individual per 10 min. Due to the low 
frequency of pecking, the behavioural data was analyzed using a binary scale 
depending on whether or not birds had performed the behaviour in the short- (10-13 
woa) or long-term (32 woa) within the course of the experiment. Similarly, the neck, 
back and tail feather cover scores and the comb injury scores were combined into a 
new index titled integument damage which reflected presence (at least one score > 0) 
or absence (all regions scored 0) of damage. To further identify the physiological 
pathways linked to the behaviour, we categorized birds as gentle feather peckers or 
severe feather peckers based on whether or not they performed the behaviour between 
week 10 to 13. 

All statistical analyses were performed in SAS (Windows version 9.4, SAS Institute, 
Cary NC). Least squares means and standard errors on the data scale were obtained 
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using the ILINK option. Differences between means were compared pairwise using a 
Tukey-Kramer adjustment. Scatter plots of studentized residuals against predicted 
values and treatment values and a Shapiro-Wilk test of normality were used to confirm 
the assumptions of the variance analysis. To detect possible outliers, studentized 
residuals outside a ± 3.4 envelope were used. A type I error rate of 0.05 was applied for 
all statistical tests.  

Generalized linear mixed models were used to analyze the data collected during this 
experiment. Variance of GFP and SFP on the short term (weeks 10-13) was partitioned 
into the fixed effects of Supplementation (Lacto, Placebo), Stress (Stress, Non-Stress), 
Line (HFP, LFP, UC), and their interaction with a binary distribution. The interaction 
between the number of birds in a pen at each observation time point and the day of 
observation was designated as a random effect in the behaviour analysis, with the birds 
being an experimental unit. Because of zero-biased data, a chi-square test of 
independence was performed to examine the relation between GFP and SFP displayed 
over the long term (week 32) and the supplementation, stress, and line. Similarly, 
variance of the integument damage was partitioned into the fixed effects of 
supplementation, stress, and line, week of collection (10, 14 and 32) and their 
interaction with a binary distribution. 

Variance of each T cell subset was partitioned into the fixed effects of supplementation, 
stress, line, and their interaction using a normal distribution. Pen of the bird was 
included as a random effect. 

Variance of each aromatic amino acid (AAA), their metabolites, and ratios was 
partitioned into the fixed effects of supplementation, stress, line, week of collection (10, 
14 and 32) and their interaction with a normal distribution. In the model analyzing the 
AAA, metabolites and ratios, the pens of the birds were designated as a random effect 
with the birds classified as an experimental unit and the three collection times were 
considered as repeated measures. To identify whether AAA were interrelated with 
pecking behaviour, an additional generalized linear mixed model was performed for 
each AAA, their metabolites and ratios obtained at 14 woa with the behavioural 
phenotype displayed from week 10 to 13 as a fixed effect and the pen as a random 
effect.  

4.4 Results 

4.4.1 Low severe feather-pecking activity in pullets and adult birds 

To assess if Lactobacillus (Lacto) supplementation can prevent stress-induced severe 
feather pecking (SFP) behaviour and/or increase gentle feather pecking (GFP), a form 
of positive social interaction, the incidence of SFP and GFP were recorded for all birds. 
Pecking behaviour was recorded when birds were pullets (10-13 weeks of age [woa]) 
and adults (32 woa) to measure both the short- and long-term impact of the 
supplementation.  
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The descriptive statistics per treatment groups are listed in Supplementary Table S 4.3, 
and the odds ratio and statistics are presented in Table 4.1. The average SFP 
frequency was 0.051 ± 0.48 pecks /10 min (mean ± SD) in pullets and 0.045 ± 0.34 
pecks /10 min in adult birds. On average, 29% of pullets were classified as gentle 
feather peckers and 16% as severe feather peckers, while 2% of adult birds were 
classified as gentle feather peckers and 4% as severe feather peckers. 

We report no interaction between supplementation (Lacto, Placebo) and stress (stress, 
no-stress) treatments on GFP (P = 0.958 at 10-13 woa, P = 0.408 at 32 woa) or SFP (P 
= 0.424 at 10-13 woa, P = 0.309 at 32 woa). Furthermore, we observed no effect of the 
supplementation alone in short-term (10-13 woa) or long-term (32 woa) SFP and GFP 
(Table 4.1; P>0.05). The odds ratio (OR) for expressing SFP was significantly higher 
(OR > 1 indicating increased likelihood of expressing the behaviour) in non-stressed 
pullets compared to stressed pullets (Table 4.1). Long-term (32 woa) SFP behaviour 
remained unaltered by the supplement and stress (Table 4.1). The odds of expressing 
GFP were also higher in non-stressed pullets (Table 2) compared to their stressed 
counterparts. This trend held true in the long-term as well; 87.5% of GFP occurrences in 
adult birds at 32 woa were observed in the non-stressed group (displayed by only 4% of 
the birds). The remaining 12.5% of the GFP occurrences were observed in the stressed 
group and were displayed by 1% of birds (Table 4.1).  
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Table 4.1. Odds Ratio (OR) estimates and 95% Confidence Interval (CI), and Chi-square statistics of the short-term (between 10-13 weeks 
of age [woa]) and long-term (32 woa) feather-pecking behaviour in laying hens. OR > 1 indicates that birds are more likely to be 
classified as a feather pecker, whereas an OR < 1 indicates that birds were less likely to be classified as a feather pecker (Feather 
Pecker: bird that displayed gentle or severe feather pecking at least once between 10-13 woa or 32 woa). Placebo = water 
supplementation, Lacto = L. rhamnosus, S = stressed, NS = non-stressed, Ref = Reference value, n of birds at 10-13 woa: Placebo = 178, 
Lacto = 176, S = 177, NS = 177 and n of birds at 32 woa: Placebo = 154, Lacto = 157, S = 156, NS = 155. 

      Short Term (10-13 woa) Long Term (32 woa) 

Behaviour Treatment Class OR 95% CI P-value Chi-square statistic P-value 

Gentle Feather Pecking 

Supplementation Placebo Ref Ref 
0.235 X2 (1, N = 708) = 0.529 0.467 

  Lacto 0.76 0.483-1.196 

              

Stress S Ref Ref 
 < 0.001 X2 (1, N = 708) = 4.551 0.033 

  NS 2.57 1.632-4.039 

                

Severe Feather Pecking 

Supplementation Placebo Ref Ref 
0.480 X2 (1, N = 708) = 3.035 0.082 

  Lacto 1.31 0.62-2.765 

              

Stress S Ref Ref 
0.016 X2 (1, N = 708) = 0.542 0.461 

  NS 2.52 1.194-5.327 
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In addition to pecking behaviour, integument damage, an overall indicator of a bird’s 
body condition, was evaluated by combining the skin injury score and the feather scores 
into one integument damage index. We report that integument damage was not affected 
by the supplement type (mean ± SD: Lacto 1.2 ± 1.54 vs Placebo 1.4 ± 1.71), by the 
presence of stressors (mean ± SD: Non-Stress 1.2 ± 1.53 vs Stress 1.4 ±1.72) or their 
interaction (P>0.05).  

Regarding the genetic lines, the OR of expressing GFP (F2,340 = 5.43, P = 0.0048) and 
SFP (F2,340 = 4.60, P = 0.011) was significantly different between pullets of the three 
genetic lines. Birds from the high SFP line (HFP) displayed higher odds for both 
behaviours than low SFP (LFP) birds (GFP: OR = 2.678, 95%CI = 1.486-4.825, P = 
0.003, SFP: OR = 4.344, 95%CI = 1.597-11.820, P = 0.012). Pullets from the 
unselected control line (UC) showed intermediate levels of behaviour, which did not 
statistically differ, compared to LFP and HFP birds for both GFP and SFP.  

At 32 woa, GFP did not differ between lines (X2 (2, N =708) = 0.270, P = 0.874). The birds 
from the HFP line performed 71% of the total SFP occurrences observed, while 24% 
was observed in birds from the UC line and 6% in the LFP line (X2 (2, N =708) = 12.116, P 
= 0.002). 

4.4.2 Impact of Lactobacillus supplementation on the immune system in 
response to stress 

Both stress and psychological disorders, like anxiety and depression, are associated 
with inflammation (Lafuse et al., 2017). Lactobacilli are known to modulate the immune 
response and to exert anti-inflammatory activity, by modulating T lymphocyte profiles, 
particularly through enhancement of the regulatory T cell population in the 
gastrointestinal tract and the spleen, an effect that is more pronounced under stress 
(Madsen et al., 2001; Forsythe et al., 2007; Noujaim et al., 2008; Karimi et al., 2009; 
Chapter 3). The present study assessed the ability of an early-life L. rhamnosus 
supplement to stimulate the avian immune system when challenged by chronic stress. 
To this end, the proportions of T helper lymphocytes (CD3+CD4+ T cell), cytotoxic T 
cells (CD3+CD8+ T cell), and regulatory T cells (CD3+CD4+CD25+ T cell) in the cecal 
tonsils and the spleen were analyzed (Figure 4.2 A-F). 

The proportion of splenic cytotoxic T cells was significantly higher in birds receiving the 
Lacto supplement (Main effect, Lacto: 22.5 ± 0.56 vs Placebo: 18.0 ± 0.56, F1,23 = 
31.92, P < 0.001, Figure 4.2 B), both in the presence and absence of stress. Lacto 
treatment also elevated the proportions of splenic T helper cells ((Main effect, Lacto: 29 
± 1.2 vs Placebo: 26 ± 1.1, F1,23 = 6.30, P = 0.020, Figure 4.2 A), and regulatory T cells 
in both the spleen ((Main effect, Lacto: 19 ± 1.1 vs Placebo: 14 ± 1.0, F1,23 = 18.72, P = 
0.002, Figure 4.2 C) and the cecal tonsils ((Main effect, Lacto: 13.0 ± 0.75 vs Placebo: 
10.5 ± 0.71, F1,23 = 8.22, P = 0.009, Figure 4.2 F). Nevertheless, the regulatory T cell 
increase was only statistically significant under stress (Figure 4.2 C and F). Animals that 
experienced stress had a decreased the proportion of cytotoxic T cells in the tonsils 



 

 

69 

 

((Main effect, Stress: 9.5 ± 1.13 vs Non-Stress:11.4 ± 0.93, F1,23 = 4.41, P = 0.047, 
Figure 4.2 E). 

 

Figure 4.2. T cell sub-populations in the spleen and cecal tonsils. Proportions of T cell 
subpopulations in the spleen (A-C) and cecal tonsil (D-F) after nine weeks of supplementation (0-9 
weeks of age) and stress treatment (11-13 weeks of age). Sub-populations were identified using 
the following combinations of cell surface markers: T helper cells (A, D) = CD3+CD4+; cytotoxic T 
cells (B, E) = CD3+CD8+; regulatory T cells (C, F) = CD3+CD4+CD25+ (n of birds: S-Placebo = 9, NS-
Placebo = 9, S-Lacto = 9, NS-Lacto = 9, whereby Lacto = L. rhamnosus, Placebo = water 
supplementation, S = stressed and NS = non-stressed) in 15-weeks old birds. Different letters 
indicate statistically significant differences within the Supplementation*Stress interaction (P < 
0.05). Not displayed on the Figure 4.2: Lacto significantly increased the proportions of splenic T 
helper cells (F1,23 = 6.30, P = 0.020; Figure 4.2 A), splenic cytotoxic T cells (F1,23 = 31.92, P < 0.001, 
Figure 4.2 B), splenic T regulatory cells (F1,23 = 18.72, P = 0.002, Figure 4.2 C), and T regulatory 
cells in the cecal tonsils (F1,23 = 8.22, P = 0.009, Figure 4.2 F). 

4.4.3 Impact of Lactobacillus supplementation on plasma tryptophan  

Severe feather pecking behaviour is modulated by the neurotransmitters serotonin (5-
HT) and dopamine (Van Hierden et al., 2002, 2004a; Kjaer and Guémené, 2009; Kops 
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et al., 2013a; Birkl et al., 2017, 2019a). The concentrations of these neurotransmitters in 
the blood are influenced by the availability of their aromatic amino acids (AAAs) 
precursors, tryptophan (TRP), tyrosine (TYR) and phenylalanine (PHE) (Wurtman et al., 
1980; Fernstrom and Fernstrom, 2007). Here, we investigated the changes to the AAA, 
KYN and nitrite (immune marker) concentrations in response to Lacto and stress 
treatment. Changes were monitored at 10, 14 and 32 woa (Table 4.2). 

Our results show a significant interaction between supplementation type and time on 
peripheral plasma TRP concentrations (F2,471 = 13.00, P < 0.001, Table 4.2) and the 
TRP:(PHE+TYR) ratio (F2,474 = 14.96, P < 0.001, Table 4.2). The latter was used as a 
proxy for the ratio of total plasma TRP relative to the other large neutral amino acids, an 
indicator of TRP uptake in the brain and brain 5-HT formation (Fernstrom and Wurtman, 
1972). After 9 weeks of supplementation (10 woa), the Lacto group had higher TRP 
levels (+8%, P < 0.001, Table 4.2) and a higher TRP:(PHE+TYR) ratio (+9%, P < 0.001, 
Table 4.2) compared to the Placebo group. Nevertheless, this effect was not long 
lasting, as there were no significant differences observed between groups at 14 and 32 
woa (P>0.05, Table 4.2).  
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Table 4.2. Least Squares Means (± Standard Error) of amino acid concentrations, kynurenine and nitrite (n of birds: S-Placebo = 89, NS-
Placebo = 89, S-Lacto = 88, NS-Lacto = 88) at 10, 14 and 32 weeks of age (woa). The birds were submitted to 9 weeks (0-9 woa) of 
supplementation (Lacto: L. rhamnosus, Placebo: water) and 3 weeks (11-13 woa) of stress treatment (stressed, non-stressed). Different 
letters (a, b) and (v, w, x, y, z) indicate statistically significant differences within the same row and column, respectively (P<0.05). 

  Supplementation Lacto Placebo 

  
Stress 

Stress  
(n = 88) 

Non-Stress  
(n = 88) 

Stress  
(n = 89) 

Non-Stress  
(n = 89) 

10 woa         

  Tryptophan (TRP) (µmol/L) 97 ± 1.1 a, v 97 ± 1.1 a, v 90 ± 1.1 b, w 90 ± 1.1 b, w 

  Tyrosine (TYR) (µmol/L) 148 ± 2.5 v, w 145 ± 2.5 w 152 ± 2.4 v, w, x 151 ± 2.5 v, w, x 

  Phenylalanine (PHE) (µmol/L) 95 ± 1.3 x, y, z 94 ± 1.3 y, z 92 ± 1.3 z 98 ± 1.3 w, x, y, z 

  TRP:(PHE+TYR) 0.40 ± 0.006 a, w 0.41 ± 0.006 a, w 0.37 ± 0.006 b, x, y, z 0.37 ± 0.006 b, y, z 

  KYN:TRP (µmol/mmol) 2.7 ± 0.13 z 2.9 ± 0.13 y, z 2.6 ± 0.13 3.0 ± 0.13 x, y, z 

  PHE:TYR (µmol/µmol) 0.66 ± 0.011 y 0.65 ± 0.011 y 0.62 ± 0.011 y 0.66 ± 0.011 y 

  Kynurenine (KYN) (µmol/L) 0.26 ± 0.012 v, z 0.27 ± 0.012 v, y, z 0.23 ± 0.012 v 0.27 ± 0.012 v, y, z 

  Nitrite (µmol/L) 31 ± 2.5 w 36 ± 2.6 w 28 ± 2.5 w 34 ± 2.6 w 

14 woa         

  Tryptophan (TRP) (µmol/L) 99 ± 1.1 v 98 ± 1.1 v 98 ± 1.1 v 99 ± 1.1 v 

  Tyrosine (TYR) (µmol/L) 160 ± 2.5 x 155 ± 2.5 x, y 161 ± 2.5 x 154 ± 2.5 v, w, x 

  Phenylalanine (PHE) (µmol/L) 100 ± 1.3 v, w, x, y 98 ± 1.3 w, x, y 100 ± 1.3 v, w, x, y 98 ± 1.3 w, x, y, z 

  TRP:(PHE+TYR) 0.39 ± 0.006 w , x, y, z 0.39 ± 0.006 w, x, y 0.38 ± 0.006 w , x, y, z 0.40 ± 0.006 w, x 

  KYN:TRP (µmol/mmol) 3.6 ± 0.13 w, x 3.5 ± 0.13 w, x, y 3.5 ± 0.13 w, x, y 3.6 ± 0.13 w, x 

  PHE:TYR (µmol/µmol) 0.63 ± 0.011 y 0.64 ± 0.011 y 0.64 ± 0.011 y  0.65 ± 0.011 y 

  Kynurenine (KYN) (µmol/L) 0.35 ± 0.012 w 0.34 ± 0.012 w, x 0.33 ± 0.012 w, x 0.35 ± 0.012 w 

  Nitrite (µmol/L) 62 ± 2.6 x, y 61 ± 2.6 x, y 58 ± 2.6 x 63 ± 2.6 x, y 
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 Supplementation Lacto Placebo 

 Stress 
Stress  
(n = 88) 

Non-Stress  
(n = 88) 

Stress  
(n = 89) 

Non-Stress  
(n = 89) 

32 woa         

  Tryptophan (TRP) (µmol/L) 81 ± 1.2 x 82 ± 1.2 x 80 ± 1.2 x 81 ± 1.2 x 

  Tyrosine (TYR) (µmol/L) 123 ± 2.6 y 119 ± 2.6 y 119 ± 2.6 y 120 ± 2.7 y 

  Phenylalanine (PHE) (µmol/L) 105 ± 1.4 v 103 ± 1.4 v, w 103 ± 1.4 v, w 101 ± 1.4 v, w, x 

  TRP:(PHE+TYR) 0.36 ± 0.006 z 0.37 ± 0.006 y, z 0.37 ± 0.006 y, z 0.37 ± 0.006 y, z 

  KYN:TRP (µmol/mmol) 4.0 ± 0.14 w 3.6 ± 0.14 w, x 3.5 ± 0.14 w, x 3.6 ± 0.14 w, x 

  PHE:TYR (µmol/µmol) 0.87 ± 0.012 z 0.88 ± 0.012 z 0.88 ± 0.012 z 0.84 ± 0.012 z 

  Kynurenine (KYN) (µmol/L) 0.32 ± 0.013 w, x, y 0.29 ± 0.013 x, y, z 0.28 ± 0.013 v, x, y, z 0.30 ± 0.013 w, x, y, z 

  Nitrite (µmol/L) 77 ± 2.7 z 76 ± 2.7 z 80 ± 2.7 z 72 ± 2.7 y, z 
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We further report that when the data of the three blood collections are pooled (10, 14 & 
32 woa), the supplement type and stress treatment interacted to influence the KYN 
concentration (F1,469 = 8.69, P = 0.003) and the KYN:TRP ratio (F1,471 = 4.11, P = 
0.043). In general, these parameters were more variable in stressed birds. Stressed 
Lacto birds displayed significantly higher KYN concentrations (Lacto-Stress: 0.315 ± 
0.0071 vs Placebo-Stress: 0.283 ± 0.0071, P = 0.007) and a greater KYN:TRP ratio 
(Lacto-Stress: 3.42 ± 0.080 vs Placebo-Stress: 3.20 ± 0.079, P = 0.177) than the 
stressed Placebo group suggesting that TRP is preferentially directed to the KYN 
pathway over the 5-HT pathway in stressed birds receiving the Lacto treatment. Lacto 
supplementation did not significantly alter KYN or the KYN:TRP ratio in the absence of 
stress. While the interaction between supplementation and stress did not significantly 
affect the TRP response, the elevated KYN values in stressed Lacto birds are likely a 
results of elevated plasma TRP concentrations (P = 0.003). However, it is also possible 
that the observed result is a result of higher IDO-2 enzyme activity (Birkl et al., 2019a).  

4.4.4 Changes to plasma tryptophan in genotypic and phenotypic feather 
peckers 

In addition to investigating the impact of the Lacto treatment on AAAs metabolism, we 
explored the association between the genetic lines and AAAs linked to the kynurenine 
and dopaminergic pathways at 10, 14, and 32 woa (Table 4.3). We also examined 
associations between the pecking phenotype (GFP and SFP behaviour) exhibited by 
the birds between 10-13 woa and the aforementioned metabolic pathways (Table 4.4). 

We found a clear interaction of the genetic line with age on the peripheral plasma 
concentrations of TRP (F4,471 = 6.48, P < 0.001, Table 4.3), PHE (F4,473 = 2.69, P = 
0.031, Table 4.3) and TYR (F4,469 = 15.31, P < 0.001, Table 4.3), as well as the 
KYN:TRP ratio (F4,471 = 2.66, P = 0.032, Table 4.3), the PHE:TYR ratio (F4,465 = 4.65, P 
= 0.001, Table 4.3) and the TRP:(PHE+TYR) ratio (F4,474 = 3.45, P = 0.009, Table 4.3). 
Overall, HFP birds had higher TRP:(PHE+TYR) and PHE:TYR ratios and lower plasma 
TRP, PHE and TYR concentrations than birds from the LFP and UC lines (P < 0.05). It 
is noteworthy that, these differences were only observed at 10 and 14 woa. Overall, 
KYN concentrations were lower in the HFP birds compared to the LFP birds (F2,469 = 
6.85, P = 0.001, Table 4.3). 
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Table 4.3. Least Squares Means (± Standard Error) of aromatic amino acids, kynurenine, and nitrite in birds at 10, 14 and 32 weeks of 
age (woa) (n of birds: UC = 119, LFP = 119, HFP = 116, whereby LFP: Low Feather Pecking line; HFP: High Feather Pecking line; UC: 
Unselected Control birds). Different letters indicate statistically significant differences across lines within each time point and across 
time points within each line for each variable (P < 0.05).  

