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SUMMARY: 
Here we describe a method for the generation of germ-free chicks from eggs of a commercial broiler line, the Ross PM3. This method can be adapted for the generation of germ-free animals from other poultry species.

ABSTRACT: 
Studies of the gut microbiota contribution on the host physiology and immunocompetence are facilitated by the availability of germ-free animal models, which are considered as the gold standard. Nesting birds are ideal models for the production of germ-free animals since there is no need to raise their relatives under sterile conditions. Germ-free chickens are mainly generated from specific-pathogen-free (SPF) experimental lines, which are poorly representative of commercial chicken lines. The method proposed here allowed the production of germ-free chickens from the fast growing broiler line Ross PM3, commonly used by the poultry industry. Eggs were quickly collected after laying at a broiler breeder farm. They underwent a strict decontamination process from the collection to the introduction in a sterile egg hatching isolator. The chicks have been hatched and kept in these sterile isolators during the period necessary to control their sterility. Originally developed for an experimental SPF white leghorn line, the present protocol has been adapted not only to the Ross PM3 broiler line but also to quails. It therefore represents a robust and readily adaptable procedure to other poultry species and nesting birds of economic, biological or ecological relevance.

INTRODUCTION: 
There has been a dramatic increase in scientific and popular interest concerning the contribution of the intestinal microbiota to animal health. The microbiota, consisting of bacteria, viruses, fungi, and archaea that inhabit different niches in the animal’s intestine, is implicated directly or indirectly in the regulation of inflammatory, infectious and metabolic diseases affecting not only mammalian species but also livestock, such as poultry1. Several animal models were developed to better study the contribution of the gut microbiota to health and disease. For example, germ-free and gnotobiotic animals allow the study of the complete absence of microbes or of a known microbiota, respectively, on the physiopathology of infections2,3. However, generating and maintaining these animals require specialized techniques and facilities, and the costs, labor, and skills required to maintain them limit their access to many researchers. Indeed, germ-free animals must be monitored regularly for possible contamination using a combination of bacteria cultivation methods, microscopy, serology, gross morphology, and sequencing-based detection techniques. Similar procedures also apply to other species, such as livestock, where animals are generally bigger and require larger facilities for their breeding and maintenance, which may hamper, to some extent, research on the microbiota. 

Poultry, more specifically chickens, are the cornerstone of livestock production worldwide, with a flock population that may exceed 40 billion birds per year. It is the most important source of animal protein in the world (http://www.fao.org/poultry-production-products/en/). Moreover, there are no cultural or religious taboos associated to the rearing or consumption of chickens. The poultry gut microbiota is importantly involved in animal’s growth, feed conversion ratio, immunity, pathogen resistance, among many other nutritional, physiological or pathological processes4. The generation of germ-free chickens is therefore indispensable to underscore the dialogue between the microbiota and its host4. Even if microbial communities inhabit the chicken oviduct5, the content of an egg freshly laid by a healthy hen is mostly free of microorganisms, the eggshell and membranes possessing mechanical barriers to avoid microorganism invasion4. In addition, chicks are easily raised in the absence of their relatives, which, unlike mammals, allows the production of germ-free animals without parental rearing under sterile conditions.

The experimental facility “Infectiology of Farm, Model and Wild Animals” (PFIE, UE-1277, Centre INRAE Val de Loire, Nouzilly, France, https://doi.org/10.15454/1.5572352821559333e12) is part of the French National Infrastructure Network EMERG’IN (https://www.emergin.fr/). PFIE has mastered the production of germ-free chickens to perform various experimental studies for more than 40 years7,8,9,10,11. These animals were produced from specific pathogen-free (SPF) eggs from a white leghorn laying line raised in closed breeding since the 1970’s. Mainly used for microbiological studies7,8,9, germ-free birds are experiencing a resurgence of interest with questions such as the contribution of the gut microbiota to behavior13, nutrient utilization14, immune development15 and endocrine activity. Even if some studies have been published using germ-free broiler lines16, these studies remain underrepresented compared to studies using experimental layer lines. The evolution of scientific questions towards the crosstalk between the microbiota and its host in poultry health and welfare has led us to adapt our historical protocol to produce germ-free broilers of the Ross PM3 line, the world’s most utilized broiler chicken line. 

PROTOCOL: 

Animal care procedures were carried out in accordance with the guidelines set by the European Communities Council Directive (86/609/EEC) and by the French regulations on animal experimentation.

