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Peptideos antimicrobianos como aditivos na nutricdo de bovinos de corte

RESUMO

Os peptideos antimicrobianos (PAMs), identificados nos dltimos anos a partir de varias
espécies de animais vertebrados e invertebrados, vem recebendo atencdo como um
possivel substituto aos aditivos alimentares atualmente utilizados para animais. Uma
dessas moléculas, extraida a partir de uma rad do cerrado brasileiro, mostrou-se uma
molécula antibidtica promissora devido sua atividade biol6gica contra fungos e
bactérias. O peptideo Ctx(lle?')-Ha e seu isbmero ent-Ctx(lle’l)-Ha mostraram-se
capazes de permeabilizar e destruir membranas bacterianas e por isso tém se tornado
foco de estudos para a nutricdo de bovinos de corte objetivando a reducdo das
bactérias Gram-positivas, ja que seu modo de acdo inespecifico (tem como alvo a
membranas das células) dificultam o processo de resisténcia bacteriana. Objetivando
avaliar os efeitos da aplicacdo do Ctx(lle’l)-Ha e seu isémero ent-Ctx(lle?!)-Ha para
bovinos de corte mantidos sob sistema de pastejo em comparacdo com os aditivos
convencionais utilizados na alimentagdo animal, foram conduzidos quatro estudos in
vitro com diferentes substratos combinados com os aditivos monensina e virginiamicina
e doses dos peptideos antimicrobianos. Foram avaliados pH, producdo de gases,
producdo de metano, perfil de &cidos graxos de cadeia curta e taxa de
desaparecimento de matéria seca e fibra em detergente neutro. Os PAMs reduziram a
producdo de gases. A producdo de metano, de forma geral, foi afetada de forma
significativa pela interacdo entre substrato e aditivo. Além disso, a taxa de
desaparecimento néo foi afetada de forma significativa pelo uso dos PAMs. A produgéo
de acidos graxos de cadeia curta apresentou diferencas significativas, com o perfil de
acidos nos tratamentos com os PAMs semelhante agueles com monensina. Os niveis
intermediarios do PAM ent-Ctx(lle?!)-Ha mostraram uma redugdo na emisséo de gases
e metano, sem comprometimento da utilizagdo de matéria seca e fibra em detergente
neutro, mostrando que a reducdo dos gases nao se deu devido a reducédo na utilizacéo
de nutrientes pelos microrganismos. Estudos complementares devem ser conduzidos
para melhor entendimento do modo de acéo e dos efeitos da adicdo dos PAMs a dieta
de ruminantes.

PALAVRAS-CHAVE: Aditivos; Antibiéticos; Monensina; Peptideos antimicrobianos;
Resisténcia bacteriana; Virginiamicina.
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Antimicrobial peptides as additives to beef cattle nutrition

ABSTRACT

Antimicrobial peptides (AMPs), identified in recent years from several species of
vertebrate and invertebrate animals, have been receiving attention as a possible
substitute for feed additives currently used for animals. One of these molecules,
extracted from a frog from the Brazilian Cerrado, proved to be a promising antibiotic
molecule due to its biological activity against fungi and bacteria. The Ctx(lle?')-Ha
peptide and its ent-Ctx(lle?!)-Ha isomer proved to be capable of permeabilizing and
destroying bacterial membranes and, therefore, have become the focus of studies for
the nutrition of beef cattle aiming at reducing of Gram-positive bacteria, since their
unspecific mode of action (targets cell membranes) hinder the process of bacterial
resistance. Aiming to evaluate the effects of the application of Ctx(lle?!)-Ha and its ent-
Ctx(lle?Y)-Ha isomer for beef cattle kept under grazing system in comparison with
conventional additives used in animal feed, four in vitro studies were conducted with
different substrates combined with monensin and virginiamycin additives and doses of
antimicrobial peptides. pH, gas production, methane production, short-chain fatty acid
profile and rate of dry matter and neutral detergent fiber disappearance were evaluated.
AMPs reduced gas production. Methane production, in general, was significantly
affected by the interaction between substrate and additive. Furthermore, the
disappearance rate was not significantly affected by the use of AMPs. The production of
short-chain fatty acids showed significant differences, with the acid profile in treatments
with AMPs similar to those with monensin. Intermediate levels of AMP ent-Ctx(lle?!)-Ha
showed a reduction in the emission of gases and methane, without compromising the
use of dry matter and neutral detergent fiber, showing that the reduction of gases was
not due to the reduction in use of nutrients by microorganisms. Complementary studies
should be conducted to better understand the mode of action and effects of adding
AMPs to ruminants’ diet.

KEYWORDS: Additives; Antibiotics; Antimicrobial peptides; Antimicrobial resistance;
Monensin; Virginiamycin.
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ABSTRACT: In the last few years, feed additives have been used in animal nutrition
to improve nutrient utilization, health parameters and animal performance. However,
the use of antibiotics as feed additives has allowed the occurrence of antimicrobial
resistance (AMR), which can bring as a consequence, an increase in the morbidity
and mortality of diseases that were previously treatable with antibiotics. In this
context, antimicrobial peptides (AMP) have appeared as a promising strategy
because they have multiple biological activities and represent a powerful strategy to
prevent the development of resistant microorganisms. Despite the small number of
studies applied in vivo, AMP appear as a potent alternative to the use of antibiotics in
animal nutrition, due to an increase in feed efficiency and the prevention/treatment of
some animal diseases. This review discusses the problems associated with
antimicrobial resistance and the use of AMP as a strong candidate to replace

conventional antibiotics, mainly in the animal industry.

Keywords: Additive; Antimicrobial peptide; Broiler; Cattle; Laying hen; Nutrition; Pig.
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1 Introduction

According to the Food Outlook 2020, disclosed by The Food and Agricultural
Organization (FAO, 2020), world meat demand increased 119 million metric tons.
However, a reduction in pig meat production is anticipated due to the impact of
African swine fever disease. In contrast, the same report shows an expansion of
poultry and ovine meat production due to the increased demand. In the dairy sector,
milk production is expected to experience an improvement of 1.4%, producing 860
million metric tons of milk per year.

Brazilian companies lead the world beef market, which moves more than 7
million metric tons per year between exports and imports. Since 2005, this country
has internationalized the sector, purchasing large processing plants abroad. In 2018,
Brazil became the major exporter, trading more than 2 million metric tons of meat,
and was followed by Australia, which exported approximately 1.5 million metric tons
(ABIEC, 2019). Therefore, countries need to improve the feed safety, health and
process certification and quality of origin (traceability) aspects of the herd to avoid the
possible serious risk of losing the positive results already achieved in international
markets (Morgan et al., 2016; Conchon and Lopes, 2012).

The production of poultry meat in the world is led by the USA, China, and
Brazil, which is responsible for a high economic value (FAO, 2020). In recent years,
consumers have changed their perspectives when purchasing food products,

focusing mainly on food safety (Heneghan, 2015). This factor is related to nutritionally
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adequate usage and safe foods (Coleman-Jensen et al., 2020), with safe foods being
those that do not affect consumer health (Chassy, 2010).

Various techniques have been employed in animal production to maximize
food production. To achieve this, research needed to change from being solely
focused on animal nutrition, replacing food nutritional value studies with an
understanding of animal physiological processes and the factors that affect them
(Wallace, 1994). In recent years, research has sought to manipulate and improve
fermentative patterns and ruminal metabolism with additives in the diet (Meyer et al.,
2009; Moya et al., 2009; Possenti et al., 2008), aiming to improve animal feed
efficiency.

However, institutes such as the World Health Organization (WHO) and FAO
have demonstrated concerns about the use of antibiotic additives in some situations,
among them animal nutrition. Because of that, this research has been undertaken

with the aim of finding some replacements for the usual additives.

2 Antimicrobial resistance (AMR)

AMR is considered to be one of the great challenges of the human health
system. Every year, about 700,000 people die from uncontrolled infections (WHO,
2019). If no changes in the approaches are taken, by 2050 AMR will kill more people
than cancer diseases (O’Neil, 2014). The WHO defines AMR as “the microorganism
which has the capacity of stopping antimicrobial activities”. AMR makes conventional

treatments inefficient and infections impossible to be cured. AMR has increased in
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recent years and 6 pathogens are highlighted that exhibit high multidrug resistance
and virulence: Enterobacter spp., Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterococcus faecium
(ESKAPE). These pathogens form the ESKAPE group, a dangerous pathogen group,
which takes its name from the members of the group (Mulani et al., 2019). One of the
main problems related to AMR is the lack of innovation, i.e., the development of new
health technologies or treatments cannot keep up with the speed that these
microorganisms can readapt. The main consequences of this phenomenon are an
increase in diseases’ morbidity and mortality, in diseases that were previously
treatable with antibiotics and even with herbal antimicrobials. In addition, AMR has
also resulted in the reappearance of infectious and opportunistic diseases, such as
yellow fever, Chagas disease and tuberculosis, because microorganism mutations
have caused greater resistance of parasites and agents. These issues represent
serious public health problems, especially in most socioeconomically vulnerable
populations (Estrela, 2018).

Nowadays, 80% of animals used in food production are treated with drugs at
some point in their lives (Chiesa et al., 2020). As a result, products from these
animals — such as meat, milk, and eggs — can contain residues from these
medicines. This has become a public health problem because these residues can
affect the treatment of diseases due to AMR. In the milk industry, for example, the
use of antibiotics such as chloramphenicol, B-lactams, streptomycins, sulfonamides,

tetracyclines and quinolones is quite common. Their residues in milk can often cause
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allergies, which increases the development of resistant bacteria in humans (Chiesa et
al.,, 2020). In 1997, the WHO determined that “antimicrobial overuse leads to the
selection of resistant forms of bacteria in the ecosystem of use” and recommended
that if an antibiotic was essential to human treatments, it should not be used as a
growth promoter in animals. This is because after the antibiotic administration, some
residues can remain in the animal product (Menkem et al., 2019) and lead to
resistance development.

In 1955, a strain of Shigella dysenteriae resistant to 4 different antibiotics was
isolated in Japan during an outbreak of bacterial dysentery. Ten years later, half of all
Japanese Shigella infections were caused by multidrug resistant variants (Russell
and Mantovani, 2005; Shiga, 1898), which showed how fast the resistance evolves
and spreads in the environment. While the transference of antibiotic resistant bacteria
between human and animals is not fully understood, we do know that animals fed
with antibiotics have more antibiotic resistant bacteria than the free antibiotic fed
animals. Further, farm workers carry more antibiotic resistant bacteria than people
who live in urban environments (Wang, 2021). Research conducted by Abbas et al.
(2008) tested the drug sensitivity in Eimeria tenella against some anticoccidials used
in broiler chicks — salinomycin, maduramicin and clopidol. They found partial
resistance in chickens against all 3 anticoccidials. Other additives such as tylosin and
virginiamycin are well known for cross resistance to lincosamidines, macrolides and

streptogramines (Witte, 2007). In addition, in Germany evidence was found of
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resistance in chickens to a streptothricin antibiotic, which had only been used in
animal feeds (Witte, 2007).

As a consequence of AMR problems, international organizations, countries,
academia, productive and technological sectors have been mobilizing on different
levels of performance to tackle this obstacle. In 2015, the “Global Action Plan to
Combat Antimicrobial Resistance” was launched because of a partnership between
the FAO and the WHO, with the aim of keeping the treatment of infectious diseases
effective and safe. In the fields of agriculture and animal production, the use of
antibiotics to accelerate animal growth for human consumption, and their possible
consequences of AMR, is a matter of great relevance due to its high economic
impact. However, since 2016, the use of antimicrobial compounds as growth
promoters has been banned by the European Union, considered the largest food
importer in the world. Therefore, the recent call to combat AMR has led some
countries to outline strategies for developing new and effectiveness antimicrobial

molecules.

