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Introduction

Human population expansion, higher living standards in many countries, and
economic growth have resulted in increased consumption of animal protein globally
(Boland et al., 2013). For example, in Asia, animal protein consumption rose by 225%
from 1961 to 2007 (FOASTAT). By 2050, protein consumption is expected to increase
by a further 29% over the current level (Herrevo, 2013). Yet, approximately 843 million
people worldwide continue to experience chronic hunger and nutrient deficiencies (Food
and Agriculture Organization), and almost 1 billion receive insufficient amounts of
protein (United Nations; Grover et al., 2009; Ghosh et al., 2012). Therefore, there is a
pressing need to increase animal numbers, animal productivity and ultimately animal
protein production without intensifying the environmental footprint of agriculture.

Antibiotic Resistance

In animal agriculture, antimicrobial compounds are widely administered (Chee-
Sanford et al., 2001, Smith et al., 2004, Sawant et al., 2007, McKinney et al., 2010). In
2012 alone, >32.2 million pounds of antimicrobial drug active ingredients were sold for
animal use (Center for Veterinary Medicine, Food and Drug Administration, 2015).
Antibiotics are used in food animals to treat disease, promote growth, and prevent
disease by metaphylaxis (McEwen and Fedorka-Cray, 2002, Viola and DeVincent,
2006). In dairy cows, they are used to treat diseases such as mastitis, diarrhea and
respiratory infection as well as to improve feed efficiency of pre-weaned calves. Sub-
therapeutic levels of antimicrobials (e.g. tetracycline and neomycin) are routinely added
to milk or milk replacer for disease prophylaxis and growth promotion (McEwen and
Fedorka-Cray, 2002). Because pre-weaned dairy calves are prone to disease, there are
advantages to adding antibiotics to calf feed (Morrill et al., 1995)), including higher feed
consumption, average daily gain, and phagocytic efficiency, and lower mortality,
incidence of scours, and protein requirements (Morrill, 1977).

However, ever-increasing numbers of antibiotic-resistant pathogens are
emerging; for example, 44% of coagulase-negative Staphylococci isolated from intra-
mammary infections in dairy cows were found to be resistant to one or more antibiotics
(Rajala-Schultz et al., 2004). Addition of antibiotics to livestock feed for growth
stimulation and other non-therapeutic applications is believed to be the principal route
by which antibiotic-resistant strains arise in food animals (McEwen and Fedorka-Cray,
2002). However, the rise in antimicrobial resistance is not necessarily evident among
the pathogenic bacteria for which the antibiotics were applied, but is more likely to occur
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in the ‘innocent’ bystanders, i.e. bacteria making up the normal microbial flora of the
intestinal tract (Mollenkopf et al., 2012), the respiratory tract, and possibly the mammary
gland.

The emergence of antibiotic-resistant bacteria is a mounting concern, since many
of the antibiotics used in animal agriculture can also be used in human treatment,
including tetracyclines, penicillins and sulfonamides (Silbergeld et al., 2008). There is
potential for antimicrobial resistance to spread to humans (Smith, 2015) through food
products/animal protein (Price et al., 2005), the environment (Graham et al., 2009), and
by direct contact via agricultural workers (Smith et al., 2013). Moreover, commensal
bacteria in livestock may potentially serve as hosts for resistance genes; in turn, these
strains could be transmitted to people via fresh meat products, ultimately leading to
transfer of the resistance genes to pathogenic organisms in humans (Diarrassouba et
al., 2007, Mena et al., 2008). Disease associated with antimicrobial-resistant pathogens
IS expensive to treat, time consuming, and results in increased morbidity and mortality
rates (Cosgrove, 2006, Maragakis et al., 2008, Mauldin et al., 2010).

Due to the emergence of antibiotic resistant microbes, the use of antibiotics as
growth promoters is now banned in the European Union (EU) and limited in the United
States. The use of select antibiotics in animal feed was first sanctioned in Sweden in
1986 (Castanon, 2007), since then all antibiotics used as growth promoters or for
metaphylaxis have been prohibited by EU countries (European Parliament and Council
Regulation EC No. 1831/2003). Consequently, a reduction in animal productivity and a
rise in animal infection, morbidity and mortality occurred (Cheng et al., 2014). In 2015,
the US Food and Drug Administration published new directives for the use of
antimicrobials in the feed of livestock in the United States, creating a new category of
products called veterinary feed directive (VFD) drugs. Under this directive, a VFD drug
must be used under the professional supervision of a licensed veterinarian (FDA, 2015).
Treatment of animal diseases such as diarrhea with antibiotics and subsequent
supportive care is expensive and leads to increased antimicrobial resistance; therefore,
development of new strategies to prevent diarrhea and other diseases will improve
overall productivity, animal welfare, profitability, and mitigate the emergence of
resistance to antibiotics. Considering this, there is a growing demand for a substitute to
antibiotic use (Seal et al., 2013); potential alternatives include antibacterial vaccines,
immunomodulatory agents as well as prebiotics and probiotics (Millet and Maertens,
2011).