1. Isolator preparation

1.1. Insert the necessary materials into a rigid isolator under positive pressure: 50 mL tubes, 5, 10 and 25 mL plastic pipettes irradiated feed, autoclaved water and sterile sealed plastic containers.

1.2. Fill the transfer germicidal trap with a 2% quaternary ammonium solution.

1.3. Sterilize the isolator three times with formaldehyde vapor by using 60 mL of formalin (24% formaldehyde) added to 30 g of potassium permanganate per cubic meter (m3). Move the materials inside the isolator between each sterilization to ensure the sterilization of all contact surfaces. 

1.4. Set the isolator temperature to 37 °C for at least 2 days before introducing the eggs. Set the hygrometer to 65-70% of relative humidity (RH) on the day of introduction.

2. Egg collection and incubation

2.1. Collect the eggs from farms selected on the basis of a good hatching rate of the laying hens (at least 80% at the peak of egg production) and their good sanitary status (i.e., absence of common poultry pathogens and absence of diseases within the flock). Visually select clean and flawless eggs on the treadmill.

2.2. Immediately decontaminate the egg surface by dipping them for 5 min in a 1.5% peracetic acid solution at room temperature.

2.3. Transport the eggs to the experimental facility using a box decontaminated with formaldehyde vapor. 

2.4. Store the eggs for 24 hours at 4 °C. Repeat the decontamination process described in step 2.2, and place them in a hatching incubator (Day 0) for 19 days.

3. Hatching

3.1. On Day 19, verify the fertility, the viability (motility) and the embryo development by candling them using a light egg candler under sterile conditions. Introduce only live-embryonated eggs into the sterile hatching isolators.

3.2. Decontaminate the selected eggs by spraying 1.5% peracetic acid solution for 30 s or until the entire surface of each egg is covered. Eggs will stay in contact with the spray for 16 min and 30 s during the transfer into isolators.

3.3. Transfer the eggs into the sterile hatching isolators and rinse them with sterile demineralized water before placing them in the hatching space.

NOTE: Animals are hatched and reared in sterile isolators. They are fed ad libitum with a commercial diet sterilized by gamma irradiation and watered with autoclaved tap water provided by water dispensers.

4. Bacteriologic status analysis

4.1. One day after hatching, take a fecal sample directly from the rectum of different chicks and pool them in a sterilized glass tube in order to make this sample representative of all animals within a given isolator. 

4.2. The fecal samples being more or less liquid, add an equivalent of 1 mL of stool to 9 mL of thioglycolate broth with resazurin. Add the remaining fecal sample to 9 mL of brain heart infusion broth (BHI) and incubate the tubes at 37 °C without shaking for 18 to 48 h. This will allow the growth of a broad range of aerobic, facultative aerobic and nonfastidious anaerobic species.

NOTE: Thioglycolate broth with resazurin is intended for the detection of nonfastidious anaerobic bacteria but it also enables the detection of aerobic bacteria. This medium complies with the European, American, and Japanese pharmacopoeias for sterility testing18,19,20.

4.3. Visually observe if any modification in the growth media occurs after 18 hours of incubation. After 48 h, take a drop from the BHI fecal-broth media, place it on a glass slide and observe under a microscope (40X magnification) for the absence or presence of bacteria.

4.4. If there is a suspicion on the presence of bacteria, take a sample from BHI culture and seed it onto BHI agar plates. Incubate at 37 °C for 18 to 48 h. 

4.5. If colonies are present, carry out high-throughput techniques such as MALDI-TOF mass spectrometry for precise microbial identification. 

NOTE: After 72 h, if the bacteriological analyses are negative, the animals are declared germ-free.

REPRESENTATIVE RESULTS: 
Six runs of germ-free chicks’ generation were conducted with Ross PM3 eggs coming from two different French farms (Table 1). A total of 853 eggs were collected and after two decontamination steps and 19 days of incubation, 86.40% were viable. 490 of these viable eggs underwent a third decontamination step and were introduced into various hatching isolators, for an average hatching rate of 79.80%. This represents a hatching rate of 68.94% compared to the initial number of eggs collected. 

However, hatching results vary substantially according to the series carried out: from 41.67% to 88.16% of viable chicks compared to the number of eggs collected. These variations were also observed among the different hatches during the same experiment. Since not all isolators have been used for all runs, it is difficult to exclude an isolator-dependent effect. However, this batch effect was directly correlated with the age of the laying hens (Figure 1), where eggs coming from older hens were less viable. 