  Genetic line 

 
 UC (n = 119) LFP (n = 119) HFP (n = 116) 

10 woa       

  Tryptophan (TRP) (µmol/L) 94.3 ± 0.95 a 98.2 ± 0.95 a 88.2 ± 0.96 b 

  Tyrosine (TYR) (µmol/L) 156 ± 2.1 a 162 ± 2.1 ab 127 ± 2.1 c 

  Phenylalanine (PHE) (µmol/L) 97 ± 1.1 a 97 ± 1.2 a 91 ± 1.2 b 

  
TRP:(PHE+TYR) 0.38 ± 0.005 a 0.38 ± 0.005 a 0.41 ± 0.005 bc 

  KYN:TRP (µmol/mmol) 2.6 ± 0.11 a 2.9 ± 0.11 ab 2.9 ± 0.12 ab 

  PHE:TYR (µmol/µmol) 0.63 ± 0.009 a 0.60 ± 0.009 a 0.72 ± 0.010 b 

  Kynurenine (KYN) (µmol/L) 0.25 ± 0.010 a 0.28 ± 0.010 ab 0.25 ± 0.010 a 

  Nitrite (µmol/L) 34 ± 2.2 a 33 ± 2.2 a 31 ± 2.2 a 

14 woa       

  TRP (µmol/L) 96.9 ± 0.95 a 103.2 ± 0.96 c 96.5 ± 0.98 a 

  TYR (µmol/L) 162 ± 2.1 ab 170 ± 2.2 b 140 ± 2.2 d 

  PHE (µmol/L) 100 ± 1.1 ac 100 ± 1.2 ac 96 ± 1.2 ab 

  TRP:(PHE+TYR) 0.37 ± 0.005 a 0.39 ± 0.005 ab 0.41 ± 0.005 c 

  KYN:TRP (µmol/mmol) 3.5 ± 0.11 c 3.5 ± 0.12 c 3.5 ± 0.12 c 

  PHE:TYR (µmol/µmol) 0.63 ± 0.009 a 0.59 ± 0.009 a 0.69 ± 0.010 b 

  KYN (µmol/L) 0.34 ± 0.010 cd 0.36 ± 0.010 c 0.33 ± 0.011 cd 

  Nitrite (µmol/L) 61 ± 2.2 b 65 ± 2.2 bc 57 ± 2.3 b 
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  Genetic line 

 
 UC (n = 119) LFP (n = 119) HFP (n = 116) 

32 woa       

  TRP (µmol/L) 80.7 ± 1.02 d 81.9 ± 1.04 d 80.4 ± 1.05 d 

  TYR (µmol/L) 122 ± 2.3 ce 123 ± 2.3 ce 117 ± 2.3 e 

  PHE (µmol/L) 103 ± 1.2 c 103 ± 1.2 c 103 ± 1.2 c 

  TRP:(PHE+TYR) 0.36 ± 0.005 a 0.37 ± 0.006 a 0.37 ± 0.006 a 

  KYN:TRP (µmol/mmol) 3.8 ± 0.12 c 3.8 ± 0.12 c 3.4 ± 0.13 bc 

  PHE:TYR (µmol/µmol) 0.86 ± 0.010 c 0.85 ± 0.010 c 0.89 ± 0.010 c 

  KYN (µmol/L) 0.31 ± 0.011 bd 0.32 ± 0.011 bcd 0.27 ± 0.011 ab 

  Nitrite (µmol/L) 77 ± 2.4 d 76 ± 2.4 d 75 ± 2.4 cd 
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The AAAs, metabolite and nitrite concentrations based on GFP and SFP phenotype is 
summarized in Table 4.4. Gentle feather peckers, who exhibited at least one bout of 
GFP between 10 and 13 woa, had a higher TRP:(PHE+TYR) ratio (F1,338 = 10.11, P = 
0.002, Table 4.4), a lower TYR concentration (F1, 339 = 15.35, P < 0.001, Table 4.4) and 
a higher PHE:TYR ratio (F1,338 = 10.82, P = 0.001, Table 4.4) than birds that did not 
display this behaviour. On the other hand, birds categorized as severe feather peckers 
(performing at least one event of SFP between 10 to 13 woa) showed a tendency for 
lower peripheral plasma TRP (F1,338 = 3.76, P = 0.053, Table 4.4) compared to birds 
that did not perform this behaviour.  

Table 4.4. Least Squares Means (± Standard Error) of the aromatic amino acids, kynurenine, and 
nitrite in birds at 14 weeks of age according to their feather pecking phenotype (feather pecker: 
bird that displayed gentle or severe feather pecking at least once between 10-13 weeks of age). 

  
Gentle Feather Pecker 

(n = 103) 
Non-Gentle Feather Pecker 

(n = 251) 
P-value 

Tryptophan (TRP) (µmol/L) 99 ± 1.2 98 ± 1.0 0.822 

Tyrosine (TYR) (µmol/L) 150 ± 2.5  161 ± 1.6   < 0.001 

Phenylalanine (PHE) (µmol/L) 97.7 ± 0.94 98.9 ± 0.62 0.314 

TRP:(PHE+TYR) 0.40 ± 0.006  0.38 ± 0.005  0.002 

KYN:TRP (µmol/mmol) 3.58 ± 0.108 3.42 ± 0.095 0.549 

PHE:TYR (µmol/µmol) 0.664 ± 0.0094  0.627 ± 0.0061  0.001 

Kynurenine (KYN) (µmol/L) 0.347 ± 0.0092 0.355 ± 0.0061 0.441 

Nitrite (µmol/L) 61 ± 2.3 61 ± 1.5 0.899 

  
Severe Feather Pecker 

(n = 56) 
Non-Severe Feather Pecker 

(n = 298) 
P-value 

Tryptophan (TRP) (µmol/L) 96.9 ± 1.45 98.8 ± 0.91 0.053 

Tyrosine (TYR) (µmol/L) 155 ± 3.5 158 ± 1.5 0.407 

Phenylalanine (PHE) (µmol/L) 98.5 ± 1.29 98.5 ± 0.56 0.950 

TRP:(PHE+TYR) 0.38 ± 0.007 0.39 ± 0.003 0.367 

KYN:TRP (µmol/mmol) 3.7 ± 0.14 3.59 ± 0.086 0.260 

PHE:TYR (µmol/µmol) 0.649 ± 0.0130 0.636 ± 0.0057 0.356 

Kynurenine (KYN) (µmol/L) 0.35 ± 0.013 0.352 ± 0.0055 0.918 

Nitrite (µmol/L) 61 ± 3.2 61 ± 1.4 0.966 

4.5 Discussion  

The use of Lactobacillus species as a therapeutic for stress-related disorders in humans 
has gained significant traction over the last decade. In particular, there is an interest in 
how ingestion of these supplements in childhood or early-life can shape behaviour. The 
administration of a single Lactobacillus rhamnosus strain successfully prevented severe 
feather pecking (SFP) in adult laying hens (Chapter 3), possibly by restoring the lower 
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abundance of Lactobacillus reported in SFP birds (Birkl et al., 2018; van der Eijk et al., 
2019c; Borda-Molina et al., 2021). In the present study, we evaluate the ability of the 
same L. rhamnosus strain to act as a preventative measure against SFP when 
administered in early-life. To this end, pullets received an L. rhamnosus supplement for 
9 weeks post-hatch prior to undergoing a stress regimen designed to trigger SFP. In 
doing so, we aimed to elucidate the potential mechanisms of action through which L. 
rhamnosus mitigates stress-induced SFP later in life.  

We recorded changes to behaviour and physiological parameters in the short-term 
(weeks 10-14; i.e., pullets), as well as those that manifest later in life (week 32; i.e., 
adult birds). The impact of L. rhamnosus and stress was measured by quantifying SFP 
and gentle feather pecking (GFP) behaviour, damage to the feather cover caused by 
SFP, immunological markers (T cell profiles, KYN:TRP, nitrite) and aromatic amino acid 
metabolism (tryptophan [TRP], phenylalanine [PHE], tyrosine [TYR], and their ratios). 
Our data show that early-life L. rhamnosus supplementation did not change GFP or 
SFP frequency and integument damage scores. Overall, L. rhamnosus increased the 
proportions of splenic T helper cells and cytotoxic T cells, as well as splenic and tonsil 
regulatory T cells under stress, potentially increasing the capacity of the immune 
response. Notably, the stress regimen decreased cytotoxic T cells within the tonsils. 
Compared to the placebo, the L. rhamnosus supplementation increased peripheral 
plasma TRP levels and the TRP:(PHE+TYR) ratio in pullets.  

Surprisingly, the present study found that the stress treatment did not induce SFP and 
GFP in pullets. Furthermore, SFP behaviour in pullets and adult birds (Table 4.1) that 
received the L. rhamnosus (Lacto) supplement was similar to those receiving the 
placebo treatment (Placebo). It is noteworthy that SFP outbreaks tend to develop in 
older flocks (Savory and Mann, 1997; McAdie and Keeling, 2002; Decina et al., 2019b). 
Moreover, the SFP frequency observed in the present study in both pullets (mean ± SD, 
0.051 ± 0.48 pecks /10 min) and adult birds (mean ± SD, 0.045 ± 0.34 pecks /10 min) 
was 6- to 16-fold lower than that observed in birds of a similar age and from the same 
genetic lines in previous studies (van der Eijk et al., 2018, 2020; Birkl et al., 2019a). For 
example, pullets of the high SFP (HFP) line and the low SFP (LFP) line performed in 
average 0.425 and 0.223 pecks per bird per 10 min, respectively (van der Eijk et al., 
2018). The low SFP incidence was accompanied by no significant changes to the 
plumage scores, a reliable indicator of SFP behaviour. It is, therefore, likely that a 
difference between supplementation groups could not be distinguished due to the low 
incidence of SFP behaviour observed in the current study. 

The stress regimen used to induce SFP in this study was designed to mimic the 
unpredictable and repeated social and environmental stressors that hens encounter in 
commercial farm settings (Cronin et al., 2018). Previous research shows that social 
disruption alone effectively increases SFP in 16- and 24-week old laying hens (Birkl et 
al., 2019a; Chapter 3). Surprisingly, we report that the odds of expressing SFP during 
weeks 10-13 were higher in non-stressed birds compared to the stressed birds (Table 
4.1). Nevertheless, it is noteworthy that these higher odds did not lead to changes in 
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integument damage scores. In contrast, no differences in SFP behaviour were 
discernible in adult hens at week 32 (Table 4.1). It is possible that, despite the stressors 
administered, the housing conditions of the birds in the present study were more 
enriched and had a lower stocking density than the housing environment of birds in 
commercial systems. Indeed, a lower frequency of SFP is observed in flocks benefiting 
from enrichment (van Staaveren et al., 2020a). Between 10-13 woa, the stressed birds 
had limited access to perches, but these items were not entirely restricted. Furthermore, 
the social disruption stressor may have been perceived as an enrichment instead of a 
chronic stress, as it allows young birds to interact with new individuals. Indeed, social 
hierarchies may not yet be fully established, as birds become more territorial, less 
adaptable or more easily frustrated as they age (Widowski and Torrey, 2018). While the 
stress regimen consisted of a set of social and environmental stressors, the unexpected 
positive effect of the former may have compensated for the negative stressors. 
Consequently, it may have contributed to the decreased expression of SFP in stressed 
birds and the lack of behavioural difference between the stressed and non-stressed 
groups at 32 woa. From another perspective, if the social mixing represented a positive 
event at an early age, the birds may have been inadvertently habituated to social 
changes and less susceptible to its expected negative effect at 32 woa. However, the 
hypothesis of stress perception contradicts the higher prevalence of GFP in non-
stressed birds during 10-13 and 32 woa. GFP is suggested to be a positive social 
behaviour in birds (van Staaveren and Harlander, 2020), similar to social exploration or 
grooming behaviour, such as allo-preening (van Staaveren and Harlander, 2020). 

Using a model of chronic stress in laying hens (Cheng et al., 2002) and a 
supplementation protocol proven effective in rodents (Bharwani et al., 2017), we 
previously demonstrated that continuous ingestion of L. rhamnosus by adult laying hens 
during a three-week chronic stress treatment reduced SFP (Chapter 3). Taken together 
with the data presented herein, L. rhamnosus supplementation buffers the effect of 
stress on SFP behaviour only when administered concomitantly with the stressors. 
Similar observations have been made with L. rhamnosus JB-1 in a mouse model of 
chronic social defeat (Bharwani et al., 2017), whereby the probiotic treatment only 
modulated the behaviour of stressed mice. Therefore, we conclude that a continuous 
probiotic supplementation would likely be the most effective intervention for stress-
induced SFP. Further research is needed to validate if continuous probiotic 
supplementation in pullets achieves similar results as observed in adult hens. 

Despite no significant changes in SFP in response to a preventive probiotic treatment, 
our data confirm the immunomodulatory effects of L. rhamnosus. Birds receiving the 
probiotic treatment demonstrated increased expression of cytotoxic and helper T cells in 
the spleen. Additionally, L. rhamnosus supplementation led to a larger population of 
regulatory T (Treg) cells in both the cecal tonsils and the spleen, an effect that was 
amplified under chronic stress (Figure 4.2). Tregs play a fundamental role in the 
maintenance of immune homeostasis and peripheral tolerance, as well as preventing 
overwhelming immune responses against invading pathogens. The diversity of the 
avian gut microbiota affects the complexity of the T cell receptor repertoire in both the 
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gut and the spleen (Mwangi et al., 2010). Oral administration of some microbial 
organisms is known to modulate immune responses in the lung, the spleen and cecal 
tonsils (Forsythe et al., 2007; Chapter 3). L. reuteri, now re-identified as L. 
rhamnosus JB-1 (Perez-Burgos et al., 2013), induced gut intraepithelial cytotoxic T 
cells. This effect is proposed to be caused by to the generation of indole derivatives of 
TRP by the bacterium (Cervantes-Barragan et al., 2017). Thus, we conclude that early-
life supplementation with L. rhamnosus enhances the local immune system of hens, 
similarly to previous observations in mice (Karimi et al., 2009, 2012; Jang et al., 2012) 
and in adult chickens (Chapter 3). 

Early-life supplementation of L. rhamnosus also increased peripheral TRP 
concentrations and the TRP:(PHE+TYR) ratio in all birds (Table 4.2). These results are 
in accordance with previous data, which suggest that consumption of Lactobacillus 
bacteria enhances amino acid absorption by increasing amino acid transporters in the 
small intestinal mucosa (Chen et al., 2010; Yi et al., 2019). Notably, the increase in TRP 
was only observed immediately after supplementation (10 woa). No difference was 
observed in the short- (14 woa) and long-term (32 woa). This suggests that the impact 
of L. rhamnosus treatment is transient. Given that the optimal effect of L. rhamnosus as 
a probiotic is observed immediately after or during treatment, supplementation appears 
to be most effective as a curative intervention as opposed to a preventive treatment.  

In humans, TRP is mostly catabolized to kynurenine (KYN) by IDO-1, IDO-2 and TDO 
enzymes. Chickens only possess IDO-2 and TDO but have no gene ortholog for the 
cytokine-inducible human IDO-1 (Ball et al., 2007; Yuasa et al., 2015). A small portion of 
TRP is also converted to serotonin (5-HT). In parallel, PHE is catabolized to TYR by the 
PAH enzyme and then, to L-DOPA, the precursor of catecholamines. In humans, the 
KYN:TRP and PHE:TYR ratios provide an index of IDO-1 and PAH enzyme activities, 
respectively (Fuchs et al., 1991; Neurauter et al., 2008). Both enzymes are regulated by 
pro-inflammatory stimuli and stress (Sperner-Unterweger et al., 2014; Strasser et al., 
2017). Interestingly, the higher TRP concentration at 10 woa in birds receiving L. 
rhamnosus was not accompanied by an increased KYN or a higher KYN:TRP ratio. This 
result contradicts findings in humans, where Alzheimer’s disease patients supplemented 
with Lactobacillus-based probiotics have a significant increase of serum KYN levels, but 
no change in the concentrations of TRP (Leblhuber et al., 2018). Physiological 
concentrations of TRP and KYN are usually maintained within a relatively narrow range 
by hepatic tryptophan dioxygenase in mammals (Gostner et al., 2020). Thus, we 
hypothesize that the probiotic supplementation increased the TRP concentration, 
without impacting the KYN pathway. This, in turn, could lead to more TRP being 
available for 5-HT production, an alternative catabolic pathway (Bender, 1983) 
implicated in SFP (Van Hierden et al., 2002, 2004a; Biscarini et al., 2010; Wysocki et 
al., 2010; van der Eijk et al., 2019a). Additionally, the transient increase of TRP that is 
preferentially targeted towards the 5-HT pathway may benefit birds’ immune function. In 
mammals, the IDO-1 enzyme induces an immunosuppressive environment via the 
degradation of TRP and the accumulation of TRP-derived catabolites (such as KYN), 
which exert an antiproliferative effect on T cells (Wu et al., 2018). However, birds do not 
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possess IDO-1 (Yuasa et al., 2015) and likely use the low efficiency isoenzyme IDO-2. 
This, in turn, may explain the high TRP, but low KYN levels observed in this study. It 
also accounts for the enhanced proportions of T cells (Figure 4.2); however, this theory 
requires validation in a bird model.  

Birds from the HFP line displayed lower peripheral TRP concentrations at 10 and 14 
woa compared to birds from LFP and uncontrolled (UC) lines (Table 4.3). Moreover, 
birds categorized as severe feather peckers (phenotype) showed a tendency for lower 
peripheral plasma TRP than birds that did not perform this behaviour. Taken together, 
both genotypic and phenotypic SFP correlated with low TRP concentrations. In contrast, 
pullets classified as gentle feather peckers displayed a higher TRP:(PHE+TYR) ratio, a 
lower TYR level, and a higher PHE:TYR ratio than birds that displayed no GFP. This 
contradicts Birkl et al. (2017) who found low PHE:TYR ratios in birds displaying 
aggressive pecking. Another study found that birds with SFP were characterized by 
higher PHE and a tendency for higher TYR, than the individuals not expressing the 
behaviour (Chapter 3). It is noteworthy that metabolic pathways linked to the "reward" 
neurotransmitter dopamine are often involved with SFP behaviour (Birkl et al., 2019a) or 
aggression (Dennis and Cheng, 2011; Birkl et al., 2017), whereas GFP is often linked to 
the serotonergic pathways(Van Hierden et al., 2004b; a; Birkl et al., 2019b). This may 
partially explain why TRP supplementation failed to modulate SFP in some studies 
(Savory et al., 1999; Van Hierden et al., 2004b). 

The data presented herein corroborate previous work that implicate the serotonergic 
system in the development and modulation of GFP and SFP (Van Hierden et al., 2002, 
2004a; Biscarini et al., 2010; Wysocki et al., 2010; van der Eijk et al., 2019a). These 
studies predominantly suggest that low concentrations of brain 5-HT are associated with 
a predisposition to perform disruptive pecking behaviour (Van Hierden et al., 2004a; 
Bolhuis et al., 2009). While TRP supplementation is reported to reduce GFP, it failed to 
attenuate SFP (Van Hierden et al., 2004b). Lactobacillus supplementation can be 
envisaged as a tool to transiently increase TRP concentrations, without the toxicity 
related to introducing high dietary TRP intake (Savory et al., 1999; van Staaveren and 
Harlander, 2020). As such, it may be beneficial in birds with a SFP genotype or 
phenotype. 

Finally, some limitations associated with this study must be acknowledged. At 5 woa, 
the cohort of birds in this study were administered amprolium and penicillin for 6 days to 
stop the spread of coccidiosis and necrotic enteritis, respectively. The Lactobacillus 
supplementation was not interrupted during the antiparasitic and antibiotic treatments, 
continuing for three weeks after its cessation. It is noteworthy that antibiotics 
dramatically alter the gut microbial composition and contribute to intestinal dysbiosis 
(Simon et al., 2016; Le Roy et al., 2019). While some species of lactobacilli have a high 
intrinsic resistance to some antibiotics (Danielsen and Wind, 2003), their susceptibility 
to penicillin varies (Lonkar et al., 2005; Dec et al., 2017). Specific information on the 
susceptibility of L. rhamnosus JB-1 to penicillin is currently unavailable. Nevertheless, 
Simon et al., (2016) showed that dysbiosis induced by a cocktail of antibiotics, including 



 

 

81 

 

some from the penicillin-type, was remedied two weeks after the end of the treatment. 
However, we cannot exclude that administering the antibiotic to young birds may have 
decreased the efficiency of the L. rhamnosus probiotic and/or impacted gastrointestinal 
tract colonization if the strain used in the study was penicillin-sensitive. We further 
cannot exclude the possibility that L. rhamnosus ingestion may have prevented or 
subdued the dysbiosis in response to antibiotic treatment. Another limitation is that the 
L. rhamnosus supplement was administered in the drinking water to birds as a group, 
with the exception of hatch day. This methodology was adopted to mimic farming 
conditions; however, it prevents the calculation of the exact bacterial dose ingested per 
bird per day. Further work is needed to determine the optimal dosage for L. rhamnosus 
supplementation. Similarly, individual diet consumption was also not measured. Amino 
acids concentrations are largely controlled by total dietary intake, and thus, variations in 
feed consumption may have impacted the observed results. 