Alternative to Antibiotics

The World Health Organization (WHO) and the Food and Agriculture
Organization of the United Nations (FAO) define probiotics as “microorganisms that
when administered live and in adequate amounts, confer a benefit to the health of the
host.” A common application of probiotics is to improve gastrointestinal health,
presumably by producing a gut environment that disfavors pathogenic microbes. Lactic
acid bacteria and bifidobacteria are the most widely administered probiotic microbes
(Didari et al., 2014). The biological impact of probiotics depends on the strain type;
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therefore, strain identification and molecular analysis is critical (Azais-Braesco et al.,
2010).

The gut microbiota has an essential role in determining many aspects of
postnatal life, such as contributing to the development of the immune system (Round
and Mazmanian, 2009, Peterson and Cardona, 2010) and influencing host physiology,
including energy balance by affecting energy expenditure and storage (Ridaura et al.,
2013). Gut microbes serve their host by functioning as a key interface with the
environment; for example, they can protect the host organism from pathogens that
cause infectious diarrhea (O'Hara and Shanahan, 2006). In several studies of food
animals, treatment with probiotics reduced the need for antibiotics, thereby potentially
reducing human exposure to antimicrobial compounds and lowering the incidence of
multidrug resistant microbes (Pedroso et al., 2013, Liang et al., 2014, Punaro et al.,
2014). Whereas probiotics are a promising alternative to improve food-animal
productivity and health, scientific evidence supporting the use of specific microbes to
benefit animal health and performance is limited.

Altering The Gut Microbiome of Neonates Have Lasting Metabolic Consequences

Acquisition of the intestinal microbiota begins at birth, and a stable microbial
community develops from a succession of key organisms. Disruption of the microbiota
during this important maturation can alter host metabolism and adiposity. Early life is a
critical period for metabolic development (Dietz, 1994, Cunningham et al., 2014) and
microbiota disruption during this window could change weight gain and body
composition. In humans, early-life microbiota disruption, either due to delivery by
Caesarian section (Dominguez-Bello et al., 2010) or antibiotics, is associated with
increased risk of overweight status later in childhood (Ajslev et al., 2011). For decades,
farmers have been making use of sub-therapeutic doses of antibiotics to promote the
growth of farm animals. A landmark study by Cox et al. (2014), in which an in depth
investigation of the mechanisms of action of growth promoting antibiotics using a mice
model was performed, showed strong evidence that early antibiotic use disrupted the
gut microbiome leading to increased weight gain, fat mass, and dramatic changes in
liver metabolism. (Cox et al., 2014). Interestingly, it was reported that microbial
communities recovered after the cessation of antibiotics, yet the metabolic phenotypes
persisted, highlighting the importance of early-life microbiota in growth and
development.

Faecalibacterium prausnitzii

Faecalibacterium prausnitzii (FP) is part of the normal intestinal microbiota of
many animal species and one of the most abundant bacteria present in human feces,
comprising 2-20% of the human gut microbiota (Suau et al., 2001, Hold et al., 2003,
Eckburg et al., 2005, Schwiertz et al., 2010, Arumugam et al., 2011, Walker et al.,
2011). FP is also found in the feces of healthy non-human animals such as swine
(Haenen et al., 2013), mice (Nava and Stappenbeck, 2011), and poultry (Lund et al.,
2010). It is a strict anaerobe, a member of the phylum Firmicutes (Duncan et al., 2002),
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and can produce large quantities of butyrate, D-lactate and formate through
fermentation and utilization of acetate.