The six runs were carried out using four different hatching isolators. After bacteriological control, the animals from 14 of the 16 isolators were confirmed to be germ-free. This corresponds to a success rate of 87.5%. The two remaining isolators were contaminated by a single environmental and nonpathogenic bacteria.

All animals used for the scientific experiments remained germ-free until the end of the studies, for at least three weeks after hatching.

FIGURE AND TABLE LEGENDS: 
Figure 1: Effect of the hen’s age on hatching rate
The present figure highlights the hatching rates observed based on the age of the laying hen flock, expressed in weeks of laying. 

Table 1: Technical results of the different hatching experiments.
The present table highlights the results of the 6 series of germ-free hatching carried out: number of eggs collected, viability of the embryo at 19 days and viable hatched chicks in the various isolators. 

DISCUSSION: 
Several methods to generate germ-free chickens have been previously described7,21,22. Simple methods, such as the one presented here, use different disinfectants to reduce bacterial load in the egg surface and in the isolators. The most commonly used disinfectants are mercuric chloride, quaternary ammonium, iodoform, sodium hypochlorite and chlorine dioxide solutions. The results are often satisfactory. However, despite the accessibility of these methods, few structures can apply the method and raise the animals in large scale, thus making the utilization of germ-free chickens a relatively rare approach, only used to address very specific scientific questions. The methods, materials and equipment described here allow a highly efficient hatching proportion of germ-free broilers, which remain healthy and sterile for at least 3 weeks (the duration of the scientific experiments to which they were produced).

The results show that the adaptation of the protocol to the production of germ-free chicks from eggs collected in commercial poultry farms is successful. Experience with SPF egg production reveals that hatching efficiency depends primarily on the age of the laying hens and on the quality of collected eggs. Both parameters were taken into consideration when farms were chosen and eggs collected. Using the same method, the average hatching rate of germ-free broilers is much better than that obtained in the last production of SPF laying hens at our facility (79% vs 35%), without affecting animal sterility (87% vs 83%). These differences may be associated to the genetic background of the birds (broilers versus layers) as well as to the quality of the eggshell, which is likely to be more fragile in the eggs of the SPF animals, kept in closed breeding for more than 40 years. Moreover, we also show that transportation of more than 2 h (from the farms to the experimental facility) does not affect hatching efficiency and quality. 

Although the sterilization process used for hatching isolators and the protocol for egg decontamination were optimized, around 10% of the isolators were not germ-free. In order to understand the origin of the contamination, it is very important to carry out routine sterility control of the hatched isolators before egg introduction. 

Concerning the birds’ sterility status, we tried to apply methods that allow the growth of aerobic and nonfastidious anaerobic bacteria from fecal samples, thus assuring that we are detecting live, viable bacteria. These methods comply with international pharmacopeias for sterility testing and represent rapid, easy and cost-reduced techniques to be used routinely. However, molecular biology techniques such as 16S rRNA gene sequencing, although not giving information on bacteria viability, can be applied for the confirmation of the presence of noncultivable bacteria. Indeed, a recent study suggested that some bacteria of the maternal oviduct microbiota appear to be transferred to the embryo through the egg white, later constituting most of the embryo gut bacterial population. Moreover, another study suggests that part of the microbial colonizers harbored in early embryos were inherited from maternal hens, and the gut microbial abundance and diversity were later influenced by environmental factors and host genetics during development23. However, the results of these studies are based on DNA sequence analysis, where a large number of those bacteria could be dead or not replicable in the egg white (greatly loaded with antimicrobial molecules). Thomas and collaborators16 performed sterility testing through the assessment of cultivable aerobic and facultative aerobic bacteria through fecal dropping on BHI plates, thus highlighting the efficiency of standard bacteriological methods for germ-free sterility control. Moreover, in the protocol proposed, we used growth monitoring in thioglycolate broth with resazurin to be able to detect the growth of nonfastidious anaerobic bacteria.

Already used for the production of germ-free quails and chickens, the protocol is adaptable to the production of germ-free animals from most nesting birds and offers perspectives for the study of microbiota contribution on the physiology of these animals. Besides the use of this model to investigate host-microbiota mutual interactions in the poultry gut, it could also be useful for applied research. For example, it could be used to assess safety and efficacy of probiotics derived from chicken gut commensal microorganisms to improve animal’s health and robustness.
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