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Resumo

A populagao global de animais de estimagéo tem vindo a crescer e, consequentemente,
a producéo industrial de alimentos compostos para caes e gatos enfrenta uma pressao
significativa para encontrar fontes alimentares sustentaveis e de qualidade elevada. As
fontes proteicas convencionais, principalmente as de origem animal, ndo sé
sobrecarregam os recursos ambientais, como também competem diretamente com os
setores de alimentacdo humana e de animais de produgao. Desta forma, a identificacdo
de fontes proteicas alternativas é crucial para o desenvolvimento sustentavel da
industria. Os coprodutos de animais aquaticos, incluindo aqueles provenientes de
peixes e invertebrados, como moluscos e crustaceos, oferecem uma solucao
promissora, mais sustentavel e com potencial nutritivo. Estes podem ajudar a reduzir o
desperdicio e contribuir para a economia circular, promovendo a sustentabilidade dos
setores das pescas, da aquacultura e da alimentacao de caes e gatos. Em aquacultura
e pecuaria, os coprodutos de animais aquaticos, incluindo os seus hidrolisados e
péptidos bioativos, tém mostrado beneficios nutricionais e funcionais, nomeadamente
na saude intestinal e na resposta imunitaria. No entanto, a falta de conhecimento sobre
os seus efeitos em caes ainda é significativa. Esta lacuna apresenta uma oportunidade
para investigar novas fontes proteicas que possam ser incorporadas em dietas para
caes para promover a nutricdo e a saude, ao mesmo tempo que contribuem para a
sustentabilidade do setor. O objetivo desta tese foi avaliar, pela primeira vez, o potencial
de dois coprodutos aquaticos de invertebrados comercialmente disponiveis, farinha de
lulas e hidrolisado de camarao, para serem incluidos em dietas para caes adultos.
Especificamente, este trabalho teve como objetivo avaliar critérios relevantes para a
inclusdo de ingredientes em alimentos para caes, nomeadamente a palatabilidade, o

valor nutritivo e pardmetros de saude dos caes.

O Capitulo 1 destaca a importancia dos caes na sociedade moderna e reconhece a
crescente procura por solugdes sustentaveis para a alimentagdo animal. Em resposta a
esta procura, aborda-se 0 aumento da produgéo de aquacultura e como a utilizagao dos
seus coprodutos pode contribuir para a sustentabilidade da industria de alimentos para
cées e gatos. E revisto o conhecimento cientifico sobre os efeitos dos coprodutos de
aquacultura no crescimento, na eficiéncia alimentar, na resposta imunitaria e na saude
intestinal em animais de produgdo e em animais de estimagdo, sendo os efeitos
dependentes da espécie e dos niveis de inclusdo na dieta. Com base na literatura
descrita e na disponibilidade de coprodutos de aquacultura, no Capitulo 2, foram

avaliadas duas fontes proteicas comercialmente disponiveis, farinha de lulas e
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hidrolisado de camardo, nomeadamente quanto a sua composicdo quimica,
propriedades antioxidantes, palatabilidade e digestibilidade. O hidrolisado de camarao
exibiu atividade antioxidante superior a farinha de lulas. Ambas as fontes apresentaram
elevado teor em proteina bruta (810 g kg' de matéria seca (MS) e 658 g kg”' MS,
respetivamente para a farinha de lulas e o hidrolisado de camarao), sendo, ainda, de
destacar o seu elevado teor de metionina. A palatabilidade foi avaliada através de testes
de preferéncia com 12 caes adultos saudaveis da raga Beagle, para comparar a dieta
basal (uma dieta comercialmente disponivel) sem e com a inclusdo de cada uma das
fontes proteicas a 15%. Nao foram observadas diferengas significativas na primeira
aproximacao e na primeira prova, mas o racio de consumo diminuiu com a inclusao de
qualquer uma das fontes proteicas. De seguida, foram realizados dois ensaios de
digestibilidade in vivo de acordo com dois quadrados latinos 3 x 3, com 6 animais (3
machos e 3 fémeas), 3 periodos experimentais (10 dias cada) e 3 niveis de inclusdo
(5%, 10% e 15%) de farinha de lulas ou hidrolisado de camarao em substituicdo da dieta
basal. Comparando com a dieta basal, as dietas com inclusdo de farinha de lulas e
hidrolisado de camardo melhoraram a digestibilidade dos nutrientes e da energia, a
inclusdo de farinha de lulas reduziu a concentragcdo de butirato fecal, enquanto o
hidrolisado de camarao aumentou os acidos gordos volateis fecais, exceto o butirato. A
farinha de lulas ndo mostrou ter efeito na microbiota fecal, enquanto o hidrolisado de
camardao afetou a abundéncia de Oscillosperaceae (UCG-005), Firmicutes e
Lactobacillus, sugerindo ter um papel na modulagdo da microbiota intestinal. Os
resultados indicam que a farinha de lulas e o hidrolisado de camarao poderao ser fontes
proteicas inovadoras e promissoras para dietas para caes. Com base nos resultados
obtidos, nos Capitulos 3 e 4, o hidrolisado de camarao foi selecionado para ser avaliado
num ensaio de longa duragcdo. Foram formuladas duas dietas completas extrudidas
utilizando os mesmos ingredientes e quantidades, com exceg¢do da inclusao de 5% de
hidrolisado de camarao em substituicado de gluten de trigo. A palatabilidade das dietas
foi avaliada através de testes de preferéncia, realizados com 12 caes adultos saudaveis
da raga Beagle. Seguidamente, foi realizado um ensaio de acordo com um delineamento
em blocos completos casualizados com duragdo de 12 semanas, com os 12 caes
distribuidos em 6 blocos, de acordo com 0 sexo e 0 peso corporal, e um cao de cada
bloco foi aleatoriamente atribuido a uma das duas dietas. As recolhas foram realizadas
nas semanas 0, 4, 8 e 12. Os resultados da palatabilidade da dieta, ingestdo e
digestibilidade, caracteristicas, metabolitos e microbiota fecal, compostos sulfurosos
volateis orais e qualidade do pélo estao descritos no Capitulo 3, e os parametros
hematolégicos e bioquimica sérica e fungéo imunitaria inata e adquirida no Capitulo 4.