3 Antimicrobial peptides (AMP)

AMP are molecules with low molecular weight, belonging to a diverse and
abundant group of biomolecules. AMP are produced in several types of animal and
plant cells, with vast biological activity against bacteria, viruses, and fungi (Lai and
Gallo, 2009). AMP are part of the natural innate immune system of animals and, in

plants, form a defense system similar to the innate immunity observed in animals,
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protecting them from pathogens and pests (Lehrer et al., 1993; Gabay, 1994; Boman,
1995; Hultmark 1993; Shewry and Lucas 1997; Gallo et al. 2002). AMP often share a
common feature: the presence of even-numbered cysteine residues connected by
disulfide bridges, which gives them high stability (Broekaert et al., 1997). In addition,
their amino acid composition, amphipathicity, helicity, cationicity and size make them
able to become inserted into lipid membranes, leading the target microorganism to
death (Lorenzon et al., 2012; Brogden, 2005; Vicente et al., 2013; Izadphanah and
Gallo, 2005). The continuous increase of multidrug resistant microorganisms’
appearance has led research to shed light on these molecules, allowing the
development of new therapeutic agents (Duin and Paterson, 2016; Gallo et al.,
2002). Appreciation of the therapeutic potential of AMP is due to their ability to rapidly
kill many microorganisms such as fungi, viruses, and bacteria, mainly those which
have become resistant to multiple conventional drugs.

Despite conventional antibiotics that usually have the mechanism of action
through a high affinity for a defined target in the microorganism, AMP perform
multiple antimicrobial functions, which acts as a powerful strategy to prevent the
development of resistance by microorganisms (Peschel and Sahl, 2006). Further,
they can act on different targets in the cells such as DNA, RNA, regulatory enzymes,
and other proteins (Maria-Neto et al., 2015). Specifically, their main advantage is the
property to still kill multidrug-resistant bacteria. Zhang and Sack et al. (2012)
demonstrated that AMP can inhibit the methicillin-resistant bacteria Streptococcus

aureus and Pseudomonas aeruginosa, the latter being resistant to conventional
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antimicrobials, causing severe hospital infections. Unlike direct attacks against
microorganisms, AMP may offer protection by different mechanisms, such as
attacking unspecific targets (i.e., plasmatic membranes), maintaining normal gut
homeostasis or modulating host inflammatory responses (Wang et al., 2015;
Cespedes et al., 2012; Lai and Gallo, 2009). Current studies are not enough to fully
support the synergies between conventional antibiotics and AMP, although insights
could be revealed by exploring different AMP together (Magana et al., 2020). In
human medicine, scientists already have published studies testing the capacity of
AMP to reverse drug resistance. Teng et al. (2020) tested some AMP as anticancer
drugs to reverse the cells resistance to regular drugs that have been used.
Interestingly, they have found, for the first time, an antimicrobial peptide that could

reverse cell resistance.

3.1 AMP activity

The most studied classes of AMP are those with antibacterial activity. Most
AMP can interact with bacterial membranes and there are at least 9 hypotheses of
mechanisms of action: 1) electroporation; 2) carpet model, 3) membrane thinning or
thickening, 4) non-lytic membrane depolarization, 5) toroidal pore, 6) oxidized lipid
targeting, 7) barrel stave, 8) disordered toroidal pore, and 9) non-bilayer intermediate
(Magana et al., 2020).

There are several databases where most AMP are compiled and registered.

The Antimicrobial Peptide Database (APD - http://aps.unmc.edu/AP/main.php) have
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3,201 AMP from 6 kingdoms (357 bacteriocins/peptide antibiotics from bacteria, 5
from archaea, 8 from protists, 20 from fungi, 352 from plants, and 2,377 from
animals, including some synthetic peptides) with a large variety of activity (Wang et
al., 2016c, 2009; Wang and Wang 2004). A second database is the Data Repository

of AntiMicrobial Peptides (DRAMP - http://dramp.cpu-bioinfor.org/), an open-access

and manually curated database harboring diverse annotations of AMP including
sequences, structures, activities, physicochemical, patent, clinical and reference
information with 20,434 entries, 5,619 of which are general AMP (containing natural
and synthetic AMP), 14,739 AMP patents and 76 AMP in drug development (Kang et
al., 2019; Liu et al., 2018; 2017; Fan et al., 2016). Finally, the DBAASP (acronym for

DataBase of Antimicrobial Activity and Structure of Peptides - https://dbaasp.org/)

was developed to provide information and analytical resources for the scientific
community, to help in developing antimicrobial compounds with a high therapeutic
index (Pirtskhalava et al., 2016). To date, there are many other databases and
resources for AMP research described elsewhere (Magana et al., 2020).
Antimicrobial peptides isolated from insects are the largest group of known
AMP (Wang, et al.,, 2016a). Among the antibacterial peptides, cecropins were
extensively studied and represent an important component of insect defense systems
against bacterial infection (Hoffmann, 1995). Synthetic cecropins exhibit a powerful
inhibitory efficacy against Escherichia coli, P. aeruginosa, Bacillus megatherium and
Micrococcus luteus (Andreu et al., 1985) and these classes of peptides act to destroy

the bacterial membrane integrity (Silvestro et al., 2000). Another highlighted insect
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AMP group is the defensins (Hoffmann and Hetru, 1992), which act against Gram-
positive bacteria and participate in the antibacterial defense reactions in insects
(Wang et al., 2016a).

Another group of animals that presents a rich arsenal of AMP to defend
against noxious microorganisms are the amphibians (Simmaco et al., 2004). The
magainins were isolated from an African frog’s skin and its synthetic peptide form
displayed antibacterial activity against numerous Gram-positive and Gram-negative
bacteria such as Escherichia coli, S. aureus and Klebsiella pneumonia. The synthetic
limnochariin, a peptide from amphibians’ skin, showed antimicrobial activity against
Gram-positive and negative bacteria (Wang et al., 2016b). Also, the synthetic
hylaranins, an amphibian AMP extracted from an Oriental frog, showed antibacterial
activity against E. coli and S. aureus (Lin et al., 2014). Finally, the hylins and
ceratotoxin-Ha (Ctx-Ha) are cytolytic peptides isolated from the arboreal South
American frog Hypsiboas albopunctatus that present a broad biological activity
against bacteria and fungi (Castro et al, 2009; Cespedes et al, 2012; Vicente et al,
2013). From mammals, defensins and cathelicidins (CATH) are the main classes of
AMP that have been identified. Defensins show a broad range of antimicrobial activity
against bacteria that have demonstrated resistance to antibiotic treatments (Verma et
al., 2007) and CATH exert antibacterial activity against Gram-positive and Gram-
negative bacteria via electrostatic interactions with the bacterial cell membrane (Dean

et al., 2011).
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One of the interesting types of AMP studied are bacteriocins (Russel and
Mantovani, 2005), which are ribosomal peptides released into the extracellular
medium by Gram-positive and Gram-negative microorganisms and which have
specific bactericidal or bacteriostatic action (Collins et al., 2010; De Vuyst; Leroy,
2007). The first bacteriocin was initially identified as an antimicrobial protein
produced by E. coli, called colicin (Gratia, 1925).

In 1969, studies in bacteriocins produced by lactic acid bacteria aroused more
interest in nisin, the first commercially applied bacteriocin. Nisin was added to the
European list of food additives in 1983 and authorized for use in processed cheeses
by the Food and Drug Administration (FDA) in 1988. Since then, the research field on
this biomolecule has extensively increased, allowing the discovery and detailed
characterization of many bacteriocins in recent decades (Rolhion et al., 2019;
Hwanhlem et al., 2017; Collins et al., 2010). Recently, this compound has received
great attention due to its high potential for application in the food industry — being
used as natural preservatives — as well as being suggested to reduce the
indiscriminate use of antibiotics in food products for humans and animals (Sabo et
al., 2014). The production of bacteriocins occurs initially as a response mechanism to
stimuli or environmental stress generated by microbial competition. They are usually
synthesized as inactive pre-peptides with a precursor sequence in the N-terminal
region (Xie and Van der Donk, 2004) and transported to the cell surface during the

exponential phase and catalyzed into the active form (Aucher, et al., 2005).
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Bacteriocins are also widely used in the clinical field, e.g., in the treatment of
topical dermatitis (Valenta et al.,, 1996), stomach ulcers and colon infections and
respiratory tract infections (Dicks et al., 2018). Nisin, combined with conventional
antibiotics, effectively helped the membrane permeabilization of an enteric multidrug-
resistant Salmonella strain (Singh et al.,, 2013). This combination of antibiotics with
AMP represents a way to decrease the use of conventional antibiotics in medical
applications and help to reduce resistant bacteria (Naghmouchi et al.,, 2011).
Kamarajan et al. (2015) demonstrated that nisin ZP (a naturally occurring variant)
reduced tumorigenesis in vivo. In addition, a long-term treatment with nisin ZP
extended survival and induced apoptosis dose-dependently in human umbilical vein
endothelial cells (HUVEC), with concomitant decrease in vascular sprout formation in
vitro and reduction of intratumoral microvessel density in vivo.

Over 70,000 distinct fungi have been identified and some of these can cause
serious damage to human health (Li et al., 2012). Since the AMP have pleiotropic
functions, i.e., a single molecule has several characteristics that are often unrelated,
they can exert strong antifungal activity and could be useful in addressing fungal
infections. In addition, many AMPs are viral inhibitors (Jenssen, et al., 2006). This
antiviral activity can be related to the direct interaction with the virus or is a result of
an indirect effect through interactions with potential target cells. Moreover, there are
some studies that show the effects of some AMP against influenza virus and human

immunodeficiency virus (HIV) (Tripathi et al., 2013; Barlow et al., 2011).
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4 AMP utilization in animal feed

Antibiotics have been used in the animal industry for more than 50 years (Xiao
et al., 2015). Although its use brings benefits, the misuse has caused some
problems, including the emergence of bacteria resistant to antibiotics and drug

residues in meat products (Bacanli and Basaran, 2019).

4.1 Swine

In the swine industry, post weaning diarrhea is a serious problem for
production, due to increased mortality and reduced growth performance.
Approximately, 50% of piglet mortality due to diarrhea is caused by enterotoxigenic
E. coli (ETEC) (Cutler et al.,, 2007). According to United States Department of
Agriculture (USDA, 2018), 95.5% of swine farms in United States include
subtherapeutic concentrations of antibiotics in young pigs’ diets. Despite that, farmers
still reported a large occurrence of diarrhea, an unsurprising fact since very often they
have seen a broad spectrum of antibiotic resistance among ETEC strains (Lanz, et
al., 2003; Maynard, et al., 2004).

A potential alternative to conventional antibiotics is the colicins, a class of
bacteriocins produced by and effective against E. coli, killing bacteria by disrupting
the ionic gradient (FAO, 2020). Recent studies have demonstrated that colicins are
effective against ETEC strains from pigs in vitro (Cutler et al., 2007) and against a
wide range of E. coli strains (Murinda et al., 1996; Lanz et al., 2003). The colicins are

not related to any antibiotic used in human medicine and do not leave any kind of
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traces in the animals (Cutler et al., 2007). Cutler et al. (2007) tested 2 doses of
colicins (11.5 and 16.5 mg of colicin/kg of diet) on weaning pigs and observed a 40%
higher weight gain and a 7% lower feed efficiency in the higher dose group compared
to the control group (no colicin), showing that the animals have a better performance
with colicin even when a small dose was used. Also, the authors did not observe any
signs of post weaning diarrhea in the pigs in the higher dose group.

Other types of AMP that have been used are the synthetic AMP A3 and P5
(Yoon et al., 2012 a,b; 2014). Yoon et al. (2012a) evaluated different increasing
levels of AMP A3, which were 0, 60 and 90 mg/kg of diet, as an alternative to
conventional antibiotics. The study analyzed the growth performance, coefficient of
total tract apparent digestibility (CTTAD) of nutrients and intestinal aspects of
weanling pigs. A linear improvement on final body weight and an average daily gain,
with no effect on average daily feed intake and feed efficiency were found. In
addition, they observed a linear improvement on CTTAD of dry matter and crude
protein, and no differences were observed between ileal total anaerobic bacteria,
Clostridium spp. and coliform populations of pigs feed with AMP A3 compared to
conventional antibiotics. Therefore, the results showed that AMP A3 is a potential
molecule to replace antibiotics used as growth promoters in pigs.