A lower abundance of Firmicutes, especially FP, characterizes the fecal and
mucosa-associated microbiota of Crohn’s disease patients (Sokol et al., 2008,
Swidsinski et al., 2008, Sokol et al., 2009, Willing et al., 2009, Lopez-Siles et al., 2014).
Moreover, lower levels of ileal mucosa-associated FP were correlated with
postoperative relapse of ileal Crohn’s disease 6 months after surgical resection (Sokol
et al., 2008). Similarly, reduced levels of Firmicutes were detected in ulcerative colitis
(Frank et al., 2007, Nagalingam and Lynch, 2012, Machiels et al., 2014), and low levels
of FP specifically were identified in association with alternating-type irritable bowel
syndrome (Rajilic-Stojanovic et al., 2011, Miquel et al., 2013), colorectal cancer
(Balamurugan et al., 2008), ulcerative colitis (Machiels et al., 2014), and even type Il
diabetes (Qin et al., 2012, Karlsson et al., 2013). These studies highlight the beneficial
role of FP in the human gut. However, higher levels of fecal FP have been linked to
obesity in children (Balamurugan et al., 2010), suggesting that FP is related to the
energy-harvesting capacity of the intestinal microbiota.

Faecalibacterium prausnitzii as an Anti-Inflammatory Microbe

A large body of scientific evidence exists to support the beneficial effects of FP on
the prevention and treatment of inflammatory disorders. A lower abundance of Firmicutes,
especially FP, characterizes the fecal and mucosa-associated microbiota of patients with
Crohn’s disease (Sokol et al., 2008, Swidsinski et al., 2008, Sokol et al., 2009, Willing et
al., 2009, Lopez-Siles et al., 2014), ulcerative colitis (Frank et al., 2007, Nagalingam and
Lynch, 2012, Machiels et al., 2014), irritable bowel syndrome (Rajilic-Stojanovic et al.,
2011, Miquel et al., 2013), colorectal cancer (Balamurugan et al., 2008), and more
importantly type-2 diabetes (Qin et al., 2012, Karlsson et al., 2013). The anti-inflammatory
properties of FP have been well described. In a pivotal study by Sokol et al (2008), both
in vitro and in vivo studies were performed to evaluate the immunomodulatory properties
of FP (Sokol et al., 2008). It was demonstrated that the FP supernatant abolished
interleukin (IL) 1B-induced nuclear factor (NF) kB activity using Caco-2 cells and led to
significantly lower secretion of the pro-inflammatory cytokines such as tumor necrosis
factor (TNF) a and IL-12, and higher secretion of IL-10 by peripheral blood mononuclear
cells. More importantly, oral administration of either live FP or its supernatant markedly
reduced the severity of experimentally induced colitis and tended to correct the dysbiosis
associated with it (Sokol et al., 2008). Others have reported that both FP and its
supernatant can also inhibit IL-8 secretion (Quevrain et al., 2016a, Quevrain et al., 2016Db,
Martin et al., 2017). The ability of FP to induce IL-10 expression by dendritic cells was
well described by Rossi et al. (2015), and the anti-inflammatory characteristic of FP has
been demonstrated by several others (Quevrain et al., 2016a, Rossi et al., 2016, Martin
et al., 2017, Munukka et al., 2017). The mechanism of action associated with the anti-
inflammatory characteristics of FP are not fully understood but involves the synthesis of
butyrate and other factors. Butyrate regulates proliferation, differentiation, and apoptosis
of gastrointestinal tract cells while stimulating the production of mucus and decreasing
cell permeability, hence preventing leakage of bacterial endotoxins and inflammation (von
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Engelhardt et al., 1998, Augenlicht et al., 2002). Additionally, butyrate is also known to
directly inhibit NF-kB activity (Inan et al., 2000, Segain et al., 2000, Yin et al., 2001, Luhrs
et al., 2002a, Luhrs et al., 2002b). Quévrain et al (2016), identified a novel protein from
an FP isolate, which they named microbial anti-inflammatory molecule (MAM). Cloning
and overexpression of the MAM in human intestinal epithelial cells revealed an inhibitory
effect on NF-kB activity. Importantly, oral administration of MAM-expressing recombinant
Lactococcus lactis but not the wild-type strain reduced severity of experimentally induced
colitis. Animals that received MAM-expressing L. lactis showed improved histopathology,
less severe weight loss, and reduced interferon (IFN) y and IL-17 expression compared
with controls (Quevrain et al., 2016b).

Oral administration of FP reduced the incidence of severe diarrhea and related
mortality rate and increased weight gain in pre-weaned dairy Heifers (Foditsch et al.,
2015). This research evaluated the effect of administering a live culture of FP to
newborn dairy calves on their subsequent growth, health, and fecal microbiome.
Faecalibacterium prausnitzii was cultured in VTR2RF medium as previously described
(Foditsch et al., 2014). Initially, a safety trial was conducted using 30 newborn bull
calves to assess potential adverse effects of oral and rectal administration of live FP to
neonatal calves, compared to controls. No adverse reactions (e.g. increased body
temperature or heart and respiratory rates) were observed. All bull calves survived the
experimental period, and there was no difference in attitude, appetite, dehydration or
fecal consistency score between the treatment and control groups. The rectal route was
not practical, whereas the oral route ensured that the full dose could be administered to
the treated calves.