4.6 Conclusion 

In conclusion, we supplemented pullets with a daily dosage of a L. rhamnosus to study 
the impact on the development of SFP in stressed laying hens. Following nine weeks of 
preventive L. rhamnosus supplementation, we observed significant changes to T cell 
subpopulations and TRP turnover. Nevertheless, the stress treatment did not trigger 
SFP as intended, which limited our ability to investigate the effects of L. rhamnosus 
supplementation on SFP directly. However, the data suggest that L. rhamnosus 
supplementation is most effective in counteracting SFP behaviour when administered 
during stress rather than preventatively. As such, the stress-dependent beneficial 
effects of L. rhamnosus is likely due to a buffering effect against stress, via immune 
system modulation.  
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Chapter 5 : L. rhamnosus modulates regulatory T cell and 
improves feather damage in chickens 

5.1 Abstract 

It is currently unclear whether potential probiotics such as lactic acid bacteria could 
affect behavioural problems in birds. To this end, we assessed whether a 
supplementation of Lactobacillus rhamnosus can reduce stress-induced severe feather 
pecking (SFP), feather damage and fearfulness in adult birds kept for egg laying. In 
parallel, we assessed SFP genotypic and phenotypic-related immune responses and 
aromatic amino acid status linked to neurotransmitter production. Social stress 
aggravated plumage damage while L. rhamnosus improved the birds’ feather cover in 
non-stressed birds but did not impact fearfulness. Our data demonstrate the significant 
impact of L. rhamnosus supplementation on the immune system. L. rhamnosus 
supplementation induced immunosuppressive regulatory T cells and cytotoxic T cells in 
both the cecal tonsils and the spleen. Birds exhibiting the SFP phenotype possessed 
lower levels of cecal tonsils regulatory T cells, splenic T helper cells and a lower 
TRP:(PHE+TYR) ratio. Together, these results highlight that bacteria may prove to have 
beneficial effects on the avian immune response and may be useful therapeutic 
adjuncts in SFP and plumage damage in millions of laying hens.  

5.2 Introduction 

Poultry is the most extensively farmed land animal totaling approximately 26 billion birds 
worldwide in 2019 alone (Food and Agriculture Organization of the United Nations, 
2021). Severe feather pecking (SFP) is a behaviour commonly observed in birds kept 
for egg-laying, where female hens forcefully peck, remove and sometimes eat feathers 
of conspecifics (van Staaveren and Harlander, 2020). While some pecking is part of 
their natural behaviour, SFP is a major behavioural problem as it causes feather cover 
damage, and can even develop into cannibalism (van Staaveren and Harlander, 2020). 
Birds rely on intact feather cover for thermoregulation/insulation and water-proofing (van 
Zeeland and Schoemaker, 2014), locomotion, and navigation of the environment 
(LeBlanc et al., 2018; Leon et al., 2021), and social communication (Scanes, 2015). 
SFP is deleterious to the health and welfare of farmed birds. In addition, damage to the 
feather cover can lead to significant economic losses for commercial farms. Indeed, 
birds with damaged feather cover struggle to maintain body temperature. To 
compensate for this energy loss, birds increase their feed consumption by up to 40%, 
thus increasing farming costs (van Staaveren and Harlander, 2020). Flock mortality 
resulting from skin injuries and cannibalism events are also a non-negligible source of 
financial loss and can negatively impact consumers’ trust and acceptance of poultry 
farming (van Staaveren and Harlander, 2020). Current farming practices aim to reduce 
feather damage induced by the behaviour rather than the behaviour itself (Nicol, 2018). 
Such practices, like beak trimming, are under increasing scrutiny because of animal 
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welfare, ethical and societal concerns. Consequently, some commonly used procedures 
are being banned in multiple countries (Nicol, 2018).  

Despite decades of research, the cause of SFP is still unknown, attesting to the 
multifactorial nature of this behaviour (van Staaveren and Harlander, 2020). Indeed, 
SFP can be influenced by physical and social environmental factors (Brunberg et al., 
2016), as well as genetics (Kjaer et al., 2001), stress coping mechanisms (van der Eijk 
et al., 2019a), fearfulness (van der Eijk et al., 2018), neurobiology as determined by the 
monoaminergic systems (de Haas and van der Eijk, 2018; Birkl et al., 2019a) or the 
immune system (Parmentier et al., 2009; van der Eijk et al., 2019b). Of the multiple 
comorbidities associated with SFP, the involvement of the gut in the development of the 
behaviour has gained attention. Descendants of White Leghorn pedigree lines that are 
bred for their high or low SFP activity (Kjaer et al., 2001) have consistently been 
reported to host distinct gut microbiota and short-chain fatty acid profiles (Meyer et al., 
2012, 2013; Birkl et al., 2018; van der Eijk et al., 2019c). For instance, Birkl et al. (2018) 
and van der Eijk et al. (2019c) found a lower abundance of Lactobacillus species in the 
cecal excreta of birds genetically selected for SFP behaviour.  

Lactobacilli are the predominant bacterial genus throughout the gastro-intestinal tract of 
chickens (Tannock, 2004; Apajalahti et al., 2004; Apajalahti and Kettunen, 2006; Ballou 
et al., 2016). Evidence suggests that they influence the gut-brain axis communication 
via an immune-mediated humoral pathway and a neural route (Forsythe et al., 2010; 
Bravo et al., 2011; McVey Neufeld et al., 2019; Yong et al., 2020). Lactobacilli are 
thought to impart beneficial effects on the stress response, the immune system, and 
stress-induced behaviour in a diverse set of species (Chapter 2, Bravo et al., 2011b; 
Palomar et al., 2014; Huang et al., 2016; Lew et al., 2019). For example, Lactobacillus 
supplementation increases T lymphocyte subpopulations in the gastro-intestinal tract of 
chicks, thereby impacting inflammatory processes (Noujaim et al., 2008). They also 
modulate the catabolic pathways of the aromatic amino acids (AAA), tryptophan (TRP) 
(Valladares et al., 2013; Marin et al., 2017; Dec et al., 2018), phenylalanine (PHE), and 
tyrosine (TYR) (Wurtman et al., 1980). 

Interestingly, the aforementioned physiological pathways influenced by lactobacilli are 
also interlinked with SFP. When considered together, these data suggest a gap in our 
understanding about the effects of the gut microbiome on SFP. We conducted a first 
study in adult hens selected for high SFP activity. We showed that continuous oral 
intake of Lactobacillus rhamnosus improved feather cover, prevented stress-induced 
SFP behaviour, changed regulatory T cell populations, and limited cecal microbiota 
dysbiosis (Chapter 3). In a second study, the same L. rhamnosus strain was 
administered to chicks/pullets housed in groups of low and high SFP genetic lines. Birds 
received the supplementation during early life to determine its efficacy as a preventative 
measure for SFP development under chronic stress. We found that L. rhamnosus 
caused a short-term increase in plasma TRP and the TRP:(PHE+TYR) ratio, as well as 
an increase in all T lymphocytes of the spleen and cecal tonsils (Chapter 4). L. 
rhamnosus is reported to modify gut motility within minutes of exposure ex vivo in mice 
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(Wu et al., 2013) and chickens (van Staaveren et al., 2020b) and can reverse acute 
restraint stress-induced intestinal motility in mice (West et al., 2017). This demonstrates 
that Lactobacillus signaling can occur independently of colonization, alteration of the 
microbiome composition, or other longer-term adjustments (Wu et al., 2013). As such, it 
might be used as an immediate treatment against stress. 

Consequently, the present study aims to 1) evaluate the immediate impact of the oral 
administration of L. rhamnosus in response to stress by monitoring feather condition, 
fear behaviour, and the immune and monoaminergic precursor responses in large 
mixed groups of low and high SFP laying hens, and 2) determine whether these 
physiological parameters are interrelated with the genetic background and the SFP 
phenotype of birds. To this end, we measured feather damage, SFP behaviour, fear 
behaviour, immunological markers, and actors (T cells profiles, KYN:TRP ratio, and 
nitrite level) and markers of AAA metabolism (TRP, PHE, TYR, and their respective 
ratios).  

5.3 Methods  

5.3.1 Ethical statement 

The experiment was approved by the University of Guelph Animal Care Committee 
(Animal Utilization Protocol #4113). To promote both refinement and reduction of bird 
numbers, the lines shared an experimental unit/pen (Walker, 2016). 

5.3.2 Animals and housing 

Three pedigree lines of White Leghorn laying hens are maintained since 2015 at the 
University of Guelph Research Station (Guelph, Ontario, Canada). Yearly, this breeding 
flock is divergently selected for high (HFP) and low (LFP) severe feather pecking (SFP) 
activity or kept as unselected controls (UC) (Kjaer et al., 2001). The birds included in the 
present chapter were from the same flock used in the experiment presented in Chapter 
4. As explained in the previous chapter, eggs were incubated, hatched in separate 
compartments per pedigree mother hen, individually wing-tagged, brooded, and 
systemically allocated in 12 identical pens in groups of 30 with equal parts of the three 
lines and housed according to standard management conditions at the research station. 
At 15 weeks of age (woa), one bird had to be put down due to cannibalism by 
conspecifics. At 32 woa, a total of 311 non-beak trimmed birds were included in this 
experiment and were housed in their original pens in groups of 25 ± 2 birds each (8 ± 1 
birds of each line) in a windowless room. Each floor pen (1.6m2) was littered with wood 
shavings and contained one round metal feeder (43 Ø cm), a drinker line (7 nipples), an 
A-frame perch (15 cm of perch/hen, 55 and 120 cm above the ground, added at 3 woa), 
and three nest boxes (added at 17 woa). The birds were able to hear other birds in 
neighboring pens, but visual contact was prevented by opaque PVC boards between 
the pens. Light was provided at 20 Lux from 05.00 h till 19.00 h and average daily 
temperature was 20 °C. Birds had ad libitum access to water and coarse crumbled feed 
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(Research Station feed, Starter: 0 to 6 weeks, Grower: 7 to 16 weeks and Layer: from 
17 weeks). The composition and nutrients formulation of the feed are detailed in 
Supplementary Tables S 4.1 and S 4.2. 

5.3.3 Lactobacillus rhamnosus supplementation and stress treatment 

An overview of the experimental timeline is presented in Figure 5.1. From 33 to 38 woa, 
six pens were systematically assigned to receive an oral supplementation with either 
Lactobacillus rhamnosus JB-1™ (Lacto, n = 6 pens, 157 birds) dissolved in drinking 
water or a placebo of drinking water (Placebo, n = 6 pens, 154 birds). L. rhamnosus JB-
1™ was a gift from Alimentary Health Inc., Cork, Ireland to Paul Forsythe and Wolfgang 
Kunze, McMaster University.  

Employing a supplementation method that can be easily adopted in a farm setting, birds 
were supplemented as a group within each pen. Supplementation was provided daily 
(Monday to Friday) between 9:00 h to 10:30 h. The Lacto treatment was prepared by 
dissolving 5 x 109 Colony Forming Units of L. rhamnosus JB-1™ into 19mL of warm 
drinking water per bird. To encourage birds to drink during the supplementation period, 
the drinker lines were raised to prevent water access for one hour prior to 
supplementation. The Lacto or Placebo treatment were provided to the birds in their 
home pen using two round plastic 1L-drinkers (averaging 475 ± 38 mL per pen). 
Drinkers were monitored until they were voluntarily emptied (approx. 10 min), after 
which they were removed from the pens. Consumption from all birds was visually 
ensured. Subsequently, the original drinker lines were lowered until the next round of 
supplementation.  

At 33 woa, concomitant with the beginning of the supplementation treatment, three pens 
of each supplementation type were systematically assigned to a stress regimen in an 
attempt to induce SFP (Birkl et al., 2019a). The stress regimen lasted for three weeks 
(stress, n = 156 birds). The remaining three pens of Lacto and Placebo birds were left 
undisturbed (non-stress, n = 155 birds). Stressors were environmental (removal of 
perches and shavings, as well as blocking nest-boxes from Monday to Friday), and 
social (social disruption by mixing). Social disruption was repeated 3-4 times per week 
in the afternoon (14:00 h - 17:00 h) for a total of 10 events. Stressed pens were split into 
two subgroups of 3 to 4 individuals and mixed with another subgroup from a different 
pen in the stress treatment assigned to the same supplement type (Lacto or Placebo). 
Upon mixing, birds were placed in a new, but identical pen to create a new environment 
for all birds. Wood shavings from the stressed pens were removed during the first 
mixing. This stress regimen was designed to mimic the unpredictable and repeated 
stressors that hens encounter in commercial farm settings (Huber-Eicher et al., 1999; 
Birkl et al., 2019a). 
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Figure 5.1. Schematic diagram of the experimental timeline. The L. rhamnosus or Placebo 
supplementation started at 33 weeks and lasted 6 weeks. The stress treatment spanned weeks 33-
35. Physical examinations and blood collection were conducted at 32 and 37 weeks of age (woa). 
Tonic immobility was conducted at 36 woa. Spleen and cecal tonsils samplings were performed at 
38 woa.  

5.3.4 Behavioural observations and feather damage scoring 

Prior to the experiment, birds were individually identified using continuously numbered 
silicone backpacks (8 x 6 x 0.5 cm) fastened onto the hens around the wings via two 
elastic straps secured to the backpacks with metal eyelets (Harlander-Matauschek et 
al., 2009). Behavioural observations were conducted in the home pens via video 
recordings scheduled outside of the working hours of the farm staff to avoid any human 
bias. Cameras (Samsung SNO-5080R, IR, Samsung Techwin CO., Gyeongi-do Korea) 
were ceiling-mounted ahead of the trial to obtain a full view of each pen. 

Pilot observations included live observations to record general activity in each pen. After 
determining the most active time windows during these pilot observations, each pen 
was video recorded 10 minutes in the morning for a total of 100 min between 32 and 38 
woa: two days at 32 woa as baseline, three days during the supplementation and stress 
treatments (35 woa), and five days post-stress treatment (36-38 woa). Behavioural 
recordings totaled 16h of video and analysis was done by the same six trained blinded 
observers as Chapter 4. Recordings were scheduled outside of the working hours of the 
farm staff. Intra and inter observer reliability were measured through three videos 
observations similarly to Chapter 4. The weighted Kappa coefficient for intra-
repeatability ranged between 0.29 - 0.46 and the inter-repeatability ranged between 
0.39 - 0.90. All-occurrence sampling was used on all 311 birds to record the actor and 
recipient of SFP. SFP was defined as intent forceful peck(s) towards the feathers/body 
of conspecifics that may remove feathers or cause injury (van Staaveren and Harlander, 
2020). 

All birds were individually examined for feather cover damage and bodyweight in weeks 
32 and 37 (Figure 5.1). Plumage damage to the neck, back and tail was assessed using 
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a scoring scale adapted from Decina et al. (2019a). The severity of plumage damage 
ranked from 0 (no or slight wear, nearly intact feathering) to 2 (at least one featherless 
area ≥ $2 Canadian coin). A fourth score (3) was added to account for the presence of 
at least one featherless area ≥ $2 Canadian coin with fresh blood stains.  

5.3.5 Tonic immobility 

The tonic immobility test was performed by four blinded observers over three days 
during week 36 as described by Jones and Faure (1981). Birds were individually 
removed from their home pen and tested in a nearby separate room. Birds were placed 
on their back in a U-shaped plastic cradle covered with a dark fabric. A standing 
observer then induced tonic immobility by gently restraining the bird for 15 s with one 
hand over the bird’s breast and the other over the head. The induction was considered 
successful if the bird remained motionless for at least 10 s. After a successful induction, 
the observer sat and recorded the duration of tonic immobility, i.e., latency to self-
righting. Birds were induced a maximum of three times, and the number of inductions 
needed was recorded. Birds still in tonic immobility after five minutes were given the 
maximum duration of five minutes.  

5.3.6 Blood sampling and amino acid analysis 

Blood samples from all birds were collected at 32 and 37 woa, from the wing vein using 
EDTA-coated vacutainer tubes (2 mL/hen). Individual birds were sampled at least 1 
hour after their last meal (removal of the feeders from the pens) on the same day of the 
week and at the same time of day (between 10:00 and 14:00h) for both sampling points. 
Samples were gently inverted and stored on ice immediately after collection (maximum 
of 4 hours). Plasma was separated by centrifugation at 4°C, 2,500 rpm for 15 minutes 
and stored at -80°C until further analysis. 

The concentration of aromatic amino acids (tryptophan [TRP], phenylalanine [PHE] and 
tyrosine [TYR]), their derivatives (kynurenine [KYN]) and nitrite were determined as 
reported in Chapter 3. In brief, samples were analysed via reversed-phase HPLC. TRP, 
PHE and TYR concentrations were determined by monitoring their natural fluorescence 
at an excitation wavelength of 286 nm (TRP) and 210 nm (PHE, TYR), and an emission 
wavelength of 366 nm (TRP) and 302 nm (PHE, TYR). KYN was detected at a 
wavelength of 360 nm. 

In mammals, the KYN:TRP ratio can be used to estimate TRP metabolism along the 
KYN axis, which consists of 90% of TRP not used for protein synthesis. In humans, this 
ratio is used as an index of the IDO-1 enzyme mediated TRP breakdown to KYN when 
accompanied by an increase in cellular immune system markers (such as neopterin) 
(Fuchs et al., 1991). PHE:TYR ratios were calculated as indicator of phenylalanine 4-
hydroxylase (PAH) activity, which converts PHE to TYR (Neurauter et al., 2008). 
TRP:(PHE+TYR) is a substitution for the commonly used ratio of TRP: large neutral 
amino acids. As described in Wurtman et al. (1980), this ratio represents the 
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competition of TRP with other amino acids for uptake across the blood-brain-barrier. To 
estimate nitric oxide (NO) production, the stable NO metabolite nitrite was measured in 
the plasma sample collected using a modified Griess assay (Merck KGaA, Darmstadt, 
Germany). However, it should be acknowledged that poultry physiology may differ from 
mammals because of potential evolutionary variations (Ball et al., 2007; Yuasa et al., 
2015) and thus, the results should be approached with caution.  

5.3.7 Flow cytometry analysis for T-lymphocyte profiles  

At week 38, 60 hens (five hens per Line x Supplementation type x Stress treatment 
groups) were put down by cervical dislocation. The birds were chosen based on their 
SFP phenotype. One cecal tonsil and the spleen were harvested from each bird within 3 
min after death and kept in 5 mL of 5% Fetal Bovine Serum (FBS) containing RPMI 
medium as described in Chapter 3. Briefly, cells from both tissues were isolated, 
suspended, centrifuged, and counted as in Chapter 3. Viable spleen and cecal tonsils 
cells were diluted in Fluorescence-Activated Cell sorting (FACS) buffer (PBS + 2% FBS) 
to a concentration of 106 cells/ml. Both splenocytes and cecal tonsil cells were stained 
for T-helper cells (CD3+CD4+ T cells), cytotoxic T lymphocytes (CD3+CD8+ T cells), and 
regulatory T cells (CD3+CD4+CD25+ T cells) markers using the same antibodies as in 
Chapter 3. Data were acquired using FACSCelesta (Becton Dickinson, Oakville, ON, 
Canada) and analysed by FlowJo (BD Bioscience, Ashland, OR, USA). 

5.3.8 Statistical analysis 

FP frequencies were determined per individual per 10 min. Due to the low frequency of 
SFP, we mainly focused on feather damage as a reliable indicator of the intensity of the 
behaviour (Bilčík and Keeling, 1999). The neck, back, and tail feather cover scores were 
used to assign a general plumage damage score (0-3; maximum score of the 3 body 
areas) for each bird at each sampling point. However, to further identify the 
physiological pathways linked to the behaviour, we categorized birds as SFP peckers 
based on whether or not they had performed the behaviour throughout the course of the 
experiment. Birds exhibiting at least one severe feather peck at 32, 35 or between 36-
38 woa were categorized as severe peckers. Birds that performed 0 pecks were 
categorized as non-severe peckers. 

The SAS software (version 9.4, SAS Institute, Cary NC) was used for all statistical 
computations. Unless specified, generalized linear mixed models (PROC GLIMMIX) 
were used to analyze the data. The assumptions of normally distributed residuals and 
homogeneity of variance were examined graphically with the use of QQ plots. Scatter 
plots of studentized residuals against predicted values and treatment values, and a 
Shapiro-Wilk test of normality were used to confirm the assumptions of the variance 
analysis. To detect possible outliers, studentized residuals outside a ± 3.4 envelope 
were used. Data was transformed where necessary. Least square (LS) means and 
standard errors on the data scale were recovered using the ilink option. Values are 
presented as LS means ± standard error, unless stated otherwise. Differences between 



 

 

89 

 

means were compared pairwise using a Tukey-Kramer adjustment. Statistical 
significance was considered at P < 0.05.  

Variances of plumage damage, bodyweight, tonic immobility duration and number of 
inductions to trigger tonic immobility, each T cell subset proportion, aromatic amino acid 
(AAA), their metabolites and ratios were partitioned into the fixed effects of 
Supplementation, Stress, Line and their interaction with the best fitted distribution and 
their significance were tested through F-tests. When possible, the baseline values 
(collected at 32 woa) were used as covariates and the pens of the birds were 
designated as a random effect except for the tonic immobility outcomes (whereby 
observer within a day, the day and the pen were designated as a random effects). 

Finally, additional models were performed to identify whether physiological 
measurements were interrelated with the SFP phenotype. Variance of each T cell 
subset (obtained at 38 woa) and each AAA, their metabolites, and ratios (obtained at 37 
woa) was partitioned with the SFP phenotype (characterized from the behaviour 
displayed from week 35 until week 37 [AAA variables determined from blood sampling] 
or week 38 [T cell subsets collected from tonsil/spleen sampling]) as a fixed effect and 
pen as a random effect. 