In a parallel work, Yoon et al. (2012b) evaluated the increasing levels of AMP
P5 on growth performance, CTTAD and intestinal aspects of weanling pigs as an
alternative to conventional antibiotics. They noted a similarity between the groups fed

with a conventional antibiotic and with the AMP P5 on average daily gain, also
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presenting CTTAD with greater results than the negative control group. The same
behavior was observed for fecal coliform concentration. As in the previous work,
results also showed that the AMP P5 is a possible potential molecule for replacement
to conventional antibiotics used as growth promoters to pigs. Finally, in an
association analysis, Yoon et al. (2014) tested both AMP A3 and P5 with a negative
control — no antibiotic — and a positive control — a conventional antibiotic. They found
that both AMP have potential to improve growth performance, nutrient digestibility,
intestinal morphology and to reduce pathogenic bacteria in weanling pigs and could
be an alternative to the usual antibiotics used in the swine industry.

Cecropin, an AMP isolated from silkworm Hyalophora cecropia, have also
been tested on pigs. Wu et al. (2012) evaluated the cecropin AD — a chimeric
cecropin AD peptide, which has the first 11 residues from Hyalophora cecropia
cecropin A and the last 26 residues from Hyalophora cecropia cecropin D (Wu et al.
2009) — and a conventional antibiotic on pigs challenged with E. coli to investigate
whether dietary alteration with AMP application could improve performance, immune
defenses and reduce intestinal inflammation. The results indicated that animals fed
with a diet containing the AMP cecropin AD improved the performance and reduced
the incidence of diarrhea, a similar effect to what they observed from the treatment
with conventional antibiotics.

As can be seen, there are some proven strategies with AMP to replace the

use of antibiotics as growth promoters. However, further studies are needed to
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identify the precise in vivo mechanism of the action of these AMP to allow for safer

utilization in animal nutrition.

4.2 Cattle

The rumen is an essential organ for nutrient fermentation due its capacity to
produce end-products, particularly short chain fatty acids (SCFA) and microbial
protein, the major energy and protein source to ruminants, respectively (Kristensen et
al., 2005). Therefore, the more efficient the rumen is, the more end-products are
synthetized. For this reason, in recent years, studies in rumen manipulation have
widely increased. Antibiotics can increment the rumen efficiency; however, as
occurred in swine industry, long-term usage may not be beneficial for ruminants and
consumers (Cheema et al., 2011). Therefore, attempts have been made to replace
them with better and safer alternatives.

Ruminants, as other animals, produce many AMPs that act as natural innate
barriers, limiting microbial infectious diseases and, therefore, have different sizes and
mechanism of actions (Brogden et al., 2003). Ruminants present 2 AMP groups,
available in different tissues, macrophages, mucosal epithelial cells and
polymorphonuclear leukocytes, as follows: 1) anionic peptides — a small group rich in
aspartic and glutamic acids, with activity against Gram-negative and Gram-positive
bacteria, and 2) cationic peptides — rich in proline and cysteine, with activity against

Gram-positive and Gram-negative bacteria (Brodgen et al., 1996; 1997). These
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peptides have also antiviral and antifungal activities (Jenssen et al., 2009; Lee-Huang
et al., 1999; Arnold, et al., 1980).

Some ruminal Gram-positive bacteria can produce bacteriocins, an inhibitor of
other bacteria species (Kalmokoff et al., 1966). A lantibiotic, bovicin HC5, was
identified and isolated from Streptococcus bovis HC5 by Mantovani et al. (2001) with
a large antibacterial activity and no bacterial adaptation demonstrated (Mantovani et
al., 2001, 2002). Lee et al. (2002) tested the effects of bovicin HC5 on ruminal
methane production in vitro and demonstrated that it can inhibit methane production
at pH 6.7. Another study found that bovicin HC5 is even more effective in 5.5 pH,
showing that the molecule can be more effective in animals fed grain rather than
forage (Mantovani et al., 2002). The same study also tested the capacity of bovicin
HCS5 to inhibit methane production in a successive fashion. In addition, it was found
that microorganisms, which received bovicin HC5, gradually lose their activity, i.e.,
the methanogen archaea did not adapt to the molecule. Lima et al. (2009)
investigated if bovicin HC5 could inhibit the deamination of mixed ruminal bacteria
and evaluated if bovicin HC5 and monensin affected the same types of ammonia
producing ruminal bacteria. Interestingly, they found that bovicin HC5 and monensin

have activity against the same types of bacteria.

4.3 Broiler and Layers
In the poultry industry, the greatest problem raised is based on the presence

of Salmonella sp., which also affects human public health (Narushin et al., 2020). The
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defense mechanisms of both broilers and laying hens have been studied for several
years. As a result, it has been possible to identify AMP and classify them into 2 large
families, defensins and CATH (Akbari et al., 2008).

Defensins are composed of between 18 and 45 amino acids, predominately
comprised of cystines, cationic and hydrophobic residues. They present antimicrobial
activity against bacteria, some fungi, protozoa, and even viruses (Sugiarto & Yu,
2004), immunomodulatory, anti-inflammatory, and intermediaries in regeneration of
skin wounds (Xiao et al., 2020; Akbari et al., 2008). They are subdivided into a, B and
0, which are differentiated by the disulfide bridge position, size (kDa), and structure
(B-sheet dimer or cyclic). Furthermore, in previous studies, it was revealed that
chickens, as well as cattle, pigs and humans have B-defensins, but not a- or 6-
defensins (Sugiarto & Yu, 2004). Avian B-defensins (AvD) are produced by the
activation of encoded genes in response to an external or environmental factor and
thus achieve homeostasis. These genes remain inactivated when chickens are not
strained or are totally healthy, which is directly related to the presence of pathogenic
microorganisms such as Salmonella sp. (Narushin et al., 2020; Akbari et al., 2008).

In laying hens, white eggs have been demonstrated to possess antimicrobial
proteins and B-defensins. Also, a wide variety of cationically active AMP such as
gallinacins, which can interact with pathogens cell membrane, have also been found.
In addition, many of these AMP were identified as anti-biofilms that could eliminate
microorganisms (Arena et al., 2020). A large list of AMP and other peptides related to

anticancer, anti-inflammatory, antihypertensive and antiviral effects were also
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identified in chicken yolk plasma (Arena & Scaloni, 2018). Gallinacin 11 has
demonstrated an effective response against S. typhimurium and Listeria
monocytogenes in chickens (Higgs et al., 2005).

Some ceratotoxins, such as the cationic AMP, Ctx(lle?!)-Ha are a promising
peptide applied against S. enteritidis and S. typhimurium, it also showed great activity
against multidrug-resistant bacteria (Rogue-Borda et al., 2021a). Innovative systems
such as micropatrticles were successfully applied to control systemic infection caused
by Salmonella (Roque-Borda et al., 2021b). Likewise, it was reported that these
microparticles would be able to reduce the mortality rate of the chicks during the first
days of post-infection life and increase their weight with the passing of days (Roque-
Borda et al., 2021c).

A previous study has shown that the regulation of AMP was influenced by the
presence of probiotics in chickens, because their relationship was inversely
proportional (Ma et al., 2020). The gene expression of AMP decreased as the
probiotic concentration increased, which indicates that AMP may not be entirely
necessary in the presence of probiotics. However, there are still gaps to be studied in
this relationship (Schlee et al., 2008; Akbari et al., 2008; Wehkamp et al., 2004).
Another important regulator could be yeast culture (YC), where the expression of
genes encoding AMP is increased, such as those expressing the AvD 1, 4 and 7
peptides and CATH 1 and 3. These molecules presented beneficial results for aged
laying hens, demonstrating how beneficial this combination supplemented with YC

can be, and the impact it has with the age of the chickens (Zhang et al., 2020).



37

In recent published studies on broilers, the AMP Microcin J25 was used
against Salmonella sp. and E. coli. This peptide, showing antimicrobial activity,
promoted animal growth performance, which improved the fecal flora composition
and intestinal structure, as well as an induction of an efficient immune response
(Wang et al., 2020b). Another important agent used was potato proteins, which
reduced the presence of coliform bacteria and improved broiler production
performance (Ohh et al.,, 2009). Lactobacillins (Xu et al., 2020), which are
polypeptides with antimicrobial activity produced by lactic acid bacteria (LAB), were
also studied. Lactobacillus bacteriocin plantaricin K (PInK) is part of this group and
was expressed in vitro by genetic engineering. This peptide is particularly selective
because it does not eliminate Gram-positive bacteria and exclusively eliminates
pathogenic bacteria from the body. In addition to not altering the intestinal flora
diversity, this peptide is a specific promoter of intestinal microbial control and has
become an option for studies of selective AMP (Xu et al., 2020). A recombinant
peptide, plectasin, complements the positive results already mentioned, and has
exhibited an increase in duodenal lipase yield and trypsin activity, which are
important for the digestion process in broilers (Ma et al., 2020).

Some studies based on broilers have also integrated the use of sublancin,
from B. subtilis 168, which was shown to have a great biological effect against
Clostridium perfringens, S. aureus and P. aeruginosa, also helping the proliferation
and count of LAB (Ozcan et al., 2019). This recombinant AMP has also been shown

to generate immunological memory (e.g., humoral, and cellular) by increasing the
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lymphocyte T content (CD4* to CD8" ratio), and Newcastle disease antibodies.
Therefore, due to these results, a highly effective vaccine could be generated using
this AMP as immunity stimulators (Liu et al., 2019).

In addition, it has also been shown that mixed-formulations of AMP and other
compounds could have promising effects, such as those that use marine algae-
cecropin, when Laminaria japanica powders were used as a feed supplement,
showing a high growth performance and immune protection (Bai et al., 2019); This
mixed effect could be key to the development of new antimicrobial additives as a food
source for chickens.

There are other AMP such as magainin (Wang et al., 2016b), nisin (O'Connor
et al., 2020), camel lactoferrin “36” and “chimera” (Daneshmand et al., 2019a,b) that
are described in literature. These molecules have shown results like those already
mentioned in this section. For all these reasons, AMP are essential for the survival
and animal protection and become an interesting and valuable alternative for poultry

production improvement.

5 Food preservatives

AMP have been applied in food preservation for more than 25 years. The most
studied AMP were the bacteriocins produced by the LAB family, as they have
potential application in food preservation (as shown in their application in broilers)
(Kareem and Razavi, 2020). Among the most studied, plantaricins showed a high

rate of microbial inhibition and activity against S. enteritidis, E. coli, L.
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monocytogenes, C. perfringens and B. cereus, among others (Thakur, 2017).
Regarding the plantaricin family, some molecules have special features, such as:
plantaricin A, inducer of production of other plantaricins (E/F and J/K); plantaricin C,
applied in conservation and preservation of cheese and plantaricin S, extracted from
fermented green olives (Kareem and Razavi, 2020).

The use of natural preservatives in replacement of chemical agents is an
important strategy to increase shelf life of minimally processed fruits and vegetables
(da Costa et al., 2019, Przybylski et al., 2016). In Brazil, with the approval of nisin in
1996, the first AMP/bacteriocin was used commercially by the Health Department as
a cheese preservative. In addition, pediocin peptide, isolated from Pediococcus spp.,
IS mainly used as a preservative for meat products, which protects from heat
treatment due to its stability over a wide pH range (2 to 8) and high temperatures
(maximum at 121 °C) (da Costa et al., 2019).