Subsequently, a randomized field trial was completed in a commercial farm with
pre-weaned calves. In total, 554 Holstein heifers were assigned to one of two treatment
groups: treated calves (FPTRT) and non-treated calves (control). Treated calves
received two oral doses of live culture of FP, the first dose at treatment assignment (1st
week) and the second a week later. The FPTRT group experienced a significantly lower
incidence of severe diarrhea (3.1%) compared to the control group (6.8%) (Figure 1C).
Treated calves also had a lower mortality rate associated with severe diarrhea (1.5%)
compared to control calves (4.4%) (Figure 1A and B). Furthermore, FPTRT calves
gained significantly more weight (4.4 kg) over the pre-weaning period than controls
calves. The relative abundance of FP in the fecal microbiota was significantly higher in
the 3rd and 5th weeks of life of FPTRT calves compared to control calves, as revealed
by sequencing of the 16S rRNA gene. These findings demonstrated that oral
administration of live culture of FP improves gastrointestinal health and growth of pre-
weaned calves, supporting its use as a potential probiotic.

Faecalibacterium prausnitzii and Insulin Sensitivity
Recent studies highlight the importance of the gut microbiota as an
environmental factor linked to type-2 diabetes (Furet et al., 2010, Qin et al., 2012,

Karlsson et al., 2013). A consistent finding from these studies was a decrease in the
relative abundance of butyrate producing bacteria such as FP and Roseburia spp. in
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individuals with type-2 diabetes. Furthermore, butyrate producers, and more specifically
FP, have been linked to improved insulin sensitivity and diabetes amelioration in studies
of the human fecal microbiota (Furet et al., 2010, Vrieze et al., 2012).

There is a great body of knowledge both supporting the strong anti-inflammatory
characteristic of FP and the link between inflammation and type-2 diabetes, but
ironically, to the best of our knowledge, no published studies have evaluated the direct
effect of FP treatment on glucose metabolism. Recently, our group demonstrated that
treatment of pre-diabetic, obese mice [10-week-old Male DIO C57BL/6J mice (strain
380050)] with viable FP culture cells and supernatant resulted in a dramatic
improvement of insulin sensitivity (Figure 2). Briefly, C57BL/6J wild type mice were fed
a high fat diet and treated daily for 20 days with a cocktail of four high butyrate
producing FP strains (isolated from bovine and porcine (Foditsch et al., 2014)) or
placebo; treatment was performed by oral gavage. Before sacrifice an oral glucose
tolerance test was performed, and blood samples collected for insulin serum
concentrations. Daily administration of FP significantly increased insulin sensitivity,
showing its utility in protecting against insulin resistance in diet induced obese mice
(Figure 2).

The work by Munukka et al. (2017), provides further support that oral FP
treatment improved insulin sensitivity in high-fat-fed mice (Munukka et al., 2017). FP-
treated mice had increased insulin receptor B, increased hormone-sensitive lipase
phosphorylation in in the adipose tissue, decreased leukocyte infiltration into adipose
tissue, lower hepatic fat content, and improved liver function compared with control
mice. They concluded that FP treatment improved insulin sensitivity, decreased adipose
tissue inflammation, and improved hepatic health (Munukka et al., 2017). Interestingly,
FP-treatment increases weight gain because of improved insulin sensitivity, FP-treated
mice significantly increased muscle mass and subcutaneous fat when compared with
placebo treated mice (Munukka et al., 2017).
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Figure 1. Effect of oral administration of F. prausnitzii on calves. A) Effect of F. prausnitzii on
mortality rate related to severe diarrhea. B) Effect of F. prausnitzii on overall mortality. C)
Incidence of severe diarrhea. Solid and dashed lines represent controls and treated
calves (FPTRT), respectively.(Foditsch et al., 2015)
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Figure 2. Glucose and Insulin responses to the glucose tolerance test of FP and control mice.
Light gray bars and dark gray bars represent the area under the curve [AUC; mg/dL
(glucose) and ng/mL (insulin) per 120 min] of control and FP-treated mice, respectively.
***p < 0.001, ** P<0.01,*P<0.05 T P <0.1. Error bars indicate SEM. “data not
published”
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