5.4 Results  

5.4.1 Stress aggravates plumage damage while L. rhamnosus supplementation 
improves feather cover under non-stressful conditions 

We assessed if the oral treatment with L. rhamnosus (Lacto) reduced stress-induced 
damage to the feather cover. We report that the stress treatment alone aggravated the 
severity of the overall feather damage (F1,294 = 3.98, P < 0.05). Indeed, 74% of stressed 
birds had clear evidence of feather loss (score > 2) compared to only 50% of non-
stressed birds. Overall, the Lacto treatment favored the odds of less feather damage as 
only 51% of Lacto had clear evidence of feather loss (score > 2) relative to 74% in the 
Placebo group (F1,294 = 3.22, P = 0.074, Table 5.1). However, there was a significant 
interaction between Lacto and stress treatments on the severity of plumage damage 
(F1,294 = 27.30, P < 0.001). Modelling the probability of birds having a lower score (i.e., 
more intact feather cover), we found that the Lacto treatment did significantly reduce 
plumage loss under non-stressed conditions. Indeed, the Lacto non-stressed birds were 
more likely to show more intact feather cover compared to the Placebo non-stressed 
(OR = 5.24, 95%CI = 2.62 – 10.46) and the Lacto-stressed birds (OR = 5.50, 95%CI = 
2.72 - 11.08). This was reversed in the Placebo group, as Placebo stressed birds were 
more likely to present more intact feather cover than the Placebo non-stressed birds 
(OR = 2.1, 95%CI = 1.17 – 3.94). Finally, Lacto did not improve feather cover under 
stressful condition. Indeed, the Lacto stressed birds were less likely to show intact 
feather cover (OR = 0.44, 95%CI = 0.24 -0.82) than the Placebo stressed birds.  
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With respect to the genetic lines, birds from the high (HFP) SFP line were more likely to 
have more intact feather cover than the birds from the low (LFP) SFP line (Means ± SD, 
HFP:1.5 ± 1.08 vs LFP 2.0 ± 0.99; OR = 1.74, 95%CI = 1.01 – 2.99). 

Table 5.1. Overall plumage severity of laying hens expressed in odds ratio (OR) and 95% 
Confidence Interval (CI). The percentage of birds receiving a given score are listed for each 
treatment. The birds’ plumage condition was assessed on the neck, tail, and back area (scale of 0 
to 3; higher score indicating more severe damage) at 37 weeks of age. The maximum score from 
these areas was retained as the overall plumage condition. Birds received a supplementation 
treatment (water [Placebo] or L. rhamnosus [Lacto] supplementation, weeks 33-38) and stress 
treatment (non-stressed [NS] or stressed [S], weeks 33-35). Number of birds: S-Lacto = 79, S-
Placebo = 77, NS-Lacto = 78, NS-Placebo = 77. Ref = Reference value. 

Treatment Class 
Percentage of 
birds for each 

score (%) 
OR 95% CI P-value 

    0 1 2 3       

                  

Supplementation Placebo 10 16 42 32 Ref Ref 
0.074 

  Lacto 33 16 21 29 1.53 0.96 - 2.42 

                  

Stress NS 32 18 23 27 Ref Ref 
0.047 

  S 11 15 39 35 0.63 0.39 - 0.99 

                  

Supplementation 
 * 

 Stress 

S-Lacto 13 10 30 47     

 < 0.001 
S-Placebo 9 19 48 23     

NS-Lacto 55 22 12 12     

NS-Placebo 10 13 35 42     

5.4.2 Lactobacillus rhamnosus can buffer against bodyweight loss but does not 
affect fearfulness  

We determined the effects of Lacto and stress on bodyweight and its implications for 
fear behaviour as measured through the duration of immobility and number of 
inductions in a tonic immobility test. We found that Lacto prevented stress-induced 
bodyweight loss. Indeed, there was a significant interaction between Lacto and stress 
treatment in determining bodyweight (F1,296 = 6.11, P = 0.014). Placebo non-stressed 
birds were 3% heavier compared to the Placebo stressed birds (Placebo non-stressed: 
1.77 ± 0.008 vs Placebo stressed 1.72 ± 0.008 kg, P < 0.001). We observed no 
significant difference in bodyweight between stressed and non-stressed birds in the 
Lacto birds (Lacto non-stressed: 1.75 ± 0.008 vs Lacto stressed 1.74 ± 0.008 kg, P > 
0.05).  

The number of inductions required to enter tonic immobility and its duration were not 
impacted by the Lacto, stress or by their interaction (P > 0.05, Appendices: 
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Supplementary Table S 5.1). However, HFP birds had significantly shorter tonic 
immobility durations (HFP: 60 ± 9.5 s vs LFP: 89 ± 13.8 s, F2,278 = 3.69, P = 0.026) and 
necessitated more inductions for tonic immobility (HFP: 1.7 ± 1.01 vs LFP: 1.4 ± 0.77, 
F2,283 = 5.22, P = 0.006) than LFP birds. 

5.4.3  Oral treatment of L. rhamnosus induces a strong regulatory T cell 
response 

In poultry species, chronic stress decreases the proportion of peripheral blood 
lymphocytes (Nazar and Marin, 2011); an outcome that can be countered by lactobacilli 
(Chapters 3 and 4; Noujaim et al., 2008). We assessed the capacity of Lactobacillus 
rhamnosus to stimulate T helper cells (CD3+CD4+ T lymphocytes), cytotoxic T cells 
(CD3+CD8+ T lymphocytes), and regulatory T (Treg) cells (CD3+CD4+CD25+ T 
lymphocytes) in the spleen and cecal tonsils of laying hens in response to a stress 
treatment induced between 33 and 35 woa (Figure 5.2).  

The Lacto and stress treatments interacted to determine the proportion of the cytotoxic 
T cells (F1,47 = 4.30, P = 0.044, Figure 5.2 B) and Treg cells (F1,47 = 5.85, P = 0.020, 
Figure 5.2 C) in the cecal tonsils. While the Lacto supplementation generally increased 
the proportions of these cells compared to the Placebo, the difference was larger in 
non-stressed groups. In contrast, a significant increase of splenic cytotoxic T cells 
(Figure 5.2 E) was only observed in the stressed groups (P = 0.009), while no significant 
difference was found between the non-stressed groups (P = 0.222).  

The stress treatment alone did not influence T cell proportions (P > 0.05). However, 
overall, Lacto increased the proportion of Treg cells in the cecal tonsils (F1,47 = 51.40, P 
< 0.001) and spleen (F1,47 = 53.91, P < 0.001), as well as the proportion of cytotoxic T 
cells in both tissues (cecal tonsil, F1,47 = 29.26, P < 0.001; spleen, F1,47 = 13.94, P < 
0.001) compared to Placebo birds (Figure 5.2). The proportion of T helper cells was not 
affected by the Lacto and stress treatment, or their interaction (P > 0.05).  
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Figure 5.2. Proportions of T cell sub-populations in the cecal tonsils (A-C) and spleen (D-F) of 38-
weeks old birds after five weeks of supplementation (L. rhamnosus [Lacto] or water [Placebo] 
supplementation, 33-38 weeks of age) and three weeks of stress treatment (non-stressed [NS] or 
stressed [S], 33-35 weeks of age). Sub-populations were identified using the following 
combinations of cell surface markers: T helper cells (A, D) = CD3+CD4+; cytotoxic T cells (B, E) = 
CD3+CD8+; T regulatory cells (C, F) = CD3+CD4+CD25+ (n of birds: S-Placebo = 15, NS-Placebo = 
15, S-Lacto = 15, NS-Lacto = 15). Different letters indicate statistically significant differences of 
interactions, and * indicates statistically significant differences of main effects (P < 0.05). 

To better understand the physiological pathways underlying SFP behaviour, we 
evaluated the interrelatedness of the immune response with the genetic lines and the 
SFP phenotype from week 35 to week 38 (tissue collection). We found that lines 
reacted differently to the Lacto and stress treatments (Table 5.2). Indeed, Lacto 
increased the proportion of Treg cells in the HFP and unselected control (UC) birds 
compared to the Placebo in the tonsils (F2,47 = 6.12, P < 0.01), and to a lesser extent the 
spleen (F2,47 = 12.89, P < 0.01). No difference in Treg cells was observed in the LFP 
birds following Lacto treatment (Table 5.2). Inversely, Lacto birds had a higher 
proportion of splenic cytotoxic T cells in LFP birds compared Placebo birds (P = 0.049), 
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while no difference was observed in the other lines (P > 0.05, Table 5.2). Stress 
increased the proportion of splenic Treg cells in the LFP line compared to non-stressed 
birds (P = 0.035). No difference was observed in the other lines (P > 0.05, Table 5.2). 
Stressed HFP birds had fewer tonsil Treg cells than stressed LFP birds (P = 0.027), 
while no difference was observed in the non-stress birds (P = 0.924, Table 5.2).
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Table 5.2. Least Squares Means (± Standard Error) of the proportions of T cell sub-populations in the spleen and cecal tonsils in 38 
weeks old birds according to their genetic line (UC: unselected control, LFP: low feather pecking line, HFP: high feather pecking line). 
Birds underwent five weeks of supplementation (L. rhamnosus [Lacto] or water [Placebo] supplementation, 33-38 weeks of age) and 
three weeks of stress treatment (33-35 weeks of age). Sub-populations were identified using the following combinations of cell surface 
markers: T helper cells = CD3+CD4+; cytotoxic T cells = CD3+CD8+; T regulatory cells = CD3+CD4+CD25+. Different letters indicate 
statistically significant different comparisons within the interaction in each row. F-Statistics and P-values of the Supplementation x Line 
or Stress x Line interaction are indicated. 

  
Lacto Placebo   

  
UC  

(n = 10) 

LFP 

(n = 10) 

HFP 

(n = 10) 

UC  

(n = 10) 

LFP 

(n = 10) 

HFP 

(n = 10) 
F- Statistic, P-value 

Cecal tonsils               

T helper cell 15.2 ± 0.82 13.9 ± 0.83 14.9 ± 0.83 12.7 ± 0.83 14.4 ± 0.85 13.2 ± 0.85 F2,47 = 2.00, P = 0.147 

Cytotoxic T cell 16.2 ± 0.70 a 13.5 ± 0.70 ab 15.2 ± 0.70 a 11.1 ± 0.70 b 13.4 ± 0.69 ab 11.1 ± 0.69 b F2,47 = 6.75, P = 0.003 

Regulatory T cell 21.4 ± 1.08 a 17.5 ± 1.08 ab 17.5 ± 1.08 ab 11.2 ± 1.08 c 14.8 ± 1.08 bc 11.5 ± 1.08 c F2,47 = 6.12, P = 0.004 

Spleen              

T helper cell 2.7 ± 0.08 2.7 ± 0.08 2.6 ± 0.08 2.8 ± 0.08 2.8 ± 0.09 2.7 ± 0.09 F2,47 = 0.29, P = 0.751 

Cytotoxic T cell 23.4 ± 1.9 ab 25.0 ± 1.9 a 21.6 ± 1.9 ab 18.1 ± 1.9 ab 17.7 ± 2.01 b 18.2 ± 2.03 ab F2,47 = 0.65, P = 0.526 

Regulatory T cell 27.5 ± 1.19 a 18.6 ± 1.19 b 20.1 ± 1.19 b 13.5 ± 1.19 c 16.1 ± 1.19 bc 15.1 ± 1.19 bc F2,47 = 12.89, P < 0.001 

               

  
Stress Non-Stress   

  
UC  

(n = 10) 

LFP 

(n = 10) 

HFP 

(n = 10) 

UC  

(n = 10) 

LFP 

(n = 10) 

HFP 

(n = 10) 
F- Statistic, P-value 

Cecal tonsils               

T helper cell 12.8 ±0.82  14.9 ± 0.85 14.4 ± 0.85 15.1 ± 0.83 13.4 ± 0.83 13.6 ± 0.83 F2,47 = 3.05, P = 0.057 

Cytotoxic T cell 12.8 ± 0.70 14.8 ± 0.69 11.9 ± 0.68 14.5 ± 0.69 12.1 ± 0.69 14.3 ± 0.69 F2,47 = 7.39, P < 0.001 

Regulatory T cell 15.2 ± 1.08 ab 18.3 ± 1.08 a 13.4 ± 1.08 b 17.4 ± 1.08 ab 14.0 ± 1.08 ab 15.5 ± 1.08 ab F2,47 = 5.84, P = 0.005 

Spleen               

T helper cell 2.8 ± 0.08 2.8 ± 0.09 2.7 ± 0.09 2.7 ± 0.08 2.8 ± 0.08 2.6 ± 0.08 F2,47 = 0.21, P = 0.812 

Cytotoxic T cell 19.1 ± 1.90 22.9 ± 2.01 18.6 ± 2.02 22.5 ± 1.93 19.7 ± 1.93 21.2 ± 1.91 F2,47 = 2.16, P = 0.127 

Regulatory T cell 18.9 ± 1.19 abc 20.0 ± 1.19 ab 16.4 ± 1.19 bc 22.0 ± 1.19 a 14.7 ± 1.19 c 18.8 ± 1.19 abc F2,47 = 7.50, P = 0.002 
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We found that the genetic line alone impacts the proportion of splenic Treg cells (F2,47 = 
4.24, P = 0.020, Appendices: Supplementary Table S 5.2). The UC line had a 
significantly higher proportion of Treg cells than the HFP (P < 0.05) and LFP (P = 0.032) 
lines; but there were no differences between the HFP and LFP birds (P = 0.981). Other 
proportions of T cells were similar between the genetic lines (P > 0.05, Appendices: 
Supplementary Table S 5.2). Phenotypical severe feather peckers (i.e., birds who 
performed at least one severe feather peck between 35-38 woa) had reduced levels of 
Treg cells in the tonsils (F1,53 = 4.06, P = 0.049) and splenic T helper cells (F1,53 = 4.07, 
P = 0.049) compared to non-peckers (Appendices: Supplementary Table S 5.2). 

5.4.4 SFP phenotype is associated with lower TRP:(PHE+TYR) ratio and elevated 
Tyrosine levels 

We investigated the impact of Lacto and stress treatments on the concentrations of 
aromatic amino acids (AAA), their metabolites, ratios, and nitrite at 37 weeks of age. L. 
rhamnosus supplementation, stressors, and their interaction did not significantly change 
peripheral plasma levels of TRP, PHE, TYR, KYN, and their relevant ratios. 
Furthermore, the TRP:(PHE+TYR) ratio, and the nitrite concentration were similar 
between groups (Appendices: Supplementary Table S 5.3).  

We examined whether the AAA response was related with the genetic lines and SFP 
phenotype displayed from week 35 until week 37 (blood collection). Genetic line x stress 
interactions showed that LFP birds differ in their stress responses compared to birds 
from other lines (Appendices: Supplementary Table S 5.4). Indeed, in LFP birds, stress 
increased KYN (stressed: 0.38 ± 0.022 vs non-stressed: 0.29 ± 0.021, F2,277 = 4.69, P < 
0.01) and the KYN:TRP ratio (stressed: 4.3 ± 0.25 vs non-stressed: 3.3 ± 0.25, F2,277 = 
4.68, P = 0.01) levels while no change was observed in the stressed vs non-stressed 
birds of the HFP and UC lines.  

Overall, peripheral plasma levels of TRP, PHE, TYR, KYN, and their relevant ratios, and 
the nitrite concentration were similar between genetic lines (P > 0.05, Appendices: 
Supplementary Table S 5.5). Nevertheless, we report that phenotypic severe feather 
peckers had a significantly lower TRP:(PHE+TYR) ratio than birds that were not severe 
feather peckers (severe feather peckers: 0.350 ± 0.0100 vs not severe feather peckers: 
0.379 ± 0.0070, F1,292 = 9.70, P = 0.002). Peckers also tended to have lower peripheral 
plasma TYR concentrations (severe feather peckers: 128 ± 3.5 vs not severe feather 
peckers: 122 ± 2.2, F1,288 = 3.72, P = 0.055). 

5.5 Discussion 

The aim of the present study was to determine whether oral supplementation with a 
single L. rhamnosus strain can act as an immediate measure to reduce stress-induced 
severe feather pecking (SFP) and associated physiological changes. To this end, we 
monitored feather damage, SFP and fear behaviour and the immune and 
monoaminergic precursor responses in laying hens following five weeks of 
supplementation (33-38 weeks of age [woa]) and a concomitant three-week stress 
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regimen (33-35 woa). Three genetic lines of birds were used in this study: high feather 
pecking (HFP), low feather pecking (LFP) and unselected control (UC). During the 
course of the experiment, hens of the three genetic lines were housed in mixed groups. 
The effectiveness of L. rhamnosus was quantified by evaluating feather cover, tonic 
immobility duration and number of inductions, T cells profiles, aromatic amino acids 
metabolism, along the kynurenine (KYN) and dopaminergic pathways quantified by 
plasma tryptophan (TRP), phenylalanine (PHE) and tyrosine (TYR) concentrations. We 
also analyzed the link between genotypic and phenotypic SFP behaviour and 
physiological parameters. We report that stress aggravates the severity of damage to 
the feather cover while L. rhamnosus supplementation mitigated the feather damage in 
non-stressed conditions. Surprisingly, L. rhamnosus did not mitigate the damage to 
feather cover in stressed conditions. Furthermore, the L. rhamnosus supplementation 
induced immunosuppressive regulatory T cells (Treg) and cytotoxic T cells in both the 
cecal tonsils and the spleen. Birds exhibiting the SFP phenotype displayed lower levels 
of tonsil Treg and splenic T helper cells as well as a lower TRP:(PHE+TYR) ratio.  

Considering the biological importance of feather cover (van Staaveren and Harlander, 
2020), it is important to note that stress alone deteriorated the overall feather cover; 
74% of stressed birds had clear evidence of feather loss (Table 5.1), reflecting previous 
findings (Chapter 3; Birkl et al., 2019). Most importantly, we found that the Lacto 
supplement tended to decrease the severity of the feather damage (Table 5.1). 
However, this effect was only found in non-stressed birds. Indeed, 55% of Lacto non-
stressed birds had no feather damage and only 12% had severe damage (score > 2). In 
contrast, approximately 38% of birds had severe plumage damage in the other groups 
(Table 5.1). Taken together, these results agree with mammalian studies in which 
Lactobacillus bacteria are known to have a positive influence in healthy, non-stressed 
individuals (Messaoudi et al., 2011a; Huang et al., 2016; McKean et al., 2017). This 
could explain why this finding was not replicated in the stressed birds where Lacto 
stressed birds actually had more feather damage than Lacto non-stressed birds (Table 
5.1). Potentially, the current stress regimen overrode the potential beneficial effects of 
the supplementation in the current study. Previous research using a more varied stress 
regimen showed that ingestion of L. rhamnosus positively modulates chronic stress-
induced feather damage when continuously administered before, during and after stress 
to adult HFP birds (Chapter 3). The fact that different results were observed when Lacto 
was supplemented only during and after stress in the current study could highlight the 
importance of relative timing of probiotic supplementation. Interestingly, a recent meta-
analysis showed that the order in which the Lactobacillus-based probiotics and stress 
treatments are applied does not change the effect of the probiotic in rodents (Chapter 
2). However, findings from Liu et al., (2020b) showed that L. rhamnosus 
supplementation administered only post-social stress increased the persistence of both 
aggressor avoidance and reduced sociability in stressed mice. Thus, although the 
present variables (pecking behaviour and feather damage) are distinct from Liu et al., 
(2020b) (sociability and avoidance), the effect of L. rhamnosus supplement could vary 
depending on whether it was administered before, during or after stress exposure. That 
said, the Lacto treatment did appear to be protective against stress-induced weight loss 
with no difference in body weight between stressed and non-stressed Lacto birds, while 
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the stressed-placebo birds weighed 3% less than their non-stressed counterparts. 
Regardless, further work on the potential beneficial effects of L. rhamnosus, even under 
non-stressful conditions, should not be overlooked as intact feather cover has both 
biological and economic benefits, e.g., by improving bird welfare and reducing farm feed 
costs (van Staaveren and Harlander, 2020). 

Interestingly, we report also that tonsil Treg cells in severe feather peckers are 22% 
lower than non-peckers (Appendices: Supplementary Table S 5.2). Tregs are a 
population of immunosuppressive CD4+ T lymphocytes involved in maintaining immune 
tolerance to self-antigens and preventing autoimmune/autoinflammatory disease 
(Corthay, 2009). As such, Tregs help suppress inflammatory responses (Sakaguchi et 
al., 2008). Chicken Treg cells have suppressive properties similar to that of mammalian 
Treg cells (Shanmugasundaram and Selvaraj, 2011). The dysregulation of T cell 
(without subset specification) proliferation and activation has been suggested to be the 
initial cause of the FP phenotype possibly via cholinergic signaling (Falker-Gieske et al., 
2020). Our results support the idea that SFP could be an immune-related behavioural 
response, and more specifically, that Treg cells could play a role in determining SFP 
behaviour.  