A new peptide recently isolated from broccoli, known as broccoli napin, has
revealed a protective activity against pathogenic fungi, such as Fusarium culmorum
and Penicillium expansum, being one of the most problematic pathogens in the
agricultural sector. Moreover, the molecule has shown thermal stability, anti-tumor
activity, and presented no hemolysis, protecting mainly crops and cereal-based
products (Thery et al., 2020).

The a137-141 peptide was obtained from hemoglobin hydrolysis of blood
residues of slaughterhouses, a residual by-product of beef production. This peptide

has shown a high rate of microbial inhibition and potential antioxidant capacity. Thus,
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these functions together are interesting for their application in the food industry
(Przybylski et al., 2020). Other AMP, such as those isolated from the house fly
(Musca domestica pupae) (Md-AMP), which are used to preserve pork (chilled pork),
have been found to destabilize the cell membrane and bind to DNA (Dang et al.,
2020). The application of some AMP in the food industry has been tested through
pilot trials of innovative containers, such as polyethylene terephthalate with the
mitochondrial-targeted peptide 1. This molecule was evaluated in meat and dairy
foods, demonstrating satisfactory results, corroborating a great progress and
efficiency of AMP (Gogliettino et al., 2020). Therefore, these recent discoveries could

lead to a promising alternative for food additives.

6 Cattle disease treatments with AMPs

As mentioned, AMP have been considered a new source of biomolecules in
several fields of scientific research, given their potential against many pathogenic
microorganisms. In addition, the increase of microorganisms’ resistance to antibiotics
and the inability to discern the mechanisms of inhibition of these microorganisms
have become a matter of concern, receiving immediate attention from the
pharmaceutical industry to governmental and academic institutions (Lima, 2009).
Many pathologies associated with animal production are related to the presence of
bacteria, fungi, and viruses. However, they have already been evaluated as a method

of prevention and treatment. In this section, AMP applications with successful results
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in cases of diseases caused by several types of microorganisms in cattle production
are described.

Trichomonas foetus and T. vaginalis are parasites that generate enormous
economic problems due to their high morbidity rates. These microorganisms can also
be transmitted by humans through sexual contact. To overcome this problem, the D-
hecate peptide was evaluated, proving to be highly effective against these
microorganisms at a concentration of 10 umole/L, by promoting a serious rupture in
plasma membrane (Mutwiri et al., 2000). It also exhibited a great activity in cancer
cells, appearing as an alternative in this type of disease in cattle production
(Leuschner & Hansel, 2004). Some food additives, such as sodium bicarbonate,
helped tritrpticin, also an AMP with high biological effectiveness, against T. vaginalis
(Infante et al., 2011).

The bovine respiratory syncytial virus is considered a serious risk disease due
to economic losses. This virus was counteracted by CATH LL-37 peptide, which is
exceptionally attractive for monoclonal antibodies, due to their specificity and ability
to induce immunity (Caskey et al., 2019). In vitro studies were carried out with this
AMP in human cells and the molecule induced direct damage to the viral envelope,
modifying the viral structure and decreasing the binding and interaction with epithelial
cells. In addition, studies with murines indicated that an exogenous application would
help in the eradication of post-infection disease (Armiento et al., 2020; Currie et al.,
2016). Therefore, it is possible to use AMP with antiviral activity when applied in

cattle, with possible efficient results.
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Bovine respiratory disease complex (BRDC) is one of the most common
illnesses in animal production caused by Mannheimia haemolytica, Histophilus somni
and Pasteurella multocida. Bovines have as a natural defense mechanism, the
tracheal antimicrobial peptide (TAP), that is affected and inhibited due to the stress
generated by hormonal regulation in animal production (Siracusa, 2018; Vulikh et al.,
2019). Synthetic TAP was used to evaluate its direct dosage effect via the nasal
route. However, results showed no effects and no variance, explained by the amount
of mucosa present in the nasal passage, which could be related to peptide instability
and degradation (Vulikh et al., 2019). In this way, the current challenge is to use
carriers or formulations for peptide interaction with the target pathogenic bacteria,
with no destabilization or degradation. Another study evidenced the antimicrobial
activity of bovine NK-lysine (natural killer cell origin and lytic properties) derived
peptides, such as NK1, NK2A, NK2B and NK2C exhibiting activity against BRDC,
which demonstrated excellent results, modifying the structure of the cell membrane,
and causing a cytosolic effusion (Dassanayake et al., 2017).

In summary, these studies indicate that the use of peptides in animal models
or in vitro studies could be taken as a reference for the development of novel and

safer molecules for the improvement of livestock production.

7 Public health implications and future implications

The discovery of antibiotics in 1928, by Alexander Fleming, helped to improve

the life expectancy of humankind (Hu et al., 2020). Following the increasing use of
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antibiotics over time, antimicrobial resistance became a severe public health
problem. In recent years, antibiotics used against some diseases such as K.
pneumoniae and E. coli are no longer effective in at least 50% of treated people
(Peleg et al., 2010; Shaikh et al., 2015). Moreover, the last option for gonorrhea
medical treatment has failed in at least 10 countries (WHO, 2019). The lack of
policies to control the use of antibiotics, their misuse by humans and in livestock
production have helped to achieve this threatening scenario.

Since 2015, AMR has become a worldwide priority. The WHO created the
“Global Action Plan on Antimicrobial Resistance” to encourage a wise use of
antibiotics and some strategies to reduce their consumption. This plan of action
identified that some common medical conditions, such as tuberculosis, HIV, malaria,
sexually transmitted diseases, urinary tract infections, pneumonia, blood-stream
infections, and food poisoning have become resistant to a large number of
conventional antibiotics (Roque-Borda et al.,, 2021d). Consequently, this fact has
forced medical practitioners to use so-called “last-resort” drugs, which are expensive
and mostly unavailable in poor countries.

Therefore, the urgent need for the development of new antimicrobials, mainly
natural ones, is a powerful strategy to minimize the indiscriminate use of conventional
antibiotics and could help treat and overcome some diseases, thus improving our

quality of life.

8 Conclusions
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Advances in animal production have demanded the increase of use of
additives for productivity and to avoid mortality by pathogens. However, the
increasing application of antibiotics and other growth promoters has revealed
unfortunate “side effects”: the appearance of AMR, multidrug resistant bacteria, and
hazardous risks for human health. To tackle this broad-spectrum problem at different
levels, this review presents and discusses an interesting alternative among several
researched molecules: the AMP. These compounds, which have been proven to be
efficient and promising, have shown biological activity and applicability against
several microorganisms, mainly in the areas of animal production, as well as being
suitable for food preservation. The multiple properties of AMP make them optimistic
and powerful candidates to replace conventional drugs. Moreover, the development
of new natural peptide-based antimicrobials for livestock, swine and poultry can help
to reduce the antimicrobial problem without affecting either animal production or
human health, nor leaving any pharmacological residues that generate environmental

impact issues.
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*This chapter was writing according to guidelines of Journal of Cleaner Production, where it will be
submitted after corrections.

CHAPTER 2 - Use of antimicrobial peptide Ctx(lle?')-Ha and its analogue ent-
Ctx(lle®!)-Ha for an alternative feed additive in beef cattle*

R.F. Silveira, L.S. Neves, C.H.S. Rabelo, M. Gindri, R.A. Reis, L.B. Fernandes, L.E.

Ferreira, A.P. Daurea, E.F. Vicente
Introduction

Brazilian livestock productivity is very representative in the world economic
scenario. Since 2005, Brazil is leader of the largest beef exporter country in the
world, with 20% of the meat traded internationally and sales in more than 180
countries. The Brazilian cattle herd provides the development of two segments: the
production of meat and milk, which have an estimated gross value of more than USD
12 billion, according to data from the Ministry of Agriculture, Livestock and Supply
(MAPA). In view of these facts, the promotion of strategies to increase the
sustainability of cattle farming is essential for the maintenance and growth of one of
the most important sectors of our economy.

An important strategy to achieve these objectives is increasing the efficiency
of nutrient used by ruminants. In the rumen, there are several species of
microorganisms that degrade proteins, non-structural and structural carbohydrates,
synthesizing short-chain fatty acids (SCFA), amino acids, and vitamins, which make
the host virtually independent of nutrients, except for vitamins A and D. The search
for a maximization of the use of essential nutrients for the animal can improve the
fermentation process inside the rumen, resulting in a greater availability of these

nutrients (Leopoldino et al., 2007). The bacteria present in the rumen are classified
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using common substrates or fermentative characteristics. The main groups are
structural and non-structural carbohydrate fermenters, such as proteolytic, lactic,
pectinolytic, lipolytic, ureolytic and methanogenic (Archaea), the latter being strictly
anaerobic. The genus Methanobacterium plays a fundamental role in this chemical
balance of the rumen ecosystem by using the hydrogen gas (Hz) present in the
environment, contributing to the regeneration of coenzymes, such as NAD* and
NADP*, reducing them (Daquiado et al., 2014). In this sense, some groups of
microorganisms, for example, Gram-positive acetate producers, which lower the
rumen pH, together with high populations of methanogenic microorganisms, have an
adverse effect on the optimal rumen balance and, therefore, on the animal
performance. Thus, the control or reduction of fermentative parameters, using
differentiated foods with probiotics and/or additives, has been studied and discussed
to positively balance the diet, leading to the highest possible efficiency of the animal
nutrient absorption.

Thus, the antimicrobial peptides (AMPs) have been acquiring importance in
relation to the fight against pathogenic microorganisms in the most diverse areas, in
addition to the resistance that many bacteria have presenting to the usual antibiotics.
Hence, the use of the antimicrobial peptide Ctx(lle?!)-Ha — a ceratotoxin-like peptide
isolated from a Brazilian frog Hypsiboas albopunctatus (Ferreira Cespedes et al.,
2012) — as a feed additive in ruminant nutrition emerges as an alternative candidate
to optimize the availability of nutrients by decreasing Gram-positive bacteria, since

this molecule is known to be more active specifically against this type of



63

microorganism (Vicente et al., 2013). In addition, the ent-Ctx(lle?!)-Ha peptide, a D-
enantiomeric Ctx(lle?!)-Ha analogue peptide which can be more resistant to
proteases, may also efficiently acts on methane-producing bacteria. These peptides
can modulate the nutritional efficiency of beef cattle, thus reducing the methane gas

emission into the atmosphere.

Materials and methods

Solid phase peptide synthesis

The peptide synthesis was carried out according (Vicente et al., 2013), using
the solid phase peptide synthesis (SPPS), performed on Chemistry and Biochemistry
Laboratory at S&o Paulo State University (Unesp), School of Sciences and
Engineering, Tupa — Sao Paulo, Brazil. The polymer used as support was the Rink
Amide resin in a substitution degree of 0.6 mmol/g, scale of 0.4 mmol/g and three
times of excess from the Fmoc-amino acid equivalents used. Disposable syringes
with a porous filter were used do help on products disposal and reagent excess. For
coupling of the Fmoc-L and D-amino acids, the following strategies using different
coupling agents were wused: a) N,N'-diisopropylcarbodiimide (DIC) and
hydroxybenzotriazole (HOBt) under stirring for two hours or b) o-(benzotriazol-1-yl)-
1,1,3,3-tetramethyluronic  hexafluorophosphate (HBTU) and the base N-
ethyldiisopropylamine (DIEA), strategy used only in cases of recoupling — from one to
two hours. To eliminate reaction subproducts, cycles of two solvent washes with DMF

and dichloromethane (DCM) were used for each step. The Fmoc removal, the amino
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protecting group, was carried out by adding a solution of 4-methylpiperidine 20% in
dimethylformamide (DMF) for one minute and then for more 20 minutes to complete
the removal reaction.