As a matter of fact, depleted Treg populations have been associated with negative 
changes in mood and behaviour in animal models (Cohen et al., 2006; Sommershof et 
al., 2009; Kim et al., 2012; Ellul et al., 2018). We report that L. rhamnosus 
supplementation had a strong immunomodulatory effect in laying hens, whereby it 
increased Treg cells and cytotoxic T cells in the spleen and cecal tonsils compared to 
birds receiving the Placebo. These results are consistent with previous mammalian 
(Feleszko et al., 2007; Karimi et al., 2009, 2012; Jang et al., 2012; Bharwani et al., 
2017) and avian studies (Chapters 3 and 4; Khan et al., 2020). Apart from increased 
Treg cells, previous work also found that L. rhamnosus treatment had anti-depressive 
and anxiolytic effects in mice (Bravo et al., 2011; Bharwani et al., 2017), and that these 
effects were mediated through Treg cells as shown by treatment with monoclonal 
antibody against CD25 (Liu et al., 2020a). This implies a link between the immune 
response and behaviour in mammals. To assess differences in reactivity behaviour, we 
conducted a tonic immobility test, a well validated standardized test of fearfulness in 
chickens (Forkman et al., 2007). We found that SFP and tonic immobility outcomes 
were also correlated to the proportion of Treg cells in Lacto birds (data not shown), even 
if Lacto and stress treatment did not directly impact birds’ fear responses. Indeed, 
severe feather peckers supplemented with Lacto had increased proportions of Treg 
cells in the tonsils and reduced level of SFP compared to the Placebo birds (data not 
shown). Additionally, low levels of splenic Tregs were associated with longer tonic 
immobility duration (r = -0.39, P = 0.034) and fewer induction of tonic immobility (r = 
0.43, P = 0.019), suggesting a more fearful state. Similarly, a lower proportion of tonsil 
Tregs was associated with fewer tonic immobility inductions (r = 0.43, P = 0.017). These 
correlations were not significant in Placebo birds. Thus, we propose that L. rhamnosus 
oral supplementation positively modulates the immune system through Treg cell 
induction and that L. rhamnosus supplementation is positively linked to social 
interactions such as SFP behaviours and indirectly to fear in laying hens, mirroring work 
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in mammalian models. Immunosuppressive Treg cells may then play an essential role in 
mediating the avian gut-brain axis signaling. It would be of further interest to investigate 
this hypothesis and test if the L. rhamnosus T cell induction mechanism is similar to 
mammals. In mice, L. rhamnosus is taken up by dendritic cells in the Peyer’s patches, 
which then induces Treg cell production (Karimi et al., 2012), a process that is vagus 
nerve-dependent (Bravo et al., 2011).  

Finally, it should be noted that, except for the splenic T helper and Treg cells, the overall 
proportion of other T cell subsets (each around 10-20%) are 2 to 3-fold lower than levels 
previously observed in younger birds (10 and 28 weeks) of similar lines (Chapter 3; van 
der Eijk et al., 2019b). This is most likely an age-related effect as T cell subsets have 
been reported to decrease over time (Bridle et al., 2006; Kannan et al., 2017). 

Severe feather peckers had a significantly lower peripheral TRP:(PHE+TYR) ratio and 
higher TYR concentration than birds that did not express SFP (Appendices: 
Supplementary Table S 5.5). Previous studies unambiguously identified monoamine 
signaling as a key component in SFP behaviour, mostly due to low central serotonin 
and dopamine turnover at a young age (Kops et al., 2013a, 2017; de Haas and van der 
Eijk, 2018). However, we found no variation of peripheral plasma concentrations of 
TRP, PHE, TYR, and KYN, their relevant ratios, and nitrite at 37 woa in response to 3 
weeks of Lacto supplementation and stress. Previously, we demonstrated that early-age 
consumption of L. rhamnosus for 8 weeks led to a short-term increase of peripheral 
TRP concentrations and the TRP:(PHE+TYR) ratio in pullets (Chapter 4). Amino acid 
and peptide absorption in birds (Gilbert et al., 2008) is similar to that in mammals 
(Denbow, 2015). Still, during the first few weeks following hatch, the intestinal tract of 
birds grows rapidly (Denbow, 2015). This may explain why no difference was observed 
in mature birds in the current study and previously (Chapter 2). It further suggests that 
the three weeks of L. rhamnosus supplementation may not be sufficiently long to impact 
monoamines precursors. While L. rhamnosus has been shown to impact specific 
neurotransmitters-like GABA receptor expression (Bravo et al., 2011), our results 
suggest that the effect on AAAs and related neurotransmitters pathways might be 
minimal or short-term. 

It is noteworthy that the overall expression of SFP was scarce. Indeed, the average 
frequency of severe feather pecks across all birds between 35-38 woa was 0.078 ± 
0.555 pecks/bird/10min. The observed level of SFP was approximately 7 fold lower in 
the HFP line than frequencies observed in 16-weeks old pullets (Birkl et al., 2019a) and 
28-29 weeks old birds (van der Eijk et al., 2018) of the same genetic line. Despite pilot 
testing, it cannot be ruled out that the time window of behaviour recording may not 
accurately reflect the true behavioural outcomes which may have impacted the results. 
Direct recording of behaviour in large groups of birds is difficult and time consuming to 
perform, and scoring of feather cover provide a reliable estimation of the intensity of the 
behaviour (Bilčík and Keeling, 1999). Moreover, it can be argued that in commercial 
farms, feather damage, rather than the behaviour itself, is of interest due to its 
aforementioned welfare and economic consequences. For this reason, we mainly 
focused on the feather damage outcome in the current study. However, because the 
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purpose of our study was also to identify the physiological pathways linked to the 
behaviour, we recorded SFP during the experiment.  

We additionally investigated the differences between the genetic lines. The present 
experiment mixed the HFP, LFP and UC genetic lines equally within the housing pens. 
This may partly explain the variability in the findings compared to Chapter 3, in which 
only HFP birds were used. Indeed, differences in stress response (Kjaer and Guémené, 
2009; Brunberg et al., 2016; van der Eijk et al., 2019a), as well as in the reactivity of the 
immune system between various genetic lines (Brunberg et al., 2016; van der Eijk et al., 
2019b), are well documented. Similar to van der Eijk et al. (2018), we found that HFP 
birds spent less time in and needed more inductions to be in tonic immobility, 
suggesting that they were less fearful than LFP birds (Bryan Jones and Faure, 1981; 
Forkman et al., 2007). Interestingly, LFP birds had more damaged feather cover than 
HFP birds, which may have enhanced their fearfulness. While we did not observe 
differences in fear response or feather damage to the Lacto or stress treatments 
between the genetic lines, we did observe that LFP birds stand out in their stress 
response in other physiological responses. Indeed, stress usually suppresses the avian 
immune system (Trout and Mashaly, 1995; Shini et al., 2010; Nazar and Marin, 2011), 
an effect that was observed in the HFP and UC lines where, overall, all T cells 
proportions were lower in the stress groups (Table 5.2). On the contrary, the stress 
treatment increased the proportion of all T cells in the LFP line. Nevertheless, this 
increase was only significantly different for the splenic Treg cells (Table 5.2). Similarly, 
stress increased peripheral KYN concentrations and KYN:TRP ratio in the LFP line, but 
not in the HFP and UC lines (Appendices: Supplementary Table S 5.4). These results 
may suggest that the LFP birds may be less sensitive to stress or that their stress-
sensitive physiological pathways have a different regulation, which reflects previous 
findings (Kjaer and Jørgensen, 2011). These differences in stress response between 
the genetic lines were not, however, reflected in the SFP phenotype displayed from 
week 35 until blood/tissue collection at week 37-38. Thus, it is unclear whether they 
might play a role in SFP behaviour. The causation of these differences should be further 
investigated to better understand the relationship between these physiological pathways 
and feather pecking behaviour. 

In chapter 3, we showed that individual Lacto supplementation of birds at 5x109 Colony 
Forming Unit [CFU]/bird prevented stress-induced SFP. In the present study, birds were 
treated with the Lactobacillus supplement as a group to mimic commercial farm 
conditions which precludes individual administration of treatments as thousands of birds 
comprise a typical flock. We introduced the equivalent of 5x109 CFU of Lactobacillus 
per bird via two 1L-round drinkers and ensured that the full volume was consumed. This 
strategy prevented measuring individual consumption. Regardless of the individual 
dosage received, we observed immediate immunomodulatory effects. Nevertheless, as 
Lactobacillus bacteria show some dose-dependent response in mammals (Gill and 
Rutherfurd, 2001; Evrard et al., 2011; Zhu et al., 2014), it is possible that this dosage 
was not sufficient to alter SFP behaviour in the genetic lines of birds used in the present 
study. Similarly, individual feed consumption was not measured. Amino acids 
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concentrations are largely controlled by total dietary intake, and thus, variations in feed 
consumption may have impacted the observed results. 

5.6 Conclusion 

To study the impact of probiotic bacteria as an immediate measure against stress-
induced feather damage, we supplemented adult laying hens with a daily dosage of L. 
rhamnosus, while following a validated stress regimen. We also investigated whether 
the immune and aromatic amino acids responses differed between the genetic lines and 
were interrelated with the severe feather-pecking phenotype itself to better understand 
the underlying physiological pathways of this behaviour. Three weeks of stress 
treatment aggravated the severity of plumage damage. L. rhamnosus supplementation 
improved the birds’ feather cover under non-stressful conditions but decreased the 
feather cover under stressful conditions. The severe feather-pecking phenotype was 
linked to lower proportions of regulatory T cells and a lower TRP:(PHE+TYR) ratio. L. 
rhamnosus increased regulatory and cytotoxic T cells in the spleen and cecal tonsils, 
which were also correlated to birds’ fear responses during tonic immobility. Thus, L. 
rhamnosus may modulate SFP and fearfulness via regulatory T cells induction. Our 
findings help elucidate biological mechanisms that are associated with SFP behaviour 
and the pathways through which L. rhamnosus may mitigate behaviour. These results 
pave the way for a better understanding of how individualized, microbial interventions 
can help reduce feather damage in commercial farms, and thus, improve the welfare of 
millions of domestic birds.  



 

101 

 

Chapter 6 : General Discussion 

6.1 Introduction 

Throughout the chapters of this thesis, we systematically reviewed and analyzed the 
literature on the impact of Lactobacillus-based supplements on behavioural outcomes, 
firstly in rodents (Chapter 2) and secondly in domestic chickens (Chapters 3, 4, 5). In 
my experimental work, I evaluated the effect of a single-strain probiotic supplement of 
Lactobacillus rhamnosus on severe feather-pecking (SFP) behaviour, feather damage 
and the associated physiological pathways in laying hens (Chapters 3, 4, 5). 
Additionally, I studied defining physiological characteristics of birds that are severe 
feather peckers to evaluate differences from birds that do not show SFP behaviour 
(Chapters 3, 4, 5). In this final chapter, I will discuss the most significant findings of my 
research, deliberate the implication of the results, and highlight possible avenues for 
future research. The experiments conducted during this doctoral thesis were designed 
to investigate three strategies of probiotic supplementation (strategies are detailed in 
Table 6.1). In Chapter 3, birds originating from a single genetic line bred for high feather 
pecking activity were individually and continuously fed a precise daily dose of L. 
rhamnosus in water before, during (19-28 weeks of age [woa]) and after an 
unpredictable chronic stress regimen (24-26 woa). Following this intensive and 
individualized supplementation strategy (Chapter 3), birds were provided the probiotic 
on a group level to reflect an administration method that would be feasible in a farm 
setting. Preventative (Chapter 4) and curative (Chapter 5) supplementation strategies 
were employed (Table 6.1). Chapter 4 evaluates the use of L. rhamnosus as an early-
life prevention supplementation (0-9 woa) in the short term (10 woa), prior to stress (11-
13 woa), and in the long-term post-stress (32 woa). Chapter 5 assesses the impact of 
administering the bacterial supplement simultaneously to the chronic stress, thus 
evaluating its impact as a curative treatment in mature birds (33-38 woa). 
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Table 6.1. Methodology summary. Data collection was conducted on all birds unless stated 
otherwise. 

  
Chapter 3  
(Study 1) 

Chapter 4  
(Study 2) 

Chapter 5  
(Study 3) 

Supplementation       

Strategy of use 
Continuous (before and 

during Stress) 
Individual, Daily 

Prevention (preceding 
Stress) 

Group, Daily 
Curative (during Stress) 

Group, Daily 

Bacterial strain 
Lactobacillus 

rhamnosus JB-1™  
Lactobacillus 

rhamnosus JB-1™  
Lactobacillus 

rhamnosus JB-1™  

Concentration (per 
hen) 5 x 109 CFU1 5 x 109 CFU 5 x 109 CFU 

Probiotic 
supplementation 
period (woa2) 19 - 28 0-9 33-38 

Stress       

Stress period (woa) 24-26 11-13 33-35 

Stressors 

5x social disruption with 
shavings replacement, 

4x physical group 
restraint, 4x individual 
manual restraint, 2x 

blocking nest boxes for 
4 days, 2x blocking 
perches for 4 days  

5x social disruption 
without shavings 
replacement, 5x 
physical group 

restraint, 5x blocking 
perches for 24h 

10x social disruption 
with shavings removal, 
3x blocking nest boxes 
for 5 days, 3x blocking 

perches for 5 days 

Birds       

Strain White Leghorn White Leghorn White Leghorn 

Genetic Lines 
HFP3  

HFP, LFP4, UC5 

 Mixed equal parts 
HFP, LFP, UC 

Mixed equal parts 

No of birds 86 360 311 

Age (start-end) 18 - 28 0-32 32-38 

Housing       

No of hens/pen 7 ± 1  30 25 ± 2  

No of pens/treatment 
group 3 3 3 

Pen surface (m2) 1.6 4.47 4.47 

Surface/hen (m2) 0.23 0.15 0.18 

Data Collection (woa)       

Behaviour 18, 24 - 26 10 - 13, 32 33 - 38 

Physical Condition 18, 27 10, 14, 32 32, 37 

Tonic Immobility 27 14 36 

Blood, Cecal 
droppings 18, 27 10, 14, 32 32, 37 

Cecal tonsils, Spleen 28 15 38 

1 CFU = colony forming unit, 2 Woa = weeks of age, 3 HFP = High Feather Pecking, 4 LFP = Low Feather 
Pecking, 5 UC = Unselected Control 

  



 

103 

 

6.2 Effect of Lactobacillus rhamnosus 

The behavioural and physiological outcomes reported within the three experimental 
chapters of this PhD are summarized in Table 6.2 (effect of L. rhamnosus on stress) 
and Table 6.3 (influence of genetic line and behavioural phenotype). Additional 
information is presented in these tables that did not fit within the scope of the individual 
chapters but provide insights in the ‘bigger’ picture as we systematically collected the 
same data and samples using similar methods for each of the three studies.  

6.2.1 Effect on SFP and feather damage  

SFP is a multifactorial behaviour but it is often triggered by stress (El-Lethey et al., 
2000; van Staaveren and Harlander, 2020). In mice, oral treatment with a single 
Lactobacillus strain protects against behavioural deficits induced by chronic social 
stress (Chapter 2, Bharwani et al., 2017; Xie et al., 2020). When administered to 
individual birds at a daily dosage of 5 x 109 Colony Forming Unit/ bird in a continuous 
manner (19-28 woa), L. rhamnosus similarly reduced the incidence of stress-induced 
SFP and feather damage in young (24-26 woa) laying hens (Chapter 3). However, when 
groups of young birds were supplemented as an early-life prevention tool (between 0-9 
woa), the probiotic supplement did not reduce SFP behaviour or integument damage 
(reflecting both skin injury and feather damage) triggered by stress administered 
between 10-13 woa (Chapter 4). Finally, L. rhamnosus improved plumage integrity in 
mature (37 woa) birds, under non-stressful conditions when treated as a group (Chapter 
5). 

It is conceivable that the continuous consumption of the bacteria before, concomitantly 
with stressors and post-stress, is necessary to observe meaningful changes on SFP 
behaviour and feather/integument damage (Chapters 3 and 5). Indeed, when L. 
rhamnosus was provided to mice only after repeated social stress, it increased the 
persistence of both aggressor avoidance and reduced sociability in mice (Liu et al., 
2020b). Across all four chapters, we observed that the effect of the Lactobacillus 
supplement was largely stress-dependent (all chapters, Table 6.2). These results mirror 
previous work where L. rhamnosus treatment only modulated behaviour of stressed 
mice when provided before and during chronic social stress (Bharwani et al., 2017). 

Furthermore, as individual consumption of the supplement was not measured in 
Chapters 4 and 5, ingestion of the probiotic may not have been equal amongst all birds. 
Thus, some birds may have consumed more or less than the intended dosage 
depending on their access to the drinkers used for supplementation and the volume 
ingested. Based on personal observations, all birds were able to access the drinkers, 
but the volume consumed is unknown. In particular, if birds presenting a SFP phenotype 
were not able to ingest a sufficient dose of the bacterium, the impact of the probiotic on 
their behaviour may be greatly reduced. Since individual supplementation is ideal to 
ensure birds receive a controlled dosage but is highly impractical for farmers, future 
probiotic solutions for the prevention of SFP must strive to be practical, affordable, and 
significantly impactful on SFP behaviour. Supplementation of high doses of 
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Lactobacillus ( > to 1010 Colony Forming Unit/kg) are known to be beneficial and non-
toxic (Tsai et al., 2004; Yakabe et al., 2009; Owaga et al., 2014; Shokryazdan et al., 
2016). Thus, the concentration of the supplement may be increased inasmuch that even 
the birds that do not ingest a lot of water get a sufficient dose to induce changes to 
behaviour. Furthermore, the administration of a probiotic via feed or water provides 
similar improvement to chickens (Eckert et al., 2010; Giannenas et al., 2014; Kupryś-
Caruk et al., 2019). Thus, L. rhamnosus supplements may be incorporated into the 
birds’ feed, rather than dissolved in water. Live microorganisms stored as a freeze-dried 
powder and used for dietary supplements, as we presently did, have shelf lives 
measured in years (Fenster et al., 2019). However, they must be stored under strict 
temperature- and humidity-controlled conditions which may be a technical challenge 
once it is incorporated in the feed (Fenster et al., 2019). Precision feeding systems have 
recently been developed to feed birds according to their individual needs (Zuidhof et al., 
2017). This supplementation strategy can be employed to ensure that severe feather 
peckers ingest the appropriate amount of bacteria in order to modulate their behaviour. 
Despite the lack of changes to SFP (Chapter 4), we observed a consistent increase of T 
regulatory (Treg) cells in L. rhamnosus supplemented birds across all three 
experiments, regardless of individual or group supplementation. The findings of our 
meta-analysis (Chapter 2) suggest that the specific dosage of a probiotic does not 
influence its overall effect on the behaviour of rodents in a forced swim test (Chapter 2). 
Further research should determine if there are dose-related effects to L. rhamnosus 
supplementation in the context of SFP in laying hens. 

The variation in results may be due to the use of the different genetic lines between the 
chapters. To test whether L. rhamnosus was efficiently modulating SFP, Chapter 3 
focused on birds that have a high propensity for SFP activity (HFP line), thereby 
preventing genetic line comparisons. Experiments presented in Chapters 4 and 5 
utilized a mixed flock of birds: a line bred for SFP (HFP), a line bred against SFP (LFP), 
and unselected controls (UC). The use of these pedigree lines would more closely 
mimic the social environment in commercial farms where laying hen flocks are 
composed of birds with different propensities for SFP, classified as peckers, non-
peckers and neutral birds (Daigle et al., 2015; Mens et al., 2020). All birds used in the 
studies were bred, hatched, and reared on-site under my supervision and Dr. 
Harlander’s thus limiting outside influences or variation. The consistent use of these 
pedigree lines, instead of commercial birds, allowed us to control for genetic changes 
that are commonplace in chicks purchased from breeding companies. Moreover, by 
using birds bred for extremely high or low occurrences of SFP behaviour, it is expected 
that any potential differences in pecking-related physiological pathways will be 
amplified. Notably, birds from the HFP line consistently displayed a higher frequency of 
SFP than the LFP line (Chapter 4 and 5, Table 6.3), as was expected and found 
previously (Kjaer et al., 2001; Rodenburg and Koene, 2003).  

Surprisingly, there was an overall absence or low levels of SFP behaviour in Chapter 4 
and 5, an effect that may have limited the impact of L. rhamnosus on SFP behaviour 
and the prevalence of feather/integument damage. Indeed, SFP levels observed were 
10-fold lower than that observed in Chapter 3 and 7-fold lower that the incidence 
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reported in previous studies that use birds of a similar age and from the same genetic 
lines (van der Eijk et al., 2018, 2020; Birkl et al., 2019a). It is noteworthy that SFP 
outbreaks are unpredictable in their occurrence and difficult to induce at will. 
Additionally, while the use of mixed genetic lines was meant to mimic commercial 
conditions and better comprehend the physiology of the behaviour, it also reduced the 
proportion of birds that were expected to display SFP. Consequently, we classified birds 
as severe feather peckers or non-peckers based on whether or not they performed SFP 
during the behavioural observations (Chapters 3, 4, 5). Feather/integument damage 
was also used as a proxy for pecking behaviour (Bilčík and Keeling, 1999). However, 
the effects of L. rhamnosus on the feather cover in Chapter 4 and 5 were subtle. 
Interestingly, L. rhamnosus reduced feather damage in birds under non-stressed 
conditions (Chapter 5), suggesting that the probiotic has potential beneficial effects 
when stress or SFP is limited. While the majority of published studies have focused on 
populations with specific health pathologies or stressful conditions (Heeney et al., 
2018), bacteria-driven signalling can also influence facets of mood-related behaviours in 
healthy or unstressed populations (Bravo et al., 2011; Khalesi et al., 2019). Unstressed 
mice that were orally administered L. rhamnosus for four weeks showed reduced 
anxiety- and depressive-like behaviours (Bravo et al., 2011). Probiotic supplementation 
in healthy adults is known to initiate a transient improvement in gut microbiota 
composition, immune system responses, and bowel movement among other observable 
effects (Khalesi et al., 2019).  