Cleavage was made by adding a solution containing triisopropylsilane,
deionized water (TIS) and trifluoroacetic acid - TFA in the proportions of 2.5:2.5:95 (v,
Vv, Vv, respectively), in a 20 mL volume scintillation bottle, stirring for two hours, under
mild agitation with a magnetic bar. Subsequently, the peptide, resin and subproducts
solution was precipitated with ice-cold ethyl ether, with three five-minute cycles at
3,500 rpm and, after that, the supernatant was stored for later analysis, if needed.
The peptide was extracted with the addition of acidified solutions (0.045% TFA in
ultrapure water, solution A and 0.036% TFA in acetonitrile, solution B) and
subsequent centrifugation. Then, the supernatant — crude peptide — was lyophilized.
After extraction, a HPLC system (High Performance Liquid Chromatography, model
Prominence, Shimadzu — Tokyo, Japan) was employed to separate the impurities of
cleavage reaction — peptide purification — and analyze the fractions obtained.
Therefore, the Ctx(lle?!)-Ha peptides were identified and characterized by Mass
Spectrometry. Analyzes were performed in positive electrospray mode (ESI-MS) by
direct injection of the peptide samples into an lon Trap Amazon SL mass

spectrometer, Bruker (Billerica, MA, USA).

In vitro gas production, methane production and ruminal fermentation
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The studies were conducted at Premix® Research Center. In vitro gas
production kinetics were evaluated by methodologies described by Mauricio et al.,
1999. Initially, a mass of 0.5 g of dry samples of a) corn silage (CS), b) Brachiaria
brizantha cv. Marandu (BRA) and c) total diet (TD — 60% of corn silage and 40% of
concentrated) were weighed in bottles with 115 mL of capacity. The substrates
chemical composition can be seen on Table 1. Each substrate was weight in 18
bottles. Two trials were performed. The first one had the treatments described below.
1. Negative control (NO — bottles with substrate and ruminal liquid without any

additive)
2. Positive control 1 (MON) — 5.0 mg of monensin/kg of dry matter (DM)
3. Positive control 2 (VIR) — 5.0 mg of virginiamycin/kg DM
4. Antimicrobial peptide 1 (AMP2.5) — 2.5 mg of ent-Ctx(lle?')-Ha/kg DM
5. Antimicrobial peptide 2 (AMP5.0) — 5.0 mg of ent-Ctx(lle?')-Ha/kg DM
6. Antimicrobial peptide 3 (AMP7.5) — 7.5 mg of ent-Ctx(lle?!)-Ha/ kg DM

The second trial had the same positive and negative controls, but the original
type L-peptide Ctx(lle?')-Ha was employed as described below.

1. Negative control (NO - bottles with substrate and ruminal liquid, no additives)
2. Positive control 1 (MON) — 5.0 mg of monensin/kg of dry matter (DM)

3. Positive control 2 (VIR) — 5.0 mg of virginiamycin/kg DM

4. Antimicrobial peptide 1 (AMP2.5) — 2.5 mg of Ctx(lle?!)-Ha/kg DM

5. Antimicrobial peptide 2 (AMP5.0) — 5.0 mg of Ctx(lle?')-Ha/kg DM

6. Antimicrobial peptide 3 (AMP7.5) — 7.5 mg of Ctx(lle?!)-Ha/kg DM
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Table 1: Chemical composition of substrates used in in vitro incubations.

Substrate Ccst BRA?Z TD3
DM*, % 35.15 32.32 40.56

NDF®, % 48.26 70.31 60.66
1Corn Silage; ?Brachiaria brizantha cv. Marandu; 3Total Diet; “Dry matter content;
SNeutral detergent fiber content.

At the day of incubations, the buffer solution composed by sodium and
ammonium hydroxide (Marten, G. C.; Barnes, 1979) was prepared, mixed with a
solution of macro and micronutrients, and continuously infused with carbon dioxide
(CO2) for 30 minutes, in a temperature of 39°C. After that, 50 mL was dispensed in
each bottle. The ruminal fluid was collected from two Nelore cattle kept under grazing
of Brachiaria brizantha cv. Marandu and mixed among them. A volume of 25 mL of
ruminal liquid was dispensed in each bottle. Then, the bottles were sealed and
maintained in a 39°C stove with automatic agitation.

The gas pressure was measured after 4, 8, 12, 24 and 48 hours of
fermentation, using a pressure transducer connected to a Datalogger (press DATA

800). Pressure was transformed to volume using the following equation (Eq. 1):

V (mL) = (13.156 x P) + 0.1991 (1)

where V is the gas production volume (mL) and P is the pressure (psi).

Each of four in vitro incubation analyzes were composed by 112 bottles: 6

treatments x 3 substrates x 2 times of methane collect x 3 repetitions plus 4
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standards (no substrate was used). After 24 and 48 hours of fermentation, a volume
of 20 pL of gas was collected and stored in vials. The vials were analyzed using gas

chromatography to measure the methane concentration.

Dry matter disappearance (DMD)

After 24 and 48 hours of fermentation, the bottles were removed from the
stove and immersed in ice to inhibit microbial activity. Then, the bottles were opened
and the material inside was passed through a textile filter and repeatedly washed
with distilled water. After that, the filters were put in a stove at 55°C for 24 hours.
After this time, the filters were weighted again and, by weight difference, the DMD

was calculated.

Neutral detergent fiber disappearance (NDFD)

After DMD calculation, the filters were sealed, identified and the NDF was
performed according to Detmann (2013). The filters were put in an autoclave with
detergent solution in a rate of 100 ml of solution per gram of sample. The solution
was heated to a temperature of 105 °C per 1 hour. Then the filters were washed with
hot distilled water (approximately 90°C) to remove the detergent and after with
acetone. After that the filters were conditioned in a ventilated stove at 60°C for 24
hours and then in a stove at 105°C for 2 hours. The filters were weighted again and

by difference the NDFD was calculated.
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End products of fermentation

After 24 and 48 hours of fermentation, bottles were removed from the stove
and immersed in ice to inhibit microbial activity. The pH of the buffered rumen
inoculum was measured using a pH meter (model MA522). After this procedure, 1
mL of H2SO4 was added to rumen inoculum and 30 mL aliquots were collected and
stored at —20 °C for subsequent determination of SCFA by high performance liquid
chromatography (HPLC) according to Serafim et al. (2021). It is important to highlight
that this publication was produced by our group, in order to develop a cheap and
straight-forward methodology for the SCFA analysis using the HPLC system.

The SCFA HPLC retention times were presented as follows: formic acid: 4.005
minutes; lactic acid: 5.505 minutes; acetic acid: 5.814 minutes; propionic acid: 13.392
minutes.; butyric acid: 20.863 minutes. The peaks obtained in the chromatography
were integrated, and their areas were used to obtain the concentration of acids

(mmol L) through calibration curves previously made for each acid.

Statistical Analysis
Mix models were used for analyzing all the variables. For the variables pH,
SCFA, DMD, NDFD, methane, and gas production, linear mix models using the
function Ime of the package nlme of software R (Pinheiro J, Bates D, DebRoy S,
Sarkar D, 2020) were fitted with the fixed effect of substrate and additive and the
interaction substrate*additive and the random effect of run [r ~ iidN (0, o/?)]. For

dynamic production of gas, non-linear mix model using the function nlme of the
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package nlme of software R (Pinheiro J, Bates D, DebRoy S, Sarkar D, 2020) were
fitted with the fixed effect of substrate and additive and the interaction
substrate*additive as fixed effect and the run [r ~ iidN (0, 0+%)] and bottle [b ~ iidN (0,
ov?)] as random effect in the parameters of the one-pool logistic model, proposed by

Schofield, Pitt, and Pell (Schofield et al., 1994), presented below (Equation 2):

Vi=Vix (L+exp(2—4xSx(t-L)* 2)

where Vt = final gas volume accumulated (mL); S = degradability rate (/h); t = time
(h); L = lag-time (h). Also, the autoregressive-1 was used to correct for lack of
independence in the residual and varPower to correct homogeneity of variance.
Analysis of variance were performance for both models using Anova function
of package stats of R (Fox, John & Weisberg, 2011). Means were compared using
pairwise comparison and Tukey’s multiplicity adjustment available in the function
emmeans of package emmeans (Lenth, 2019) of R (R Core Team, 2020). Orthogonal
polynomial contrasts were also used to compare the effects of MON, VIR, NO. To the
mean of AMP and also the linear and quadratic effect of AMP emmeans and contrast
functions of the emmeans package of software R (Lenth, 2019) were used. The P-

value < 0.05 was considered significant.
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Results

Solid phase peptide synthesis

For the peptide application in the ruminal liquid, two peptide syntheses were
performed for each peptide due the high mass amount necessary to the treatments
applied. The chromatographic profiles, measured at a wavelength of 220 and 280
nm, are showed on Figure 1. The first wavelength detects the peptide bonds, which
absorb light at this wavelength; the second length absorbs aromatic amino acids (i.e.,
tryptophan), which makes the analysis more sensitive and efficient. From the crude
chromatographic profile presented, there is a major peak at a column retention time
of 18.5 min, when an analytical gradient with a program from 5% to 95% of solution B
in 30 minutes was applied. After mass spectrometry analysis, the material of interest
was confirmed through its mass/charge ratio. In order to use a greater mass of
peptide, a peptide clean-up step was performed to eliminate impurities from the
synthesis and all organic substances that were used in the cleavage and synthesis.
This process was done using a Sep-Pak column, which contains a C18 column
packed in a syringe. The crude peptide was initially solubilized in solution A and
injected its entire volume into the column. Afterwards, with the peptide retained in the
C18 stationary phase of the Sep-Pak column, washes were carried out with 20% of
solvent B to remove impure and medium polar organic compounds. Finally, the
peptide was extracted from the column with 50% of solution B, which is the
proportion of non-polar solvent (acetonitrile) where it was possible to elute the

peptide from the column and collect it. For the peptide Ctx(lle?!)-Ha we have a



71

theoretical molecular mass of 2,289.75 g/mol and the respective mass/charge ratios
764 (Z = +3) and 1,146 (Z = +2), a fact that confirms and ratifies the obtaining the
antimicrobial peptide in this synthesis. For the peptide ent-Ctx(lle?!)-Ha we have the
theoretical molecular mass of 2289.75 g/mol and the respective mass/charge of 573

g/mol (Z = +4) and 1145 (Z = +2).
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Figurel: Chromatographic profiles of (A) Ctx(lle?!)-Ha and (B) ent-Ctx(lle?!)-Ha

peptide synthesis.
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pH

The results of pH are showed on the Table 2.

Table 2. Two periods pH of ruminal liquid incubated with Corn silage (CS), Brachiaria brizantha cv. Marandu (BRA),

Total diet (TD) and different feed additives.

AMP 24 hours 48 hours
Ctx(lle*})-Ha ent-Ctx(lle?')-Ha Ctx(lle*})-Ha ent-Ctx(lle?')-Ha
Additive/Substrate CS BRA TD CsS BRA TD CS BRA TD CS BRA TD
NO 6.81 6.87 6.8 684 694 695 | 6.75 6.74 6.8 682 685 6.87
MON 6.81 687 682 686 695 6.92 | 6.79 6.79 6.8 682 688 6.87
VIR 681 689 689 685 695 695|684 6.76 677 6.81 6.84 6.83
AMP2.5 6.83 6.9 6.84 686 693 694 | 6.86 6.78 6.8 682 688 6.88
AMP5.0 6.82 689 686 685 695 6.97 | 677 677 677 6.84 6.86 6.87
AMP7.5 6.84 687 6.8 687 694 7 6.78 6.78 6.78 6.83 6.89 6.87
p-values
Substrate (S) 0.0175 0.0003 0.8869 0.0025
Additive (A) 0.8115 0.9553 0.4491 0.0514
Substrate*Additive (S*A) 0.1764 0.1625 0.7241 0.6091
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Gas production

The gas production was measured until 48 hours after incubation. The results
are showed on Table 3. It was observed significative effects on gas production
parameters for both peptides and substrates.

Considering the different substrates employed, corn silage showed a higher
gas volume and degradation rate than the other substrates, for both peptides. For
Ctx(lle?!)-Ha, the lag time was algo higher and no statistical difference was observed

for this parameter for ent-Ctx(lle?!)-Ha.