6.2.2 Associations with the cecal microbiota 

Feather pecking is postulated to be triggered by stress (van Staaveren and Harlander, 
2020). Exposure to stress is also known to reduce beneficial bacteria, such as 
Lactobacillus species, in the gut (Bailey et al., 2011) and stool (Bailey and Coe, 1999; 
Knowles et al., 2008) of mammals. The resulting dysbiosis may disrupt the epithelial 
barrier, thereby increasing susceptibility to enteric infection and inflammation (Maes et 
al., 2009). Although microbial composition in the ileum or caecum may not cause 
feather pecking (Borda-Molina et al., 2021), differences in gut microbiota between high 
and low peckers has been consistently demonstrated, whereby peckers have a lower 
prevalence of Lactobacillus (Birkl et al., 2018; van der Eijk et al., 2019c; Borda-Molina et 
al., 2021). Supplementation with L. rhamnosus for 10 weeks (19 woa to cecal droppings 
collection at 27 woa) limited stress-induced microbiota dysbiosis in the cecal droppings 
of HFP hens (Chapter 3). Indeed, the beta diversity in the cecal droppings of L. 
rhamnosus supplemented birds did not change, in contrast to the placebo birds after 
stress. The effect of L. rhamnosus on the gut microbiota was only evaluated in Chapter 
3 thus far. While cecal droppings were collected in all experiments following the protocol 
described in Chapter 3, the sample analysis of Chapters 4 and 5 was not completed 
due to COVID-19 pandemic related lab closures. Nonetheless, this protective effect of 
L. rhamnosus against stress may contribute to improving gut health as higher microbial 
diversity appears to be associated with better host health. In contrast, the loss of 
diversity has been associated with health problems (Kogut, 2019), such as enteric 
infections (Mon et al., 2015). It should be noted that previous work studying the chicken 
gut microbiota (van der Eijk et al., 2019c; Borda-Molina et al., 2021) analyzed the 
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luminal microbiota composition, whereas Chapter 3 analyzed microbiota from cecal 
droppings similarly to Birkl et al. (2018). The luminal microbiota composition is known to 
differ from the mucosa-associated microbiota composition (Olsen et al., 2008; Awad et 
al., 2016). Future research should identify microbiota composition from different 
locations within the gut (i.e., luminal, and mucosa-associated microbial communities) 
and their impact on physiological processes. We hypothesize that the mucosa-
associated microbiota has more influence on the physiological pathways compared to 
luminal microbiota because of its physical proximity to the host (Ouwerkerk et al., 2013). 

6.2.3 Associations with the T cell populations 

Overall, stress suppresses the avian immune system (Trout and Mashaly, 1995; Shini et 
al., 2010; Nazar and Marin, 2011). While this was true in the case of tonsil cytotoxic T 
cells (Chapter 4), L. rhamnosus increased of tonsils and splenic Treg cells (in pullets 
and adults, Chapters 3, 4, 5), and T helper and T cytotoxic cell subsets in adult laying 
hens (Chapters 4 and 5). This effect of L. rhamnosus on T cell populations was more 
prominent in the stressed population (Chapters 3 and 4) which suggests that the 
bacterium was able to counterbalance the effect of stress and enhance the adaptive 
immune response of the birds (Klasing, 2007).  

Several studies now show that lactobacilli reduce inflammatory responses via T 
lymphocytes in mammals (Ding et al., 2017). Treg cells, in particular, play a vital role in 
the inhibitory effect of lactobacilli on inflammation. Oral treatment with Lactobacillus 
strains increases the number and regulatory function of splenic Treg of sensitized mice 
(Karimi et al., 2009; Jang et al., 2012) and Treg of the gut-associated lymphoid 
tissue (Reynolds et al., 2014). Thus, the increase of the Treg proportion by L. 
rhamnosus in laying hens may reflect an anti-inflammatory effect of the bacterium as in 
mammals.  

The probiotic supplement also led to increased T helpers in adult hens (Chapters 4 and 
5) which challenges the aforementioned consideration. Indeed, the anti-inflammatory 
action of Lactobacillus strains usually suppresses the pro-inflammatory T helper cells in 
the mammalian host (Ding et al., 2017; Zachary, 2017). Further research should 
determine the effect of L. rhamnosus on specific T helper subsets (e.g., Th1, Th2, Th17) 
to better characterize its immunomodulatory effect in laying hens. Additionally, the 
actual mode of action through which the bacterium increases T cells subsets in birds is 
yet to be shown experimentally.  

The increase of Treg cells by L. rhamnosus is specifically of interest as we found that 
genotypic (HFP line, Chapter 4) and phenotypic severe feather peckers (Chapter 5) had 
a lower proportion of tonsil Treg cells (Table 6.3). Birds from the HFP line and 
phenotypic severe feather peckers also had elevated proportions of splenic cytotoxic T 
cells (Chapter 4). Cytotoxic T cells usually increase following infection with viruses, 
bacteria or parasites (Zachary, 2017). In agreement with previous findings, this 
suggests that the adaptive anti-inflammatory immune response of peckers may be 
partially dampened, causing the birds to be in a constant pro-inflammatory state 
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(Buitenhuis et al., 2004, 2006). Indeed, LFP birds are characterized by better T cell 
competence (measured by the expression of major histocompatibility complex (MHC) 
class I molecules on CD4+, CD8β+ T cells) (Buitenhuis et al., 2006). Buitenhuis et al. 
(2004) also found a strong negative genetic correlation between SFP and the antibody 
response to a keyhole limpet hemocyanin antigen, indicating that a less responsive 
immune system could be linked to SFP. Thus, the L. rhamnosus-induced increase of T 
cell subsets may help reinstate the immune system in peckers. Additionally, it is 
possible that L. rhamnosus affects SFP behaviour in laying hens via Treg induction 
(Chapter 5), a hypothesis based on findings in mammalians species (Feleszko et al., 
2007; Karimi et al., 2009, 2012; Jang et al., 2012). Indeed, L. rhamnosus 
supplementation increased proportions of Treg cells in the tonsils of severe feathers 
peckers (Chapter 5), and these birds displayed reduced levels of SFP compared to the 
severe feather peckers receiving the Placebo (Chapter 5, data not shown). 
Nevertheless, these associations were absent in Chapters 3 and 4, possibly due to the 
lower sample size (Table 6.1). Future research should inquire if an immune imbalance 
and, specifically, a deficit in Treg cells may cause SFP behaviour. 

It should be noted that the immunological data show inconsistencies across the studies. 
For example, HFP birds showed increased proportions of splenic T helper cells in 
Chapter 4 but the inverse was observed in phenotypic peckers in Chapter 5. These 
contradictions may be explained due to genotype and phenotype classification. Indeed, 
we classified birds as severe feather peckers based on whether or not they performed 
SFP during the behavioural observations (Chapters 3, 4, 5). This methodology can be 
problematic as 50% of birds may switch their phenotypic classification over time (Daigle 
et al., 2015) and different threshold values may lead to different results. SFP 
frequencies may vary because of differences in ethogram definitions, methods, housing 
systems, breeds, and bird ages involved (van Staaveren et al., 2020a). Previously 
reported SFP incidence range between 0.5 and 30.2 pecks per hour (LayWel, 2006). 
Thus, a single severe feather peck may not be sufficient to classify a bird as a severe 
feather pecker, which might have skewed our outcomes. 

6.2.4 Associations with the plasma monoaminergic system 

SFP behaviour has been associated with the monoaminergic neurotransmitters 
serotonin (Van Hierden et al., 2002, 2004a; Bolhuis et al., 2009; Biscarini et al., 2010; 
Wysocki et al., 2010; van der Eijk et al., 2019a) and dopamine (Kjaer et al., 2004). The 
involvement of the peripheral monoaminergic system was confirmed in this thesis as we 
show that genotypic HFP birds displayed lower peripheral levels of TRP and 
TRP:(PHE+TYR) (Chapter 4) and phenotypic severe feather peckers have a lower of 
TRP (Chapter 4) and TRP:(PHE+TYR) (Chapter 5). Additionally, phenotypic severe 
feather peckers showed higher peripheral concentrations of PHE (Chapter 3) and TYR 
(Chapters 3 and 5), while the genotypic HFP birds displayed lower PHE and TYR levels 
(Chapter 4) than their non-feather pecking counterparts. It is interesting that differences 
between peckers and non-peckers in PHE and TYR concentrations are contradictory 
according to whether they were measured in the genotype or phenotype. This is 
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potentially due to the absence of phenotype categorization within each line. Indeed, not 
all HFP are necessarily phenotypic severe feather peckers (van der Eijk et al., 2018).  

Some Lactobacillus strains can induce serotonin release from intestinal cells (Nakaita et 
al., 2013; Hara et al., 2018). This may be achieved by upregulating serotonin 
transporter expression (Wang et al., 2015; Cao et al., 2018b; a), or by acting on the 
enzymes involved in serotonin biosynthesis and TRP metabolism along the kynurenine 
(KYN) pathway (Xie et al., 2020). Data suggest that L. rhamnosus mainly impacts 
behaviour via modulation of the immune response (Capurso, 2019; Lehtoranta et al., 
2020); however, little is known about its modulatory effect on the monoaminergic 
neurotransmitters of the central nervous system (CNS). A recent study shows that 
Lactobacillus plantarum increased the levels of serotonin and dopamine in the brains of 
germ-free mice, thereby reducing anxiety-like behaviours (Liu et al., 2016a). L. 
rhamnosus supplementation yielded little (Chapter 4) or no impact (Chapters 3 and 5) 
on serotonin and dopamine precursors (TRP, PHE and TYR), KYN (metabolite of TRP 
catabolism), and their respective ratios. Nevertheless, L. rhamnosus supplemented in 
early-life (0-9 woa) led to a short increase of peripheral plasma TRP and 
TRP:(PHE+TYR) ratio at 10 woa (Chapter 4). 

Aside from protein synthesis, the dominant physiological pathway for TRP (for 95%) in 
mammals is along the kynurenine pathway. Kynurenine is produced from TRP by the 
action of the stress-sensitive tryptophan-2,3- dioxygenase (TDO; in the liver) enzyme, or 
the immune-sensitive indoleamine-2,3-dioxygenase (IDO-1 and IDO-2 orthologs; 
omnipresent) (O’Mahony et al., 2015). Consequently, the KYN:TRP ratio is used to 
estimate TRP metabolism along the KYN pathway, and this ratio is used as an index of 
the IDO-1 enzyme-mediated TRP breakdown when accompanied by an increase in 
markers of the cellular immune system in humans (Fuchs et al., 1991). The L. 
rhamnosus-induced short-term increase in peripheral TRP and TRP:(PHE+TYR) did not 
impact the KYN pathway (Chapter 4), suggesting that more TRP may have been 
available for serotonin production (Bender, 1983). Our results also suggest that L. 
rhamnosus did not impact the activity of the enzymes responsible for TRP degradation 
to KYN as no effect was found on the KYN:TRP (Table 6.2, Chapter 4). Interestingly, 
chickens have no gene ortholog for the human IDO-1 and, instead, rely on TDO and the 
low efficiency isoenzyme IDO-2 (Ball et al., 2007; Yuasa et al., 2015). Therefore, 
assuming that plasma concentrations are indicative of intracellular concentrations 
(Jacobs et al., 2019), the use of the KYN:TRP ratio may not be a good indicator for IDO-
1 activity in chickens.  

Lactobacilli modulate intestinal absorption of various compounds in animals (El-Nezami 
et al., 2000; Gratz et al., 2006; Zhang et al., 2019), including amino acid by increasing 
their transporters in the small intestinal mucosa (Chen et al., 2010; Yi et al., 2019). 
Given the strong immunomodulatory impact of L. rhamnosus, it is possible that the 
supplementation improved the absorption of dietary TRP from the epithelial cells via 
interaction with the mucosal immune system. This, in turn, would lead to both increases 
in TRP and the TRP:(PHE+TYR) ratio (Chapter 4). Indeed, L. rhamnosus interacts with 
the mammalian intestinal epithelial cells, particularly enterochromaffin cells, which are 
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responsible for producing and storing the largest pool of serotonin in the body (Javkar et 
al., 2020).  

Regardless of how it is achieved, this transient L. rhamnosus-induced TRP increase 
may help prevent the deficit of TRP itself, and TRP compared to other aromatic amino 
acids (TRP:(PHE+TYR)) in HFP birds (Chapter 4), and in severe feather peckers 
(Chapter 4: TRP only, Chapter 5: TRP:(PHE+TYR) only). Dietary deficiency in TRP can 
have deleterious effects in chickens due to its role in protein synthesis and as it is a 
precursor of serotonin, melatonin and others metabolites (Perry, 2006). Nevertheless, 
the observed increases in TRP and TRP:(PHE+TYR) were only short term (10 woa 
only, Chapter 4) and were not replicated in Chapters 3 or 5. During the first few weeks 
following hatch, the intestinal tract of birds grows rapidly (Denbow, 2015). The addition 
of Lactobacillus spp. to the feed of 1-day old broilers increases the small intestinal 
weight later in life (Olnood et al., 2015) possibly by increasing the size of villi (Awad et 
al., 2010; Cui et al., 2017; Šefcová et al., 2021). It is possible that L. rhamnosus 
similarly increased the absorption surface area of villi during the growth of pullets 
thereby enhancing nutrient absorption and increasing TRP and TRP:(PHE+TYR). This 
effect may be reduced as pullets reach their adult size. Further research should 
evaluate the ability of the bacterium to modulate the intestinal morphology of laying 
hens during early-life growth. 

The reason why severe feather peckers had deficits of TRP, and TRP:(PHE+TYR) may 
reside in their gut microbiota composition and diversity. Other bacterial genus than 
lactobacilli in the GIT also affect TRP metabolism (Agus et al., 2018; Dehhaghi et al., 
2019). TRP can be degraded into metabolites such as indole, skatole and tryptamine by 
Clostridia bacteria (Smith and Macfarlane, 1997; Williams et al., 2014). Clostridia 
bacteria are important for the maintenance of normal peristalsis as they modulate gut 
serotonin metabolism in the host by increasing the expression of tryptophan 
hydroxylase 1 (Yano et al., 2015), the rate limiting enzyme in the TRP-serotonin 
catabolism (O’Mahony et al., 2015). In addition to lower levels of gut lactobacilli, severe 
feather peckers were shown to display an increased abundance of Clostridiales (Birkl et 
al., 2018; van der Eijk et al., 2019c; Borda-Molina et al., 2021). Thus, it is possible that 
increased abundance of gut Clostridiales in severe feather peckers escalated gut TRP 
degradation into serotonin or other metabolites, thereby reducing TRP and 
TRP:(PHE+TYR) levels (Chapters 3, 4 and 5). As serotonin is known to initiate the 
peristaltic reflex (Sikander et al., 2009), this also corroborates with findings from 
Harlander-Matauschek et al. (2007) who showed that peckers have a lowered feed 
passage time. This was not verified in the present thesis as we did not analyze the 
variations in specific bacteria genera, but it may be of interest for further research. 

Taken together, it is likely that L. rhamnosus indirectly influences the avian CNS via the 
monoaminergic system. In each of the three studies, we collected the brain immediately 
after euthanasia from the subsample of hens utilized for cecal tonsil and spleen 
collection. The brains were snap-frozen in isopentane and stored, but the analysis was 
not completed for due to time constraints. Future analysis of this tissue may help 
elucidate the effect of L. rhamnosus on central pathways. 
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Gamma-aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the CNS 
(Li and Xu, 2008) regulating physiological and psychological processes (Watanabe et 
al., 2002), as well as behavioural patterns (Poshivalov, 1981). Lactic acid bacteria and 
Lactobacillus species can produce and modulate the GABAergic system (Bravo et al., 
2011; Zhu et al., 2015; Janik et al., 2016). Indeed, GABA receptor expression was 
increased in cortical regions and reduced in the hippocampus, amygdala, and locus 
coeruleus of L. rhamnosus fed mice (Bravo et al., 2011). These neural effects also 
correlated to behavioural changes, as L. rhamnosus reduced anxiety- and depression-
related behaviour (Bravo et al., 2011). Recent genetic studies suggest that genes 
related to the GABAergic system are of interest in the study of SFP development and 
cannibalism in laying hens (Brinker et al., 2018; Iffland et al., 2020). Additionally, 
cholinergic signaling has been suggested to play a role in the dysregulation of T cells 
and SFP (Falker-Gieske et al., 2020). Acetylcholine is the main excitatory 
neurotransmitter in the mammalian enteric nervous system and plays an important role 
in the control of gut motility in chickens (Olsson and Holmgren, 2010). Thus, further 
research should evaluate the possible involvement of the GABAergic and cholinergic 
neural pathways in SFP in laying hens and their role in the communication pathways of 
L. rhamnosus.  
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Table 6.2. Summary of the effect of L. rhamnosus supplementation (Lacto: L. rhamnosus, Placebo: water), stress treatment (S: Stress, 
NS: Non-stress) and their interaction across the three studies. Sub-populations of T lymphocytes were identified using the following 
combinations of cell surface markers: T helper cells = CD3+CD4+; cytotoxic T cells = CD3+CD8+; T regulatory cells = CD3+CD4+CD25+. 
Aromatic amino acids and metabolite are referred to as follows: tryptophan [TRP], tyrosine [TYR] and phenylalanine [PHE], kynurenine 
[KYN]. Short-term refers to outcomes collected during 10-13 woa and long-term refers to outcomes collected at 32 woa. “x” represents 
the absence of effect of the supplementation, stress treatment or their interaction on the outcome while “n.a.” means that the effect was 
not analyzed. 

  
Chapter 3  
(Study 1) 

Chapter 4  
(Study 2)  

Chapter 5  
(Study 3) 

  

Supplementation Stress 
Supplementation*

Stress 
Supplementation Stress 

Supplementation*
Stress 

Supplementation Stress 
Supplementation*

Stress 

Behaviour                 

SFP x ↑ in S 

S-Placebo > NS-
Placebo 

S-Lacto = NS-
Lacto 

x 
↓in S 

(short-
term) 

x n.a. n.a. n.a. 

GFP ↑ in Lacto x x x ↓in S x n.a. n.a. n.a. 

Tonic 
Immobility 
Duration 

x x x x x x x x x 

Induction 
of Tonic 

Immobility 
x x x x x x x x x 

Physical Condition                 

Feather 
Damage 

x ↑ in S 

S-Placebo > NS-
Placebo 

S-Lacto = NS-
Lacto 

n.a. n.a. n.a. ↑ in Placebo ↑ in S  

S-Lacto > S-
Placebo 

NS-Lacto < NS-
Placebo  

Injury ↑ in Placebo ↑ in S x n.a. n.a. n.a. n.a. n.a. x 

Integumen
t Damage 

n.a. n.a. n.a. x x x n.a. n.a. x 

Bodyweig
ht 

x x x 
↑ in Lacto  

(long-term) 
x 

NS-Lacto > NS-
Placebo 

S-Lacto = S-
Placebo  

(long term) 

x ↓in S 
NS-Placebo > S-

Placebo 
NS-Lacto = S-Lacto 
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Chapter 3  
(Study 1) 

Chapter 4  
(Study 2)  

Chapter 5  
(Study 3) 

  

Supplementation Stress 
Supplementation

*Stress 
Supplementation Stress 

Supplementation
*Stress 

Supplementation Stress 
Supplementation*

Stress 

Cecal Microbiota                 

Alpha 
Diversity 

x x x n.a. n.a. n.a. n.a. n.a. n.a. 

Beta 
Diversity 

x x 

S-Placebo > NS-
Placebo 

S-Lacto = NS-
Lacto 

n.a. n.a. n.a. n.a. n.a. n.a. 

Tonsil T lymphocytes                 

Helper x x x x x x ↑ in Lacto x x 

Cytotoxic x x x x ↓in S x ↑ in Lacto x 

NS-Lacto > NS-
Placebo  

S-Lacto = S-
Placebo 

Regulatory x x 

S-Lacto > S-
Placebo  

NS-Lacto = NS-
Placebo 

↑ in Lacto x 

S-Lacto > S-
Placebo  

NS-Lacto = NS-
Placebo  

↑ in Lacto x x 

Spleen T lymphocytes                 

Helper x x x ↑ in Lacto x 

S-Lacto > S-
Placebo  

NS-Lacto = NS-
Placebo 

↑ in Lacto x x 

Cytotoxic x x x ↑ in Lacto x x ↑ in Lacto x 

S-Lacto > S-
Placebo 

NS-Lacto = NS-
Placebo 

Regulatory ↑ in Lacto x x ↑ in Lacto x 

S-Lacto > S-
Placebo  

NS-Lacto = NS-
Placebo 

↑ in Lacto x x 
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Chapter 3  
(Study 1) 

Chapter 4  
(Study 2)  

Chapter 5  
(Study 3) 

  

Supplementation Stress 
Supplementation

*Stress 
Supplementation Stress 

Supplementation
*Stress 

Supplementation Stress 
Supplementation*

Stress 

Plasma                 

TRP:(PH
E+TYR) 

x x x ↑ in Lacto x x x x x 

TRP x x x ↑ in Lacto x x x x x 

KYN x x x x x x x x x 

KYN:TRP x x x x x x x x x 

PHE x x x x x x x x x 

TYR x x x x x x x x x 

PHE:TYR x x x x x x x x x 

Nitrite x x x x x x x x x 

Corticoste
rone 

x x x n.a. n.a. n.a. n.a. n.a. n.a. 

Production             

Egg-
laying 

x ↓in S x n.a. n.a. n.a. x ↓in S x 
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Table 6.3. Summary of the effect of genetic lines (HFP: High Feather Pecking, LFP: Low Feather 
Pecking and UC: Unselected Control) and SFP phenotype (Pecker vs Non-pecker) across the 3 
experiments. Sub-populations of T lymphocytes were identified using the following combinations 
of cell surface markers: T helper cells = CD3+CD4+; cytotoxic T cells = CD3+CD8+; T regulatory 
cells = CD3+CD4+CD25+. Aromatic amino acids and metabolite are referred to as follows: 
tryptophan [TRP], tyrosine [TYR] and phenylalanine [PHE], kynurenine [KYN]. Short-term refers to 
outcomes collected during 10-13 woa. “x” represents the absence of effect of the genetic line or 
the phenotype on the outcome while “n.a.” means that the effect was not analyzed 

  
Chapter 3  
(Study 1) 

Chapter 4  
(Study 2)  

Chapter 5  
(Study 3) 

  
Phenotype 
(24-26 woa) 

Line 
Phenotype 
(10-13 woa) 

Line 
Phenotype  
(33-38 woa) 

Behaviour         

SFP n.a. HFP > LFP n.a. HFP > LFP n.a. 

GFP n.a. 
HFP > LFP  
(short term) 

n.a. HFP > LFP n.a. 

Tonic Immobility 
Duration 

x LFP > HFP x LFP > HFP 
↓ in Pecker  
(35 woa) 

Induction of Tonic 
Immobility 

x HFP > LFP x HFP > LFP x 

Physical Condition         

Feather Damage ↓ in Pecker n.a. n.a. x x 

Injury n.a. n.a. n.a. x n.a. 

Integument Damage n.a. x n.a. 
LFP > HFP 
(severity) 

n.a. 

Bodyweight n.a. HFP > LFP  n.a. x n.a. 

Cecal Microbiota         

Alpha Diversity n.a. n.a. n.a. n.a. n.a. 

Beta Diversity n.a. n.a. n.a. n.a. n.a. 

Tonsil T lymphocytes         

Helper x x x x x 

Cytotoxic x x x x x 

Regulatory x LFP > HFP x x ↓ in Pecker 

Spleen T lymphocytes         

Helper x HFP > LFP x x ↓ in Pecker 

Cytotoxic x HFP > LFP ↑ in Pecker x x 

Regulatory x x n.a. x x 

Plasma         

TRP:(PHE+TYR) x LFP > HFP x x ↓ in Pecker 

TRP x LFP > HFP ↓ in Pecker x x 

KYN x x x x ↓ in Pecker 

KYN:TRP x x x x x 

PHE ↑ in Pecker LFP > HFP x x x 

TYR ↑ in Pecker LFP > HFP x x ↑ in Pecker 

PHE:TYR x LFP > HFP x x x 

Nitrite x x x x x 

Corticosterone x n.a. n.a. n.a. n.a. 

Production         
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Egg-laying n.a. n.a. n.a. n.a. n.a. 

6.3 To stress or not to stress? 

We utilized a validated sequence of stressors mimicking experiences that birds 
encounter in a commercial farm that was implemented to trigger SFP (Beuving and 
Blokhuis, 1997; Korte et al., 1997; Huber-Eicher et al., 1999; de Haas et al., 2014; Birkl 
et al., 2019a). Both environmental (removal of nest boxes and perches, physical 
restraint) and social (manual restraint, mixing with unknown birds) stressors were 
repeated in an unpredictable order over a period of 3 weeks (Chapter 3, Table 6.1). 
Preliminary results aligned with previous research and showed that social mixing led to 
the strongest behavioural reaction (Birkl et al., 2019a). Consequently, the stress 
regimen was then modified, wherein social mixing was the only social stress 
administered to birds, and only applicable environmental stressors were retained (e.g., 
nestboxes were not supplied to any pullets as they were not in lay yet) (Chapter 4, 
Table 6.1). Since the birds used in the studies were often handled and had short stays 
in crates pre-experiment, it is possible that human handling and crate time would be 
less stressful than intended. Thus, the stress regimen in Chapter 5 was only composed 
of the removal of perches and shavings, the blocking of nest-boxes, and 10 repetitions 
of social disruption by mixing (Table 6.1).  

The stress regimen administered in Chapter 3 significantly increased the incidence of 
SFP in young laying hens (24-26 woa, Table 6.2). Surprisingly, the stress treatment in 
Chapter 4 decreased SFP (10-13 woa, Table 6.2) and had no long-term effect (32 woa). 
Finally, the stress regimen in Chapter 5 aggravated feather damage (Table 6.2). It is 
noteworthy that, when comparing the effect of the three different stress regimens, only 
the most complex and varied regimen induced SFP (Chapter 3). The subsequent stress 
regimens that focused on social mixing did not induce SFP in young (Chapter 4) or 
mature birds (Chapter 5), and very few events of SFP were observed overall. Despite 
the lack of SFP, we report an increase in feather damage in the stressed birds (Chapter 
5). This suggests that the time window during which behaviours were recorded may not 
accurately reflect the total amount of SFP shown by the birds in this study. Direct 
recording of behaviour in large groups of birds is difficult and time consuming to 
perform. Therefore, scoring of feather cover provide a reliable estimation of the intensity 
of the pecking behaviour (Bilčík and Keeling, 1999). This highlights the importance of 
assessing both behaviour and feather cover, or the general body condition (such as 
injuries and general integument damage), when conducting research on damaging 
behaviours such as SFP.  

Other reasons for the above-described differences could be related to the different 
stressors applied or the age of the birds at which they are submitted to stressful events. 
Stress increased feather cover damage in adult hens (Chapter 3 and 5) but had no 
impact in pullets (Chapter 4). Studies in humans and mammals have found that social 
stress during vulnerable stages in the development of an individual can have a severe 
impact on psychological wellbeing (Amat et al., 2005; Sterlemann et al., 2010). In 
Chapters 3 and 5, the hens were respectively starting to lay (19 woa) and in peak of lay 
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(33 woa) and their egg production was decreased by the stress treatment (Table 6.2). 
Sexual maturation is physiologically stressful transitional period during which nutritional 
requirements of hens shift towards protein synthesis for egg formation, while 
requirements for growth are minimal (Vignale- Lake, 2014). This, in turn, potentially led 
hens to become more vulnerable to a stress treatment. In Chapter 4, the first social 
disruption stressor was introduced at 10 woa. At this time, social hierarchies may not 
yet have been fully established amongst the pullets. In turn, the birds may have been 
more adaptable to a change in their social groups, which may explain the observed 
results. Early exposure to stressors affects subsequent stress responses in avian 
species (Simon et al., 2016; Hedlund et al., 2019). However, as the social mixing was 
repeated 5 (Chapter 3 and 4) to 10 times (Chapter 5), it is also possible that the birds 
may have been inadvertently conditioned or habituated to these repeated disruptions 
(Ghareeb et al., 2008; Wonder, 2013). Owing to the fact that birds could only be mixed 
within their specific treatment group (supplementation, stress), limited unfamiliar birds 
were available. Eventually, birds were mixed with birds they had previously 
encountered. This could have reduced the impact of these mixings as birds might have 
recognized one another (Guhl, 1953; Hughes, 1977). Given that the pens in which the 
birds were housed were fairly impoverished, the social disruption, which allowed birds to 
interact with new individuals, may have been perceived as an enrichment instead of a 
stress, thereby compensating for the other negative stressors (e.g., environmental 
stressors). Thus, laying hens may have a different perception of stress than we 
originally presumed when designing the experiments.  

Furthermore, SFP typically occurs in older flocks once the birds are in lay (Savory and 
Mann, 1997; McAdie and Keeling, 2002; Decina et al., 2019b). As such, stressful events 
may be more likely to trigger SFP and have more substantial negative impact on their 
welfare at this stage of life rather than in pullets. Considering that laying hens may be 
more adaptable and less susceptible to stressful social events at a young age, it would 
be imperative to empirically determine the most appropriate age to transfer pullets from 
rearing into laying housing to minimize stress-related behavioural deficits. 

6.4 Strengths and limitations of this project 

6.4.1 Using mammalian physiology as an example 

The term gut-brain axis has been used since the 60s-70s to describe the 
communication between gut and the brain in the mammalian host. The role of 
microbiota within this axis has garnered growing interest this past decade. Until a few 
years ago, the existence of the gut-brain-axis in poultry species was debated and data, 
even though compelling (Parois et al., 2017; Kraimi et al., 2019; van der Eijk et al., 
2020), remain relatively scarce. As such, concepts related to the gut-brain axis in this 
thesis are mainly based on mammalian studies. While there is a great deal of similarity 
between the avian and mammalian neural structure and gut microbiome (Villageliũ and 
Lyte, 2017), some of the main differences are highlighted in this section.  
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Lactobacillus bacteria are part of the healthy gut microbiota in mammals (Nistal et al., 
2016; Almonacid et al., 2017) and decreased levels of this genus are often associated 
with diseases (Almonacid et al., 2017). Lactobacillus supplementation is often reported 
to have beneficial effects on the mammalian stress response, the immune system, and 
stress-induced behaviour (Bravo et al., 2011; Palomar et al., 2014b; Huang et al., 
2016). Consequently, Lactobacillus-based treatments are being developed as novel 
preventives and therapeutics for these diseases or disorders. In chickens, Lactobacilli 
also have a beneficial role on the health, immune, and stress response of laying hens 
(Alaqil et al., 2020). In contrast to mammals, they represent a predominant genus 
throughout the chicken GIT (Rehman et al., 2007; Gong et al., 2007). Therefore, the 
marked reduction of gut lactobacilli of severe feather peckers (Birkl et al., 2018; van der 
Eijk et al., 2019c; Borda-Molina et al., 2021) could underlie or lead to important health 
impairments and should not be underestimated.  

Another important concept for this thesis concerns TRP metabolism and its relationship 
with feather pecking. Much research on TRP metabolic pathways comes from human or 
mammalian research (Höglund et al., 2019). However, TRP metabolism in chickens 
differs from mammals, possibly due to their evolutionary history (Ball et al., 2007; Yuasa 
et al., 2015). Indeed, birds do not possess the high efficiency IDO-1 enzyme but 
conserved the low efficiency IDO-2 enzyme (Ball et al., 2007; Yuasa et al., 2015). We 
presumed that that the anti-inflammatory effect of L. rhamnosus would decrease TRP 
breakdown to KYN (lower IDO activity) (Vujkovic-Cvijin et al., 2015; O’Mahony et al., 
2015). However, the KYN:TRP ratio did not vary with L. rhamnosus supplementation, 
the stress treatment, or their interaction across all experiments (Table 6.2). Whether this 
is because KYN:TRP may not be an appropriate proxy for the TRP catabolism towards 
KYN, or because the TDO and IDO-2 enzyme may be differently regulated than in 
mammals, needs to be further investigated. 

Finally, in mammals, TRP is transported to the CNS across the blood brain barrier (by 
large neutral amino acid [LNAA] transporters). TRP competes for access to these 
transporters with other LNAA (Phe, Tyr, Leu, Ile, Val) (Richard et al., 2009). 
Concentrations of central Trp and serotonin have been shown to be directly correlated 
with the peripheral plasma TRP: LNAA ratio (Fernstrom and Wurtman, 1972). Plasma 
KYN increases are also thought to be a reliably reflected in the mammalian CNS 
(Raison et al., 2010) and further metabolites of TRP along the KYN pathway can be 
neuroprotective (kynurenic acid) or neurotoxic (quinolinic acid) notably because of their 
effects on extracellular levels of glutamate (O’Mahony et al., 2015). To the best of our 
knowledge, there are no avian studies comparing peripheral and central TRP and KYN 
levels, as well as TRP:LNAA ratio. Hence, despite the transient increase of peripheral 
TRP, the results do not allow for any interpretation of TRP availability in the CNS. 
Nevertheless, there is some evidence that peripheral serotonin concentrations mirror 
the serotonin levels in the avian brain after an acute stress (Uitdehaag et al., 2011). 
Another avian study showed that TRP supplementation significantly increased central 
serotonin turnover (Van Hierden et al., 2004b); however, the authors used a surprisingly 
high, and potentially toxic, concentrations of TRP (2%), which might not be relevant to a 
commercial setting. Therefore, it is suggested that future studies investigate the 
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correlation between peripheral TRP and central TRP metabolism as well as its 
transportation process through the BBB. 

While research in mammalian species helped inform hypotheses tested in this doctoral 
thesis, it is clear that avian physiology can differ significantly from that of mammals. 
Fundamental research to elucidate avian physiology should aim to understand the 
precise physiological pathways of stress- and immune-related responses of aromatic 
amino acids metabolism.  

6.4.2 Controlling for individual intake  

Diet is one of the most important modifiers of the intestinal microbiome and can 
influence its composition and functional metabolism (Yadav and Jha, 2019). Similarly, 
plasma aromatic amino acid levels (mostly PHE and TRP) are largely determined by 
dietary intake (Young et al., 1971). While blood collection was consistently conducted 1-
hour post feeding and at similar times of the day to avoid variations due to the birds’ 
circadian cycle, we acknowledge that individual consumption could have influenced the 
results. The lack of control for individual feed consumption and nitrogen balance in the 
feces and eggs to account for individual ingestion, digestion and use of dietary aromatic 
amino acids is a limitation in this work. Future research should consider solutions to 
house birds in groups while assessing individual consumption and excretion. For 
example, the use of feeders associated to a feed weighing system that allow the 
identification of individual birds (e.g., using Radio-frequency identification) could be a 
potential option. 

6.4.3 Data collection 

Data collection (microbiome, blood, and tissue samples) occurred twice per experiment. 
While some bacterial species colonize the GIT and their presence rarely varies, others 
are only in the gut transiently. It is possible that two timepoints may not have adequately 
represented individual gut microbiota changes across each experiment. Similarly, we 
acknowledge that only two timepoints to measure plasma components and T cells 
subsets may not have adequately represented changes, such as enzymatic activity and 
thus metabolism rates. While a higher number of samples would provide more precise 
results, costs of analysis must be considered when deciding sample sizes. Similarly, 
because of costs and time constraints, the time windows of recordings to analyze SFP 
behavior were short (5 to 10 minutes per day). These time slots may have been too 
short to obtain a reliable estimate of this rare behaviour. In this regard, the behavioural 
results and the determination of peckers and non-peckers phenotypes should be 
considered with caution as it is conceivable that this categorization may not be fully 
reliable due to miss-identification of the phenotypes. This methodology constraint 
highlights the importance of measuring damages to feather cover in addition to 
behaviour recordings. While feather damage does not allow to identify the birds 
displaying severe feather pecking, it may give information about the presence or 
intensity of the behaviour which could have been missed in the video recordings. 
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6.4.4 Multidisciplinary project 

While research often focuses on a precise field of expertise, this project used a 
collaborative approach between four research institutes. Each team brought with them 
specific skills and knowledge pertaining to different disciplines. This multicentered 
approach undoubtedly created a strong and unique research project. Nevertheless, it is 
noteworthy that experts in each field varied in their methods of data collection and 
analysis. Additionally, the geographic distance between partners required more 
coordination and communication to manage the project, as practical aspects, such as 
international shipping of biological samples, required intricate paperwork and time. 
Regardless, as evidenced by the “One Health” and “One Welfare” initiatives, the future 
of science is moving towards a comprehensive and cross-disciplinary approach. To this 
end, we believe that this project is a pioneer in avian behavioural research, and we 
hope that it will inspire upcoming studies. 

6.5 Taking it a step further 

Our work supports the hypothesis of a microbiota-gut-brain axis that modulates pecking 
behaviours in laying hens. In mammals, this bidirectional communication occurs through 
multiple pathways that include hormonal, neural and immune mediators. Our research 
focused on the neural and immune components of this axis that may act as regulatory 
mechanisms of this bidirectional communication. L. rhamnosus supplementation 
prevented stress-induced SFP in 24-26 weeks old laying hens (Chapter 3). These 
outcomes partly reflect a previous study using the same bacterial strain in mice 
(Bharwani et al., 2017). Importantly, the positive neurochemical and behavioural effects 
of L. rhamnosus were not found in vagotomised mice, identifying the vagus nerve as a 
major modulatory or permissive communication pathway between the gut bacteria and 
the brain (Bravo et al., 2011). The vagus nerve carries both afferent and efferent signals 
between viscera and the brain, thus enabling rapid tonic communication between the 
CNS and the periphery (Rhee et al., 2009). Recent work has demonstrated that the 
vagus can be recruited by bacteria-driven gut-brain signalling. Indeed, within minutes of 
application, exposure of the intestinal lumen to L. rhamnosus increased the firing rate of 
the mesenteric nerve bundle which contains vagus afferent fiber (Perez-Burgos et al., 
2013). Whether the vagus nerve is similarly important in the avian microbiota-gut-brain 
axis and plays a role in the communication pathways of L. rhamnosus should be 
examined. 

The gut of chicks is inhabited by more than 900 bacterial species (Apajalahti et al., 
2004). In addition, the microbiota composition and complexity change rapidly with age 
(Ballou et al., 2016). L. rhamnosus JB-1 is a unique strain within the Lactobacillus 
genus which is comprised of at least another 170 species (Goldstein et al., 2015). Thus, 
despite our promising results, the strain we have presently used could be compared to a 
needle in the microbiota haystack. Indeed, bacteria are not isolated from each other or 
their host; and they communicate with, influence, and are influenced by their host and 
their neighboring microbes (Villageliũ and Lyte, 2017). Consequently, the influence of 
the community structure on a given bacterium function should not be overlooked. L. 
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rhamnosus does not necessarily need to colonize the host’s gut to have an effect, as it 
can act within minutes (Perez-Burgos et al., 2013; Wu et al., 2013; West et al., 2017; 
van Staaveren et al., 2020b). Regardless, L. rhamnosus may influence gut colonization 
by other microorganisms. Indeed, lactobacilli inhibit the growth of pathogens like 
Campylobacter and Salmonella (Coillie et al., 2007; Kizerwetter-Świda and Binek, 2009; 
Baldwin et al., 2018; Dec et al., 2018) and improve the numbers of probiotic microbes 
(Ballou et al., 2016; De Cesare et al., 2020) in the gut. Bifidobacteria are one such 
example of an endogenous probiotic bacterium in chicken (El-Hack et al., 2020). While 
gut Bifidobacterium levels did not differ between peckers and non-peckers (Birkl et al., 
2018; van der Eijk et al., 2019c), they possess similar behaviour-modulating capacities 
to lactobacilli. Indeed, Bifidobacterium species have been associated with major 
depressive disorder (Aizawa et al., 2016), they can reduce anxiety-like behaviour and 
reverse social stress-induced behavioural deficits (Messaoudi et al., 2011a; b; Jang et 
al., 2018), and reduce pro-inflammatory states (Desbonnet et al., 2008, 2010). 
Furthermore, this genus is also associated with the monoaminergic systems, being 
positively correlated with whole blood serotonin levels in birds (van der Eijk et al., 
2019c), increasing central TRP levels, and restoring central noradrenaline in rats 
(Desbonnet et al., 2008, 2010). Finally, they positively impact the gut microbiota by 
increasing ileal counts of lactic acid bacteria and other Bifidobacterium species (Abdel-
Moneim et al., 2019). Thus, it is worthwhile to consider the use of non-Lactobacillus 
species of bacteria or conceive a multi-strain probiotic to mitigate SFP and feather 
damage.  
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Chapter 7 : Conclusion 

This thesis provides new insights into the relationship between L. rhamnosus 
supplementation, SFP and feather damage, stress, and communication pathways 
between the bacterium and host. The specific Lactobacillus strain JB-1 used as a 
probiotic supplementation can alleviate stress-related SFP and improve feather damage 
in laying hens, although these results may be stress-, age- or supplementation strategy-
dependent. We also show that a combination of social and environmental stressors in 
adult hens induces SFP and aggravates feather damage, while pullets may be less 
susceptible. From a physiological point of view, L. rhamnosus supplementation showed 
a strong immunomodulatory effect and induced Treg cells and cytotoxic T cells in both 
the cecal tonsils and the spleen of the avian host. The bacterium also prevented the 
stress-induced dysbiosis of cecal droppings in laying hens. Despite little to no change 
(short-term increase in plasma TRP and the TRP:(PHE+TYR) ratio) of aromatic amino 
acids that are neurotransmitter precursors in response to L. rhamnosus 
supplementation, data suggest that catecholaminergic circuits may be an interesting 
target for further studies. Indeed, our work provides insights into the physiological 
characteristics of severe feather peckers compared to their non-pecking counter-parts, 
notably alterations in monoaminergic neurotransmitter precursors, decreased plasma 
TRP concentrations, a decreased TRP:(PHE+TYR) ratio, a deficiency in tonsil 
regulatory T lymphocytes, and splenic T helpers, and increased splenic cytotoxic T 
cells.  

Overall, our findings provide data supporting the use of a single-strain probiotic to 
reduce stress-induced FP in laying hens and demonstrate that L. rhamnosus have 
beneficial effects on avian physiology. This work supports the hypothesis of a 
microbiota-gut-brain axis able to modulate behaviours in laying hens. It is necessary to 
explore the regulatory mechanisms of this bidirectional communication (e.g., investigate 
the vagus nerve implication via vagotomy) and identify whether other probiotic bacteria 
can similarly affect SFP and related physiological characteristics. From a practical point 
of view, further research should investigate adapting these findings to commercial 
settings in an attempt to develop a therapeutic supplement and improve the welfare of 
millions of birds. 
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APPENDICES 

Supplementary Figure S 3.1. Log2-fold change in the relative abundance of individual operational 
taxonomic units (OTUs) in cecal samples of 27-week-old stressed laying hens supplemented with 
Lacto (L. rhamnosus, n = 40) relative to hens receiving the Placebo treatment (Placebo, n = 44). 
Supplementation was carried from 19 weeks of age until cecal collection, and the stress treatment 
spanned weeks 24-26. Values are indicated after adjusting the P-value for multiple comparisons 
(using False Discovery Rate technique), and after eliminating microbial groups that were already 
different between the two groups at baseline (week 18). Positively enriched OTUs are more 
abundant, on average, in the Lacto treated groups than in Placebo groups while negatively 
enriched OTUs are more abundant in the Placebo. OTUs are shown at the genus level or when 
unidentified at the genus level (UN) at the family level.  
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Supplementary Figure S 3.2. Flow cytometry gating strategy to identify subsets of immune cells in 
the (a) spleen and (b) cecal tonsils of laying hens at 28 weeks of age. Lymphocytes were gated 
based on forward and side scatter. Lymphocytes were divided into CD3 positive T cells (CD3+). 
CD3+ T cells were further separated into CD3+CD4+, CD3+CD8+ and CD3+CD4+CD25+ T cells.  
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Supplementary Table S 4.1. Ingredient composition of starter, grower and layer phase poultry feed 
for White leghorn laying hens housed in floor pens. Amounts are expressed in kg/ton feed unless 
otherwise specified. 