Table 3. In vitro gas production of ruminal liquid incubated with Corn silage (CS),

Brachiaria brizantha cv. Marandu (BRA), Total diet (TD) and different peptides.

Ctx(lle?})-Ha ent-Ctx(lle?!)-Ha
CSs BRA TD SEM p-value CSs BRA TD SEM p-value
FvV 179 154 155 3.86 <.0001 185 149 151 2.410 <.0001
S 0.0401 0.034 0.037 0.000598 0.0265 0.0357 0.0305 0.0328 0.000437 <.0001
L 1075 8.68 8.21 0.284 <.0001 6.3 6.3 6.3 0.358 <.0001

Among the peptides, it was also noted some significative differences. In both
cases, a minor gas production was observed on the treatments with the AMP than in
those without additives, or with monensin and virginiamycin. The degradation rate
and lag time were affected by different additives, but no significative difference was

verified.
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Table 4. In vitro gas production of ruminal liquid incubated with Corn silage (CS),

Brachiaria brizantha cv. Marandu (BRA), Total diet (TD) and different feed additives.

Peptide Ctx(lle?})-Ha ent-Ctx(lle?t)-Ha
Additive FV, ml st L,h FV S L
NO 172 0.0368 9.2 171 0.0324 6.3
MON 171 0.0363 9.2 171 0.0324 6.3
VIR 169 0.0351 9.2 170 0.0317 6.3
AMP2.5 154 0.0387 9.2 150 0.0338 6.3
AMP5.0 156 0.0380 9.2 152 0.0340 6.3
AMP7.5 153 0.0374 9.2 157 0.0337 6.3
SEM 5.46 0.000854 2.84 3.18 0.000622 0.358
p-value 0.0141 0.0265 <0.0001 <.0001 0.0167 <.0001

Methane emission

According to the methodology applied, methane was measured on two periods

before the bottle was opened. When analyzed isolated, as it can be seen on Table 5,

the peptide Ctx(lle?t)-Ha has no effect on CH4 measurements for the two measured

periods. Nonetheless, the substrates and the interaction substrate and additive

showed significative differences. In the first period, when feed with corn silage, it can

be noted a less methane production on the treatments with monensin. On the other

hand, when using other substrates, these reductions can be seen on the treatments

with AMP either.

Table 5. Two periods in vitro methane production, mg/L, of ruminal liquid incubated

with Corn silage (CS), Brachiaria brizantha cv. Marandu (BRA), Total diet (TD),

different feed additives and different levels of AMP Ctx(lle?!)-Ha.
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Substrate
Additive 24 hours 48 hours
Cs BRA TD CSs BRA TD
NO 106.8 72.9 81.6 146.8 1225 111.6
MON 67.7 67.9 27.1 133.3 1515 84.6
VIR 112.4 59.4 68.9 139.0 126.0 135.5
AMP2.5 116.8 56.8 47.0 103.0 146.2 157.1
AMP5.0 91.3 57.5 63.6 93.4 130.1 140.5
AMP7.5 96.0 59.4 80.4 127.6 1225 83.4
S A S*A S A S*A
p-values 0.0202 0.6313 0.1203 0.0182 0.7068 0.0092

On the second period, the effect observed previously on corn silage with

monensin, can be seen on the intermediary level of the AMP. The additives did not

show a significative effect, but the interaction with the substrate did. Also, in absolute

values, a less methane production was detected, mainly when using corn silage and

total diet.

Considering the ent-Ctx(lle?!)-Ha peptide, none of the variables had a

significative effect on methane production on both periods (Table 6). However,

comparing the two peptides, it can be observed a less methane emission for ent-

Ctx(lle?t)-Ha.

Table 6. Two periods in vitro methane production, mg/L, of ruminal liquid incubated

with Corn silage (CS), Brachiaria brizantha cv. Marandu (BRA), Total diet (TD),

different feed additives and different levels of AMP ent-Ctx(lle?!)-Ha.
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Substrate
Additive 24 hours 48 hours
CSs BRA TD CSs BRA TD
NO 94.1 69.3 72.9 119.5 122.6 106.5
MON 88.3 71.9 57.9 128.1 111.9 122.7
VIR 82.2 68.8 53.6 115.8 133.0 110.1
AMP2.5 99.0 69.1 50.7 99.1 86.8 113.7
AMP5.0 73.3 73.3 54.1 124.9 90.6 112.0
AMP7.5 79.9 70.5 56.9 141.3 106.2 105.4
S A S*A S A S*A

p-values 0.2079  0.9889 0.941 0.7204 0.1317 0.4517

Dry matter disappearance

At 24 hours, the results for both peptides employed for the studies are showed
on Table 7. For the AMP Ctx(lle?')-Ha, no effect of additive or interaction between
substrate and additive was identified. The substrate showed a significative difference,
where the total diet presented a higher disappearance than others, despite the
additive. On the other hand, for the AMP ent-Ctx(lle?!)-Ha analogue it was noted
significative effects of substrate and additive. On the diet with corn silage, a slight
improvement was identified when using monensin. Meanwhile, when analyzing
Brachiaria brizantha, a reduction was identified on the AMP 5.0. On the treatment
based on a total diet, the virginiamycin showed the highest disappearance. Until 48
hours, no significative differences were identified to additive, substrate, or their

interaction for both peptides.
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Table 7. Two periods in vitro dry matter disappearance of ruminal liquid incubated
with Corn silage (CS), Brachiaria brizantha cv. Marandu (BRA), Total diet (TD),

different feed additives and different levels of AMPs.

24 hours 48 hours
AMP Ctx(lle?})-Ha ent-Ctx(lle?')-Ha Ctx(lle?})-Ha ent-Ctx(lle?')-Ha
Additive/Substrate CS BRA TD CS BRA TD CS BRA TD CS BRA TD
NO 0.413 0.364 0.558 0.546 0.405 0.504|0.576 0.526 0.587 0.489 0.508 0.506
MON 0.402 0.356 0.471 0.555 0.447 0.461|0.558 0.554 0.554 0.498 0.496 0.491
VIR 0.435 0.368 0.470 0.547 0.448 0.526|0.564 0.549 0.549 0.490 0.483 0.599
AMP2.5 0.422 0.356 0.472 0.525 0.447 0.436|0.540 0.526 0.526 0.525 0.498 0.507
AMP5.0 0.440 0.378 0.451 0.467 0.332 0.459|0.567 0.551 0.551 0.514 0.445 0.535
AMP7.5 0.434 0.374 0.458 0.500 0.426 0.403|0.548 0.531 0.531 0.52 0.476 0.502
p-values

S 0.0222 0.0125 0.2043 0.9872

A 0.9885 0.0098 0.7237 0.7873

S*A 0.4338 0.1325 0.8727 0.4995

Neutral detergent fiber disappearance

Similar to DM, the NDF disappearance was measured at two times and the
results are presented on Table 8. The AMP Ctx(lle?!)-Ha had a significative effect of
substrate on NDF parameters. Comparing the three substrates used, the Brachiaria
brizantha showed a minor NDF disappearance. Similarly, the AMP ent-Ctx(lle?!)-Ha
had the sabe effect, with minor values on Brachiaria brizantha utilization, but also
presented an additive effect. When using corn silage, the virginiamycin caused a
reduction on NDF disappearance. On the other hand, for the other two substrates,
the AMP showed this reduction, at different levels. For both AMPs, the substrate

presented a significative effect. Similarly, for results observed on 24 hours, the
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Brachiaria brizantha treatment showed less NDF disappearance. Furthermore, a

significative effect of the interaction between substrate and additive was identified for

AMP Ctx(lle?})-Ha.

Table 8. Two periods in vitro neutral detergent fiber disappearance of ruminal liquid

incubated with Corn silage (CS), Brachiaria brizantha cv. Marandu (BRA), Total diet

(TD), different feed additives and different levels of AMPs.

24 hours 48 hours
AMP Ctx(lle?})-Ha ent-Ctx(lle?!)-Ha Ctx(lle?h)-Ha ent-Ctx(lle?t)-Ha
Additive/Substrate CS BRA TD CS BRA TD CS BRA TD CS BRA TD
NO 0.817 0.692 0.819 0.882 0.767 0.853|0.887 0.780 0.810 0.904 0.862 0.920
MON 0.892 0.689 0.803 0.871 0.782 0.831|0.858 0.790 0.830 0.899 0.865 0.910
VIR 0.810 0.675 0.798 0.801 0.736 0.862|0.866 0.790 0.829 0.890 0.758 0.927
AMP2.5 0.816 0.667 0.806 0.828 0.736 0.8280.844 0.790 0.851 0.896 0.851 0.886
AMP5.0 0.815 0.661 0.795 0.837 0.711 0.816|0.862 0.794 0.863 0.892 0.858 0.910
AMP7.5 0.813 0.687 0.805 0.857 0.738 0.809|0.861 0.784 0.853 0.895 0.852 0.901
p-values

S <.0001 0.0054 0.0003 0.0027

A 0.9553 0.1526 0.9743 0.8357

S*A 0.9886 0.0439 0.1009 0.7228

Short chain fatty acids profile

The SCFA profile for both peptides and periods are shown on Table 9. At 24

hours, were observed significative effects of substrate to acetic acid, with the total

diet showing the greater values, of additive to propionic acid, with the AMP showing

greater values when used with corn silage and similar values than monensin when

used with total diet. Also, the butyric acid showed substrate effect with the higher
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values coming from Brachiaria brizantha treatment. At 24 hours, a significative effect
of substrate for acetic acid was observed to AMP ent-Ctx(lle?!)-Ha. No significative
effects were observed to propionic and butyric acids by this time. At 48 hours, a
significative effect of substrate was observed to butyric acid, similar to data from 24
hours. The higher values were observed with the corn silage substrate. To other
acids, no significative difference was observed. At 48 hours a significative difference
of substrate was observed to AMP ent-Ctx(lle?!)-Ha. To other acids, no significative

difference was observed.
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Table 9. Two periods in vitro Acetate (A), Propionate (P) and Butyrate (B) profile of ruminal liquid incubated with

Corn silage (CS), Brachiaria brizantha cv. Marandu (BRA), Total diet (TD), different feed additives and different

levels of AMPs.

Substrate/

24 hours

48 hours

Ctx(lle?h)-Ha

ent-Ctx(lle?')-Ha

Additive Corn Silage Brachiaria brizantha Total Diet Corn Silage Brachiaria brizantha Total Diet
(mmol?foli)Ammol) A P B A P B A P B A P B A P B A P B
NO 56.1 16.0 1128 553 21.1 6.40 589 199 993| 623 205 1025 685 201 52 66.6 21.8 3.89
MON 56.1 205 9.73 63.7 203 158 579 22.00 11.1| 657 205 888 69.6 204 234 64.2 228 6.72
VIR 56.7 193 957 60.2 218 349 639 209 7.01| 649 196 7.15 69.7 204 229 67.6 23.3 542
AMP2.5 56.4 298 718 58.8 196 4.66 586 13.7 574| 645 195 967 683 202 364 69 20.7 8.36
AMP5.0 617 178 880 595 188 3.77 595 214 6.29| 62.6 193 11.13 703 215 371 64.3 20.7 7.52
AMP7.5 60.6 151 9.75 629 186 429 629 196 7.82| 619 198 10.67 686 214 3.61 68.1 204 4.11
p-values
S 0.15 0.6972 0.0008 0.1385 0.1491 0.0065
A 0.35 0.1151 0.5921 0.9758 0.8493 0.7372
S*A 0.3803 0.4352 0.8413 0.7103 0.5564 0.4661
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Discussion

The AMPs have received a crescent academic attention, in order to efficiently
fight against pathogenic microorganisms. For the use as an alternative feed additive,
studies should be carefully conducted to understand how this substance will interact
with ruminal microorganisms. According to that, this study demonstrates how the
AMPs could affect the gas production, ruminal pH, methane production and the
SCFA profile of beef cattle in vitro.

There are few studies reporting the use of AMPs in ruminants. As presented,
pH was not affected by additives — neither AMPs or conventional ones — and a similar
pattern was found by Ren et al. (2019) using a recombinant swine defensin PBD-ml
on goats. The lack of effect of this parameter was expected, since there was not a big
challenge to ruminal environment and the collect of ruminal liquid for measurements
were performed on fixed times, 12 and 24 hours — in which, according to literature,
few hours after feeding, the pH has its major reduction.

The initial time of gas production is related to the fast fermentable fraction of
the substrate and microbial protein synthesis and the last portion is related to the
fermentation of the insoluble but potentially degradable components, like NDF
fraction (Groot et al., 1996). The treatments using corn silage showed a major gas
production. This can be due to the stage of maturity of corn during the harvest, with a
minor concentration of cell wall (Lagrange et al., 2019). On the other hand,

treatments with Brachiaria brizantha cv. Marandu showed a minor gas production,
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and this can be due to their higher NDF content and, consequently, slower
degradation, which can be supported by their decreased degradation rate either.

Among additives, the antimicrobial peptides showed a minor gas production in
all levels of inclusion (Table 3). Gas production has a positive correlation with greater
digestibility, greater energy content of the ration used and potential reduced fill effect
(Blummel et al., 2005). According to these in vitro results, a greatest dry matter intake
for treatments with regular feed additives could be expected because of its greater
gas production. Corroborating with this data, a significative difference on DM and
NDF disappearance was observed.

Bovine rumen methanogenesis is one of the factors pointed as a cause of
global warming (Melchior et al., 2018). Besides that, methane represents a loss of
energy by the animal, indicating a lower feed efficiency (Lee et al., 2002). Monensin
IS recognized by its effect on methane emission reduction on short term and by long
term the studies are inconclusive, since the microorganisms can adapt themselves to
monensin effects (Melchior et al., 2018). Besides that, monensin did not seem to
have a primary effect on methanogenesis (Lee et al., 2002). Odongo et al. (2007)
studying lactating dairy cows supplemented with monensin for six months, had a 9%
decrease in methane emission and no adaptation on rumen microorganisms was
observed. On the other hand, Melchior et al. (2018) did not found any effect of
monensin on methane emission until fourth month with dairy cows supplemented with

this additive. Also, Benchaar (2015) in a study to evaluate the effects of monensin on
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dairy cows enteric CHs4 emission, showed that methane was not affected by
monensin inclusion.

In the present study, both AMPs showed a reduction on methane production
when compared with monensin. The addition of 2.5 mg/kg DM of ent-Ctx(lle?!)-Ha
peptide reduced methane emission by approximately 30% when comparing with
monensin on corn silage and Brachiaria brizantha substrates and almost 10% on
total diet. Considering that due the mode of action of the antimicrobial peptides, as a
microorganism adaptation is unusual, this reduction would be significative on a
feedlot.

Similar to other research, some differences were seen on SCFA profile. Liu et
al. (2017) used a mix of recombinant swine defensin and a fly antibacterial peptide in
a proportion of 1:1 on juvenile goats and showed a changed on SCFA profile. In
comparison, the treatment with AMP ent-Ctx(lle?!)-Ha had a higher concentration of
acetic acid, similar to data described by other studies (Liu et al., 2017; Ren et al.,

2019).

Conclusion

Besides the large number of studies about antimicrobial peptides, the studies
with AMP applied on ruminant nutrition are very scarce. However, in this study, the
intermediary level of the AMP ent-Ctx(lle?!)-Ha reduced the gas production in vitro
and methane emission without negative effect on the nutrient utilization. Although it

must be performed more trials to gather more information about these natural
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antibiotic molecules, the antimicrobial peptide ent-Ctx(lle?!)-Ha demonstrated to be a
promising candidate to replace the conventional and synthetic additives that have

been using in animal nutrition, mainly in beef cattle.
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Abstract

A rapid analytical method for simultaneous quantification of glucose (GLC) and seven short-chain fatty acids (SCFA) was
developed for detection of ruminal fermentation parameters. The formic acid (FA), lactic acid (LA), acetic acid (AA), propionic
acid (PA), butyric acid (BA), isovaleric acid (IVA), valeric acid (VA), and glucose were identified and quantified by high-
performance liquid chromatography (HPLC) technique, using a reverse-phase column (C-18) and simultaneous detection in UV-
Vis and Refraction Index (RID) detectors, linked in series. The method was validated following the requirements of selectivity,
linearity, sensitivity, limit of detection, limit of quantification, accuracy, and precision. The developed method operates in
isocratic and gradient modes, providing a better SCFA separation, which allows their determination with a high accuracy and
repeatability. Therefore, this study provides a fast, reliable, accurate, straightforward, and efficient alternative method for analysis
of ruminal fermentation parameters by liquid chromatography using both detectors simultaneously.

Keywords Analysis - HPLC - RID - Ruminal fermentation - SCFA - UV-Vis

Introduction

During their evolutional processes, ruminants developed the
capacity of efficiently use structural carbohydrates as energy
source and non-protein compounds as their protein source
(Valadares Filho and Pina 2011). This ability is due to the
development of anatomical structures (pre-stomachs) and the
symbiosis with microorganisms, which has the potential to
ferment fiber and synthesize short-chain fatty acids (SCFA),
proteins, and some vitamins. The relationship between rumi-
nants and microorganisms, regarding the consumable nutri-
ents, is mutually beneficial.

The SCFA are organic acid compounds with one to six
carbon atoms and comprise the main products from carbohy-
drate fermentation, composing the major energy source for
ruminants (Baldwin 1998; Olson et al. 1999). These organic
acids supply about 85% of energy requirement of these
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animals (Van Soest 2018). The most prevalent SCFA in the
ruminal fluid are acetate, propionate, and butyrate; in less
concentration, isobutyrate, valerate, isovalerate, and others
compose the SCFA majority group (Dijkstra 1994). These
acids can be used to produce adenosine 5'-triphosphate
(ATP), since propionic acid acts as a glucose precursor,
being part of hepatic gluconeogenesis cycle (Huntington
1990). The SCFA profile is directly correlated with the food
consumption (Bergman 1990). For example, an animal
which is feed with cellulose and hemicellulose will produce
a higher acetate proportion, while animals supplied with
soluble carbohydrate, as starch, will produce higher quan-
tities of propionate. Thus, the acetate:propionate ratio can
affect the ruminal pH and consequently the microorganism
profile in the ruminal environment.
Some reported methods in literature use gas chromatog-
raphy (GC) to analyze the SCFA in ruminal liquid.
However, SCFA analysis by GC technique requires
an ex-
traction proceeding and consequently an additional sample
preparation (Cottyn and Boucque 1968; Filipek and Dvorak
2009; Goularte et al. 2011). In contrast, liquid chromatog-
raphy does not require this step, allowing a direct proceed-
ing and only demanding a sample filtration to avoid the
injection of particles that can damage the system
(Mesquita et al. 2013).
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In this scenario, this study presents a new methodology for
a simultaneous analysis of glucose (GLC) and seven SCFA, as
follows: formic acid (FA), lactic acid (LA), acetic acid (AA),
propionic acid (PA), butyric acid (BA), isovaleric acid (IVA),
and valeric acid (VA) by means of high-performance liquid
chromatography (HPLC) with UV-Vis and Refraction Index
(RID) detectors coupled in series, using a reverse-phase chro-
matographic column (C-18). The validation of the method
was performed by standard parameters (selectivity, linearity,
sensitivity, limit of detection (LoD), limit of quantification
(LoQ), precision, and accuracy) established by the Brazilian
Health Regulatory Agency (ANVISA) (Armbruster and Pry
2008; ANVISA 2020).

Experimental
Safety Information

No significant hazards or risks associated with the present
work were verified. All procedures were conducted in accor-
dance with the Ethics, Bioethics and Animal Welfare
Committee (protocol 8418/2019) of the School of
Agricultural and Veterinarian Sciences (Unesp), Campus of
Jaboticabal. Ruminal samples were obtained from two
ruminally cannulated Nelore cows and feed with Brachiaria
brizantha cv Marandu.

Chemicals

All acid solutions were prepared using analytical purity re-
agents (Sigma-Aldrich), and ultrapure water. For mobile
phase, acetonitrile HPLC grade was purchased from
Honeywell International Inc. and phosphoric acid (HsPO.)
from Dinamica.

Instrumentation

The analyses were performed in a Shimadzu HPLC system,
model Prominence, equipped with an UV-Vis detector, model
SPD-20, programmed to operate at a wavelength of 210 nm
and a Refractive Index detector, model RID-20A. Calibration
curve points were obtained by injecting 20 pL of the standard
solution in different concentrations using an automatic sam-
pler, model SIL-10AF. The system was equipped with a
Shim-pack C-18 column, model VVP-ODS, dimensions of 4.6
x 250 mm and particle size of 5 ym, at oven temperature of
35°C. The mobile phase was composed of phosphate buffer
solution in a concentration of 20 mmol L~* at pH 2.5 as polar
solvent (named mobile phase A) and 100% acetonitrile as
non-polar solvent (named mobile phase B).

Methodology Development

The method employed in this study was validated accord-
ing to standard parameters established by the Brazilian
Health Regulatory Agency (ANVISA), by Resolution n°
899, which assigns the validation criteria for analytical
and bioanalytical methods. This Resolution defines pa-
rameters to be considered for validation of all analytical
method where the HPLC technique is applied. Parameters
required for the validation of the method are as follows:
selectivity, linearity, sensitivity, LoD, LoQ, precision, and
accuracy.

The method described by Kim et al. (2017), which de-
termines SCFA in animal food using HsPO4 0.1% and ace-
tonitrile as mobile phases, was modified and tested in the
present work for analysis in samples containing ruminal
liquid. Although, this method did not show any reproduc-
ibility on these conditions, as standard organic acids in dif-
ferent conditions were analyzed and exhibited a consider-
able shift in the chromatographic profile, which can be ex-
plained by the lack of pH control of the polar mobile phase.
In aqueous solution, SCFA are mostly deprotonated.
However, at a lower pH regarding their respective pKa, they
should maintain the protonated form. To overcome the peak
shifting issue, the polar mobile phase A was replaced by a
phosphate buffer 20 mmol L™ at pH 2.5, a pH value below
all the pKj, of the studied acids (FA pKa = 3.77; LA pK, =
3.85; AA pKa = 4.75; PA pKa = 4.87; BA pKa =4.82; IVA
pKa = 4.77, and VA pK, = 4.82).

In parallel to SCFA quantification, the present method
proposes the determination of glucose simultaneously. For
this reason, analyses in UV-Vis and Refractive Index de-
tectors are performed at the same time. For RID analysis, an
isocratic method is mandatory, as any variation in mobile
phase composition could interfere in the detection.
However, it was not possible to separate the SCFA using
a full isocratic method in a C-18 column. Therefore, the
method was developed in an isocratic mode at the first
7 min of analysis, with a composition of 100% of mobile
phase A. This proceeding allows to detect glucose by RID
and formic, acetic, and lactic acids with UV-Vis detector,
simultaneously. After this step, the RI detector was
deactivated and the system started to operate in a gradient
mode, eluting the remaining organic acids. At the end of
each analysis, a period of 10 min was added for column
conditioning and RID stabilization. The analytical method
program details and parameters are described in Table 1.