Ingredient Name 
Starter 

0-6 weeks 
Grower 

7-16 weeks 
Layer 

from 17 weeks 

Corn-Chop 309.05 418.30 555.00 

Wheat-Chop 150.00 150.00 . 

Soybean Meal 130.00 41.00 166.00 

Wheat Shorts 95.00 150.00 51.00 

Bakery Meal 83.00 . . 

Pork Meal 80.00 80.00 70.00 

Dried Distill Gr & Sol 75.00 75.00 . 

Canola Meal 50.00 65.00 . 

Calcium Carbonate (Limes) 9.50 9.50 95.00 

Hi Pro Corn Gluten Meal . . 25.00 

Tallow (Av Blend) (Mixer) 5.00 . 10.00 

Tallow (Av Blend) (Pelleter) . . 15.00 

Monocalcium Phosphate 4.00 2.50 5.50 

Alimet Liquid (88%) 1.80 1.10 1.00 

L-Lysine 50% (Liquid) 1.40 2.40 . 

Vitamin E (50 kIU/kg) 1.20 . . 

Fine Salt 1.10 2.20 3.00 

Rac Broiler Micro #203 1.00 1.00 1.50 

Rac Vitamin Booster 1.00 0.50 1.50 

Availa-4 0.75 0.50 . 

Superzyme Cs Enz 0.50 . . 

Hy.D Premix 0.30 . . 

Choline Chloride 70% Liquid 0.30 0.30 0.50 

Sodium Bicarbonate . 0.30 . 

Threonine 0.10 0.20 . 

Hy.D Premix . 0.20 . 
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Supplementary Table S 4.2. Nutrient formulation of starter, grower and layer phase poultry feed 
for White leghorn laying hens housed in floor pens.  

Nutrient Name (Units) 
Starter 

0-6 weeks 
Grower 

7-16 weeks 
Layer 

from 17 weeks 

Weight (kg) 100.00 100.00 100.00 

M.E. Poultry (kcal/kg) 2979.54 2877.85 2886.30 

Crude Protein (%) 20.92 18.01 18.07 

Arginine (%) 1.24 1.02 1.12 

Lysine (%) 1.05 0.90 0.89 

Methionine (%) 0.47 0.38 0.38 

Tsaa (%) 0.81 0.68 0.64 

Tryptophan (%) 0.25 0.20 0.19 

Threonine (%) 0.72 0.62 0.63 

Glycine (%) . . 1.01 

Histidine (%) . . 0.46 

Leucine (%) . . 1.60 

Isoleucine (%) 0.74 0.60 0.70 

Phenylalanine (%) . . 0.86 

Phenyl + Tyro (%) . . 1.47 

Valine (%) 0.94 0.81 0.86 

Glyc. + Serine (%) . . 1.72 

Proline (%) . . 1.14 

Crude Fat (%) 4.74 4.32 5.77 

Linoleic Acid (%) 1.63 1.67 1.97 

Calcium (Phytase) (%) 1.08 1.03 . 

Crude Fibre (%) 3.08 3.43 1.83 

Adf (%) . . 2.91 

Ndf (%) . . 7.63 

Dry Matter (%) . . 89.38 

Calcium Total (%) 1.06 1.01 4.22 

Phos. Total (%) 0.77 0.76 0.65 

Phos Av. Poultry (%) 0.47 0.45 0.44 

Sodium (%) 0.18 0.17 0.18 

Chloride (%) 0.24 0.25 0.27 

Potassium (%) . . 0.61 

Magnesium (%) . . 0.17 

Sulphur (%) . . 0.22 

Iron (mg/kg) . . 209.50 

Manganese (mg/kg) . . 119.25 

Zinc (mg/kg) . . 118.36 

Copper (mg/kg) . . 12.71 

Iodine (mg/kg) . . 1.50 

Selenium (mg/kg) 0.30 0.30 0.45 

Cobalt (mg/kg) . . 0.03 

Fluorine (mg/kg) . . 9.90 

Vit. A (kIU/kg) 10.00 9.00 15.00 

Vit. D3 (kIU/kg) 4.65 4.10 4.50 

Vit. E (IU/kg) 100.00 30.00 60.00 
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Nutrient Name (Units) 
Starter 

0-6 weeks 
Grower 

7-16 weeks 
Layer 

from 17 weeks 

Menadione (Vit. K) (mg/kg) . . 3.75 

Vit. B12 (mcg/kg) . . 37.50 

Riboflavin (mg/kg) . . 14.25 

Niacin (mg/kg) . . 75.00 

Choline (g/kg) 1.54 1.48 1.11 

D-Pantothenic Acid (mg/kg) . . 24.00 

Pyridoxine (mg/kg) . . 6.75 

Thiamine (mg/kg) . . 3.75 

Folic Acid (mg/kg) . . 3.75 

Biotin (mcg/kg) . . 225.00 

Deleted (%) . . 0.37 

Deleted (%) . . 0.78 

Deleted (%) . . 0.63 

Deleted (%) . . 0.16 

Deleted (%) . . 0.59 

Xanthophylls (mg/kg) . . 12.83 
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Supplementary Table S 4.3. Descriptive statistics of the short-term (between 10-13 weeks of age 
[woa]) and long-term (32 woa) feather pecking behaviour in laying hens. The pecking frequency 
per bird per 10 min and the standard deviation (SD) and the percentage of feather peckers in each 
group are listed (Feather Pecker: bird that displayed gentle or severe feather pecking at least once 
between 10-13 woa or 32 woa). Observations were recorded following early-life supplementation 
(weeks 0-9). Placebo = water supplementation, Lacto = L. rhamnosus, S = stressed, NS = non-
stressed, n of birds at 10-13 woa: S-Placebo = 89, NS-Placebo = 89, S-Lacto = 88, NS-Lacto = 88 
and n of birds at 32 woa: S-Placebo = 77, NS-Placebo = 77, S-Lacto = 79, NS-Lacto = 78. 

      Short Term (10-13 woa) Long Term (32 woa) 

Behaviour Treatment Class Means ± SD 
Feather 
Peckers 

Means ± SD 
Feather 
Peckers 

              

Gentle 
Feather 
Pecking 

Supplementation Placebo 0.065 ± 0.319 34% 0.008 ± 0.0915 2% 

  Lacto 0.058 ± 0.335 25% 0.017 ± 0.1500 3% 

            

Stress S 0.036 ± 0.262 18% 0.006 ± 0.1063 1% 

  NS 0.087 ± 0.380 41% 0.020 ± 0.1394 4% 

            

Supplementation * 
Stress 

Lacto-S 0.031 ± 0.275 15% 0.011 ± 0.1508 1% 

Placebo-S 0.041 ± 0.248 21% 0.0 ± 0.0 0% 

Lacto-NS 0.084 ± 0.385 35% 0.023 ± 0.1495 5% 

Placebo-NS 0.090 ± 0.375 46% 0.017 ± 0.1291 3% 

              

Severe 
Feather 
Pecking 

Supplementation Placebo 0.045 ± 0.538 13% 0.028 ± 0.2794 2% 

  Lacto 0.057 ± 0.431 19% 0.063 ± 0.3872 6% 

            

Stress S 0.028 ± 0.262 11% 0.037 ± 0.3035 3% 

  NS 0.073 ± 0.637 20% 0.054 ± 0.3687 5% 

            

Supplementation 
 * 

 Stress 

Lacto-S 0.033 ± 0.312 11% 0.028 ± 0.1980 5% 

Placebo-S 0.024 ± 0.201 11% 0.045 ± 0.3806 2% 

Lacto-NS 0.081 ± 0.523 26% 0.097 ± 0.5091 7% 

Placebo-NS 0.066 ± 0.733 15% 0.011 ± 0.1057 2% 
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Supplementary Table S 5.1. Least Squares Means (± Standard Error) of the duration of immobility 
and Means (± Standard Deviation) of the number of inductions in the tonic immobility test. Tonic 
immobility was conducted at 36 weeks of age following supplementation (L. rhamnosus [Lacto] or 
water [Placebo] supplementation, week 33-38) and stress treatment (stress or non-stress, week 
33-35). No statistically significant difference was found due to the stress treatment, L. rhamnosus 
supplementation or their interaction. F-statistics and P-value of the Supplementation x Stress 
interaction are indicated. 

  
Lacto  Placebo    

  

  
Stress 
(n = 79) 

Non-stress 
(n = 78) 

Stress 
(n = 77) 

Non-stress 
(n = 77) 

F-Statistic P-value 

Duration (sec) 76.0 ± 13.1 72.1 ± 12.0 63.4 ± 10.5 79.4 ± 13.2 F1, 278 = 1.36  0.245 
No. of inductions 1.6 ± 0.91  1.7 ± 1.00  1.5 ± 0.84 1.5 ± 0.84 F1, 283 = 0.03 0.864 
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Supplementary Table S 5.2. Proportions of T cell sub-populations in the cecal tonsils and spleen of 38-weeks old laying hens according 
to their genetic line (UC: unselected control, LFP: low feather pecking line, HFP: high feather pecking line) and severe feather pecking 
phenotype (bird that displayed severe feather pecking at least once between 35-38 weeks of age). Sub-populations were identified using 
the following combinations of cell surface markers: T helper cells = CD3+CD4+; cytotoxic T cells = CD3+CD8+; regulatory T cells = 
CD3+CD4+CD25+. Different letters indicate statistically significant differences (P < 0.05)  

 UC  
(n = 20) 

LFP 
(n = 20) 

HFP 
(n = 20) 

F-Statistic, P-value 

Cecal Tonsils         

T helper cell 13.9 ± 0.61 14.1 ± 0.62 14.0 ± 0.62 F2,47 = 0.03, P = 0.970 

Cytotoxic T cell 13.7 ± 0.50 13.5 ± 0.50 13.2 ± 0.50 F2,47 = 0.27, P = 0.763 

Regulatory T cell 16.3 ± 0.76 16.2 ± 0.76 14.5 ± 0.76 F2,47 = 1.81, P = 0.175 

Spleen         

T helper cell 15.6 ± 1.00 16.1 ± 1.11 14.4 ± 0.99 F2,47 = 1.73, P = 0.188 

Cytotoxic T cell 20.8 ± 1.47 21.3 ± 1.53 19.9 ± 1.53 F2,47 = 0.35, P = 0.709 

Regulatory T cell 20.5 ± 0.84 a 17.4 ± 0.84 b 17.6 ± 0.84 b F2,47 = 4.24, P = 0.020 

          

   
Severe Feather Pecker 

(n = 11) 

Non-Severe Feather 
Pecker 
(n = 45) 

F-Statistic, P-value 

Cecal Tonsils         

T helper cell   13.5 ± 0.82 13.9 ± 0.41 F1,53 = 0.16, P = 0.695 

Cytotoxic T cell   13.6 ± 1.11 13.9 ± 0.69 F1,53 = 0.08, P = 0.773 

Regulatory T cell   12.9 ± 1.58 a 16.5 ± 0.78 b F1,53 = 4.06, P = 0.049 

Spleen         

T helper cell   12.9 ± 0.94 a 14.9 ± 0.54 b F1,53 = 4.07, P = 0.049 

Cytotoxic T cell   19.5 ± 2.05 20.3 ± 1.09 F1,53 = 0.13, P = 0.719 

Regulatory T cell   18.4 ± 1.88 18.9 ± 0.93 F1,53 = 0.05, P = 0.831 
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Supplementary Table S 5.3. Least Squares Means (± Standard Error) of amino acids (tryptophan [TRP], tyrosine [TYR] and phenylalanine 
[PHE]), their metabolites (kynurenine [KYN]) and immune biomarkers in 37-week-old laying hens. The birds underwent 5 weeks of 
supplementation (Lacto: L. rhamnosus, Placebo: placebo supplementation, 33-38 weeks of age) and 3 weeks of stress treatment (stress 
or non-stress, 33-35 weeks of age). No statistically significant difference was found due to the L. rhamnosus supplementation, stress 
treatment or their interaction. F-statistics and P-values of the Supplementation x Stress interaction are indicated. 

  Lacto Placebo   

  
Stress  
(n = 79) 

Non-Stress 
(n = 78) 

Stress 
(n = 77) 

Non-Stress 
(n = 77) 

F statistic, P-value 

Tryptophan (µmol/L) 86 ± 1.9 85 ± 1.9 85 ± 1.9 87 ± 1.9 F1,277 = 1.55, P = 0.214 

Tyrosine (µmol/L) 123 ± 4.0 119 ± 3.9 119 ± 4.0 121 ± 4.0 F1,274 = 0.53, P = 0.468 

Phenylalanine (µmol/L) 108 ± 2.5 106 ± 2.5 105 ± 2.6 107 ± 2.5 F1,274 = 0.51, P = 0.477 

TRP:(PHE+TYR) 0.377 ± 0.00877 0.378 ± 0.0088 0.381 ± 0.0089 0.382 ± 0.0089 F1,272 = 0.00, P = 0.992 

KYN:TRP (µmol/mmol) 3.8 ± 0.23 3.9 ± 0.23 3.8 ± 0.23 3.2 ± 0.23 F1,277 = 2.20, P = 0.139 

PHE:TYR (µmol/µmol) 0.87 ± 0.014 0.88 ± 0.014 0.89 ± 0.015 0.89 ± 0.015 F1,274 = 0.20, P = 0.655 

Kynurenine (µmol/L) 0.33 ± 0.019 0.33 ± 0.019 0.32 ± 0.019 0.28 ± 0.019 F1,277 = 1.73, P = 0.189 

Nitrite (µmol/L) 72 ± 3.1 71 ± 3.1 69 ± 3.1 68 ± 3.2 F1,268 = 0.00, P = 0.990 
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Supplementary Table S 5.4. Least Squares Means (± Standard Error) of amino acids (tryptophan [TRP], tyrosine [TYR] and phenylalanine 
[PHE]), their metabolites (kynurenine [KYN]) and immune biomarkers in 37-week-old laying hens. The birds were submitted to 5 weeks 
of supplementation (33-38 weeks of age, Lacto: L. rhamnosus, Placebo: placebo supplementation) and 3 weeks of stress treatment 
(stress or non-stress, 33-35 weeks of age). Different letters indicate statistically significant different comparisons within the interaction 
in each row. F-Statistics and P-value of the Supplementation x Line or Stress x Line interaction are indicated. 

  Lacto Placebo   

  
UC  

(n = 60) 
LFP 

(n = 59) 
HFP 

(n = 58) 
UC  

(n = 59) 
LFP 

(n = 59) 
HFP 

(n = 57) 
F-Statistic, P-value 

Tryptophan (µmol/L) 81.7 ± 1.8 b 88.5 ± 1.8 a 85.6 ± 1.8 ab 86.4 ± 1.8 ab 86.3 ± 1.8 ab 85.4 ± 1.8 ab F2,277 = 3.02, P = 0.050 

Tyrosine (µmol/L) 122 ± 3.9 121 ± 4.0 121 ± 3.9 118 ± 3.8 125 ± 4.3 116 ± 3.9 F2,274 = 0.93, P = 0.396 

Phenylalanine (µmol/L) 106 ± 2.6 107 ± 2.6 108 ± 2.6 106 ± 2.6 107 ± 2.8 105 ± 2.7 F2,274 = 0.24, P = 0.786 

TRP:(PHE+TYR) 0.361 ± 0.0089 0.392 ± 0.0091 0.379 ± 0.0090 0.387 ± 0.0088 0.374 ± 0.0097 0.384 ± 0.0093 F2,272 = 3.64, P = 0.003 

KYN:TRP (µmol/mmol) 4.0 ± 0.24 3.9 ± 0.25 3.6 ± 0.24 3.2 ± 0.24 3.8 ± 0.25 3.4 ± 0.25 F2,277 = 1.27, P = 0.282 

PHE:TYR (µmol/µmol) 0.87 ± 0.017 0.89 ± 0.018 0.88 ± 0.017 0.89 ± 0.017 0.86 ± 0.019 0.9 ± 0.018 F2,274 = 0.92, P = 0.399 

Kynurenine (µmol/L) 0.33 ± 0.021 0.35 ± 0.021 0.32 ± 0.021 0.28 ± 0.02 0.33 ± 0.022 0.30 ± 0.021 F2,277 = 0.33, P = 0.719 

Nitrite (µmol/L) 68 ± 3.8 76 ± 3.8 69 ± 3.8 67 ± 3.6 64 ± 4.0 73 ± 3.9 F2,268 = 2.21, P = 0.112 

               

  Stress Non-Stress   

  
UC  

(n = 59) 
LFP 

(n = 60) 
HFP 

(n = 58) 
UC  

(n = 60) 
LFP 

(n = 58) 
HFP 

(n = 57) 
F-Statistic, P-value 

Tryptophan (µmol/L) 83 ± 1.8 88 ± 1.8 86 ± 1.8 85 ± 1.8 87 ± 1.8 85 ± 1.8 F2,277 = 0.88, P = 0.417 

Tyrosine (µmol/L) 120 ± 3.8 124 ± 4.3 118 ± 3.9 120 ± 3.9 121 ± 4.0 119 ± 3.9 F2,274 = 0.21, P = 0.815 

Phenylalanine (µmol/L) 107 ± 2.6 108 ± 2.7 105 ± 2.6 105 ± 2.6 106 ± 2.7 107 ± 2.6 F2,274 = 0.40, P = 0.673 

TRP:(PHE+TYR) 0.369 ± 0.0088 0.383 ± 0.0095 0.385 ± 0.0091 0.379 ± 0.0089 0.384 ± 0.0093 0.377 ± 0.0092 F2,272 = 0.66, P = 0.516 

KYN:TRP (µmol/mmol) 3.5 ± 0.24 ab 4.3 ± 0.25 a 3.5 ± 0.25 ab 3.7 ± 0.24 ab 3.3 ± 0.25 b 3.5 ± 0.25 ab F2,277 = 4.68, P = 0.01 

PHE:TYR (µmol/µmol) 0.89 ± 0.017 0.87 ± 0.018 0.88 ± 0.018 0.88 ± 0.017 0.88 ± 0.018 0.9 ± 0.018 F2,274 = 0.22, P = 0.800 

Kynurenine (µmol/L) 0.29 ± 0.02 b 0.38 ± 0.022 a 0.31 ± 0.021 ab 0.32 ± 0.021 ab 0.29 ± 0.021 b 0.3 ± 0.021 ab F2,277 = 4.69, P < 0.01 

Nitrite (µmol/L) 68 ± 3.7 67 ± 4.0 76 ± 3.8 68 ± 3.8 73 ± 3.9 66 ± 3.9 F2,268 = 2.00, P = 0.137 
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Supplementary Table S 5.5 Least Squares Means (± Standard Error) of the aromatic amino acids (tryptophan [TRP], tyrosine [TYR] and 
phenylalanine [PHE]), their metabolites (kynurenine [KYN]) and ratios and immune biomarkers in 37-weeks old laying hens according to 
their genetic line (UC: unselected control, LFP: low feather pecking line, HFP: high feather pecking line) and severe feather pecking 
phenotype (bird that displayed severe FP at least once between 35-37 weeks of age).  

 UC  
(n = 106) 

LFP 
(n = 105) 

HFP 
(n = 100) 

F-Statistic, P-value 

Tryptophan (µmol/L) 84 ± 1.3 87 ± 1.3 85 ± 1.3 F2,277 = 2.58, P = 0.078 

Tyrosine (µmol/L) 120 ± 2.7 123 ± 2.9 119 ± 2.8 F2,274 = 0.69, P = 0.502 

Phenylalanine (µmol/L) 106 ± 1.8 107 ± 1.9 106 ± 1.9 F2,274 = 0.10, P = 0.902 

TRP:(PHE+TYR) 0.374 ± 0.0063 0.383 ± 0.0067 0.381 ± 0.0065 F2,272 = 0.72, P = 0.489 

KYN:TRP (µmol/mmol) 3.6 ± 0.17 3.8± 0.18 3.5 ± 0.17 F2,277 = 0.95, P = 0.390 

PHE:TYR (µmol/µmol) 0.88 ± 0.012 0.87 ± 0.013 0.89 ± 0.012 F2,274 = 0.29, P = 0.745 

Kynurenine (µmol/L) 0.30 ± 0.014 0.34 ± 0.015 0.31 ± 0.015 F2,277 = 1.90, P = 0.152 

Nitrite (µmol/L) 68 ± 2.6 70 ± 2.8 71 ± 2.7 F2,268 = 0.35, P = 0.702 

          

 

  

Severe Feather Pecker 
(n = 57) 

Non-Severe Feather 
Pecker 

(n = 239) 
F-Statistic, P-value 

Tryptophan (µmol/L)   83.7 ± 1.43 86.2 ± 0.70 F1,293 = 2.39, P = 0.123 

Tyrosine (µmol/L)   128 ± 3.5 122 ± 2.2 F1,288 = 3.72, P = 0.055 

Phenylalanine (µmol/L)   110 ± 2.2 106 ± 1.1 F1,292 = 2.66, P = 0.104 

TRP:(PHE+TYR)   0.350 ± 0.0100 0.379 ± 0.0070 F1,292 = 9.70, P = 0.002 

KYN:TRP (µmol/mmol)   3.4 ± 0.23 3.6 ± 0.14 F1,293 = 1.22, P = 0.271 

PHE:TYR (µmol/µmol)   0.871 ± 0.0172 0.882 ± 0.0083 F1,291 = 0.37, P = 0.542 

Kynurenine (µmol/L)   0.287 ± 0.0188 0.320 ± 0.0095 F1,292 = 2.42, P = 0.121 

Nitrite (µmol/L)   71 ± 3.7 70 ± 2.1 F1,287 = 0.05, P = 0.823 

 