Analytical Proceedings

The calibration curve was constructed by diluting a stock so-
lution of 5.0 mol L* of each standard SCFA and 1.0 mol L™*
of glucose, resulting in a mixture solution of 50 mmol L?
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lable 1 Analysis method

program parameters with the Time (min) Mobile phase A (%) Mobile phase B (%) Mode Detector

percentage variation of mobile

phases A and B during the 00.00 100 Initial condition RID/UV-Vis

analysis time 07.00 100 Isocratic RID/UV-Vis
10.00 90 10 Gradient UV-Vis
20.00 75 25 Gradient UV-Vis
20.01 70 30 Gradient UV-Vis
29.00 70 30 Isocratic UV-Vis
29.01 100 Stabilization RID/UV-Vis
39.00 100 0 Stabilization RID/UV-Vis

concentration, named working solution (WS). The curve
points and linearity parameters were obtained by WS dilution
to obtain the following concentrations: 1.0 mmol L™%;

2.5 mmol L=%; 5.0 mmol L™*; 10 mmol L™; 25 mmol L~%;
and 50 mmol L2, All solutions were prepared independently
and analyzed on the HPLC system in triplicate.

Linearity, Sensitivity, and Selectivity Parameters

Linearity is the capacity of covariance between the concentra-
tion of a given analyte in a sample and its analytical response
(Armbruster and Pry 2008). That is, it is the linear interdepen-
dence between two variables and it can be measured by the
correlation coefficient (r), which expresses the linear relation-
ship between two points of the analyzed curve. If the corre-
lation coefficient obtained is closer to values equal 1, the
greater the linear relationship is resulted (Armbruster and
Pry 2008; INME 2020). The method detection capacity is
given by the sensitivity and can be verified by means of
the slope, which is obtained with linear regression analy-
sis. The slope is related to the substance’s absorptivity: the
higher its value, the more sensitive will be the method
(Mesquita et al. 2013). Linearity and sensitivity of the
method were evaluated by calibration curves, using peak
areas versus nominal concentrations, analyzed in triplicate.
Linear equation was used to determine the correlation be-
tween coefficient and sensitivity. Selectivity was deter-
mined by standard addition method (Mesquita et al.
2013). Standard aliquots of each analyte with a known
concentration were added to the ruminal liquid sample
(spiked ruminal sample), which was previously centri-
fuged at 7,000 rpm for 5 min and filtered with a syringe
with a polyvinylidene fluoride (PVDF) filter of 0.45 um.
SCFA retention times were compared with those obtained
in calibration curve (Fig. 1).

Limits of Detection and Quantification

The limit of detection (LoD) determines the lowest concen-
tration of an analyte that can be detected (Armbruster and

Pry 2008; ANVISA 2020). An acceptable LoD must pro-
duce an analytical signal three times greater than the noise.
The limit of quantification (LoQ) is the smallest amount of
analyte that can be quantified. LoQ values are accepted
when they represent approximately three times the LoD
value (Mesquita et al. 2013). For the analysis, LoD and
LoQ were obtained by reports generated by linear regres-
sion made by LabSolution (Shimadzu) software, from the
HPLC system, according to the chromatograms profiles
presented in Figs. 1 and 2.

Reproducibility and Accuracy

The essays to check the method reproducibility and accuracy
were performed by analyzing samples with a known concen-
tration of 20 mmol L%, performed in five repetitions and
different days. The reproducibility test was carried out by
calculating the percentage of the variation coefficient obtained
by Eq. 1 (Brito et al. 2003; Armbruster and Pry 2008; INME
2020):

| UV-Vis Detector

Ruminal fluid sample
—— Spiked ruminal fluids sample
— Standards

1
FA (4,04min)
LA (5,47min)
AA (5,787min)
PA (13,360min)

IVA (25,847min)
VA (26,550min)

7 BA (20,260min)

Intensity (mV)

Time (min)

Fig. 1 SCFA UV-Vis separation profile: chromatographic profiles of
ruminal fluid sample, spiked ruminal fluid sample, and SCFA standards
obtained by UV-Vis detector
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RID Detector

Ruminal fluid sample
——— Spiked ruminal fluids sample
Standards

GLC (3.469)

Intensity (mV)

0 ' 3 6

Time (min)
Fig. 2 SCFA RID separation profile: chromatographic profiles of
ruminal fluid sample, spiked ruminal fluid sample, and SCFA standards
obtained by Refraction Index detector

SD
VC %, 10 1
07p Average X o

where SD is the standard deviation and VC is the variation
coefficient, in percentage.

The accuracy of an analytical method is performed
by checking the concordance between the average of
the analyzed value and the theoretical value, taken as
reference. In this way, it measures how close the mea-
sure of an analysis is near to the real value. The accu-
racy was calculated by the recovery parameter using Eq.
2 (Brito et al. 2003; Armbruster and Pry 2008; INME
2020):

Co
Recovery 0%b V4 e 100 02p

where Co is the obtained concentration and Ct is the theoret-
ical concentration.

Results

Linearity, Sensibility, and Selectivity Parameters

All analytes showed a correlation coefficient remarkably close
to 1, indicating that the method has a linear relationship. In
addition, the developed method proved to be more sensitive
for the LA sample analysis, which presented the highest an-
gular coefficient, followed by IVA, AA, VA, FA, BA, PA,
and GLC. Table 2 shows the linearity parameters of the meth-
od developed in this study and Figs. 1 and 2 show the UV-Vis
and RID chromatogram profiles, respectively, acquired from
the standard SCFA solution, ruminal fluid and spiked ruminal
fluid samples analyzed, indicating the respective analyte
peaks and their corresponding retention times. SCFA and
GLC concentrations resulted from analyses of ruminal fluid
samples using the present method are showed in Table 3, in
triplicate.

Limits of Detection and Quantification

LoD obtained values from the analyses vary from 0.14 to
1.02 mmol L™! and the LoQ values range from 0.43 to
3.10 mmol L™, which showed the lowest value for GLC
and the highest for PA. These LoD and LoQ values are pre-
sented in Table 4.

Reproducibility and Accuracy

Recovery percentage results from the proposed method varied
from 88.8 to 106.1%, as presented in Table 5.

Discussion

The selectivity was verified by the retention times of the
analytes, where it can verify that there were no changes when
comparing the chromatograms obtained from the injection of
spiked ruminal fluid samples and calibration curve, prepared

lable Z Linearity parameters:

type of detector, retention time, Compound Detector Retention time (min) Slope Intercept r

slope, intercept, and linear

correlation coefficient obtained FA UV-Vis 4,011 41,966.9 57,482.6 0.9963

from the reported method LA UV-Vis 5.471 48,357.8 4477.9 0.9999
AA UV-Vis 5.787 45,635.6 33,795.7 0.9999
PA UV-Vis 13.360 37,421.2 39,022.1 0.9999
BA UV-Vis 20.260 40,688.2 14,067.2 0.9999
IVA UV-Vis 25.647 46,881.0 7366.6 0.9998
VA UV-Vis 26.559 42,742.3 5387.7 0.9999
GLC RID 3.469 35,425.6 82,944.9 0.9999
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Table 3 SCFA and GLC

concentrations, average, and Compound Concentration in ruminal fluid sample (mmol L™1) Average SD

standard deviation (SD) calculat-

ed from ruminal fluid samples by Repetition 1 Repetition 2 Repetition 3

the developed method
FA 22.49 20.09 19.71 20.76 1.70
LA 13.12 11.87 11.69 12.23 0.89
AA 58.16 64.37 63.84 62.12 439
PA 8.85 8.95 8.32 8.70 0.07
BA 8.97 10.20 10.08 9.75 0.87
IVA 2.46 2.90 1.96 244 0.31
VA 1.49 0.81 2.25 1.52 0.48
GLC 14.97 13.93 14.30 14.40 0.73

in ultrapure water. Figures 1 and 2 show that SCFA peaks
exactly match with existing peaks in both ruminal fluid sam-
ples (natural and spiked), confirming the high method selec-
tivity. Concentrations obtained by analyzing ruminal fluid
samples (Table 3) indicate that the method exhibits an excel-
lent repeatability, confirmed by the low variation (from 0.07
to 4.39) of standard deviation. In addition, calculated concen-
trations were still above the LoD and LoQ values. Regarding
the LoD and LoQ values (Table 4), it can be clearly observed
that they are similar to those acquired by de Sa et al. (2011),
which presented LoD and LoQ values for glucose of 0.13 and
0.43 mmol L%, respectively; 0.24 and 0.94 mmol L~ for
acetic acid; 0.68 and 2.27 mmol L™ for propionic acid; and
finally, 0.36 and 1.19 mmol L~ for butyric acid. For these
reasons, the present method is in accordance with the literature
and it is capable of quantifying very low concentrations (at
micromolar scale) of the proposed organic analytes.

The recovery percentage values are in accordance to
those described by Mesquita et al. (2013), which exhibited
an average recovery ranging between 85 and 104%, when
formic, acetic, propionic, butyric, isovaleric, and valeric
acids’ analyses were performed. In comparison, De Sa
et al. (2011) obtained values between 71 and 113% when
analyzing glucose, acetic, propionic, and butyric acids,

Table 4 Detection Compound _ Concentration (mmol L~ 1)

(LoD) and quantification

(LoQ) limits for SCFA

and glucose LoD LoQ

determination
FA 0.56 1.70
LA 0.24 0.72
AA 0.39 1.19
PA 1.02 3.10
BA 0.36 1.10
IVA 0.32 0.98
VA 0.35 1.06
GLC 0.14 0.43

exhibiting all results within the admissible range of 70 to
120% (Armbruster and Pry 2008; INME 2020). Values ac-
quired for VC ranged from 0.17 to 0.60%, which are below
20%, the acceptable limit for method validation according
to INMETRO guidelines, the most reliable Brazilian regu-
latory agency for metrology and quality (INME 2020).
Moreover, VVC values less than 10% are also recommended
by IUPAC (Thompson et al. 2002).

There are many studies reported in literature intended to
quantify SCFA using HPLC technique. However, most of
these studies usually describe methods using cation-
exchange columns (Guerrant et al. 1982; Stein et al. 1992;
Lopez and Gémez 1996; Castellari et al. 2001; Mesquita
et al. 2013), employing a UV-Vis detection at 210 nm
(Guerrant et al. 1982; Stein et al. 1992; de Sa et al. 2011)
and also, as the present work, with simultaneous UV-Vis
and RI detection (L6pez and Gémez 1996; Castellari et al.
2001).

In relation to SCFA extraction, other methods performed a
liquid-liquid extraction step, as described in De Baere (De
Baere et al. 2013), which can be laborious and complicated.
However, the presented method has the advantage to separate
seven SCFA and glucose in a reverse-phase column, which
can be a cheaper column option, in a simultaneous determina-
tion by UV-Vis and RI detectors. In addition, the developed
method operates in isocratic and gradient modes, providing a
better separation of SCFA in the examined analyses. To the
best of our knowledge, this is the first time that this type of
analytical method is described in the literature and it allows
the employment of a reliable alternative for SCFA analysis
using a HPLC system.

Conclusion

The proposed method described in this study for quantifying
glucose and seven SCFA showed satisfactory results regard-
ing the validation criteria of selectivity, linearity, sensitivity,
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Table 5 Reproducibility and

precision parameters: standard Parameter Short-chain fatty acid and glucose concentration (in mmol L™1)

deviation (SD), percentage of

recovery, and variation FA LA AA PA BA IVA VA GLC

coefficient (VC) obtained from

the developed method Repetition 1 17.778 19.950 20.655 19.096 19.789 19.891 19.328 21.170
Repetition 2 17.754 19.888 20.600 19.244 20.063 20.014 19.535 21.231
Repetition 3 17.816 20.093 20.563 19.125 20.075 20.032 19.583 21.275
Repetition 4 17.736 19.863 20.665 19.053 19.964 19.997 19.429 21.148
Repetition 5 17.774 19.970 20.665 19.270 20.048 20.011 19.522 21.302
Average 17.772 19.953 20.630 19.158 19.988 19.989 19.479 21.225
SD 0.030 0.090 0.046 0.095 0.119 0.056 0.101 0.066
Recovery (%) 88.8 99.7 103.1 95.7 99.9 99.9 97.3 106.1
VC (%) 0.17 0.45 0.22 0.49 0.60 0.28 0.52 0.31
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