A inclusdo de hidrolisado de camardo néo afetou a palatabilidade, a ingestédo e a
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digestibilidade da dieta, e os compostos sulfurosos volateis orais, mas aumentou a
producao fecal (MS) e diminuiu a concentracao de butirato fecal, enquanto aumentou a
abundancia de Oscillospiraceae e Clostridia, e diminuiu a abundancia de Sellimonas,
sugerindo potencial prebidtico do hidrolisado de camardo e o efeito na melhoria da
digestibilidade de aminoacidos. A inclusao de hidrolisado de camarao reduziu os niveis
de eosindfilos e de glicose no sangue, indicando o seu potencial para inclusdo em dietas
hipoalergénicas e para caes diabéticos. Adicionalmente, a inclusdo do hidrolisado de
camarao aumentou a concentragao de leucécitos, plaquetas, neutrdfilos, células T CD4*
e CD8* que produzem fator de necrose tumoral-alfa, e a proliferacao de células T CD4*
em resposta ao antigénio recombinante de Leptospira interrogans (LipL32), enquanto
reduziu a producao de superdxido em células estimuladas com acetato de miristato de
forbol, sugerindo o seu papel imunomodulador. Finalmente, o hidrolisado de camarao
promoveu uma boa qualidade do pélo, destacando-se a melhoria na descamacao nas

semanas 4 e 12.

O conhecimento produzido no presente trabalho contribui para o desenvolvimento de
estratégias alimentares que permitem ganhos de sustentabilidade e, simultaneamente,
valor funcional com beneficios para a salude dos caes, indo ao encontro das
preocupacdes dos tutores. Estudos futuros devem focar-se nos efeitos da farinha de
lulas e hidrolisado de camardo em niveis de inclusdo mais elevados em dietas
extrudidas, explorando o seu potencial como fontes proteicas exclusivas em dietas
hipoalergénicas e para promover a sustentabilidade do setor, a0 mesmo tempo que
avaliam os seus efeitos nutritivos e na saude dos caes em estudos de longa duragao
para observar os beneficios e a prolongacao dos resultados fisioldgicos. Além disso, sao
necessarios mais estudos sobre a palatabilidade destes ingredientes, as propriedades
antioxidantes do hidrolisado de camarao, as interagcdes entre nutrientes e o processo de
extrusao que podem afetar a digestibilidade, o impacto nos metabolitos e na microbiota
fecal, os mecanismos subjacentes aos efeitos na fungao imunitaria e no metabolismo
da glicose, e os potenciais beneficios para cdes com problemas de saude, juntamente
com o estudo sobre as perce¢des dos tutores a coprodutos de animais invertebrados e,
finalmente, avaliagdes do ciclo de vida para entender as implicagbes ambientais destes

coprodutos e melhorar a sua integragao nos alimentos para animais.
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Abstract

As the global pet population continues to grow, the pet food industry faces significant
pressure to find sustainable and high-quality feed sources. Conventional protein
sources, primarily animal-based, not only strain environmental resources but also
compete directly with human food and animal feed systems. Thus, identifying alternative
protein sources is crucial for a sustainable development of the sector. Aquatic animal by-
products, including those from fish, and invertebrates such as mollusks and crustaceans,
offer a promising sustainable and nutritionally valuable solution. They help to reduce
waste, contributing to the circular economy and promoting sustainability within the
capture fisheries, aquaculture and pet food sectors. In aquaculture and livestock, aquatic
by-products, including their hydrolysates and bioactive peptides, have been shown to
possess valuable nutritional and functional benefits, such as improved performance, gut
health and immune responses. However, there is still a significant lack of knowledge on
their effects in dogs. This gap presents an opportunity to investigate novel protein
sources to be incorporated in canine diets to promote health and performance, while
contributing to the sustainability of the pet food sector. The objective of this thesis was
to evaluate, for the first time, the potential of two commercially available invertebrate
aquatic by-products, squid meal and shrimp hydrolysate, to be incorporated into diets for
adult dogs. Specifically, this work aimed to assess the relevant criteria for ingredient

inclusion in dog food, namely, palatability, nutritive value, and dogs’ health parameters.

Chapter 1 highlights the importance of dogs in modern society and acknowledges the
growing demand for sustainable pet food solutions. In response to this demand, the rise
in aquaculture production and how the use of its by-products can contribute to the
sustainability of the pet food industry are addressed. The findings on the effects of
aquaculture by-products in growth performance, feed conversion efficiency, immune
response, and gut health in livestock, poultry, aquaculture species and pets are revised,
being the effects dependent of the species and the dietary inclusion levels. Based on the
literature described and on the availability of aquaculture by-products, in Chapter 2, two
commercially available protein sources, squid meal and shrimp hydrolysate, were
evaluated, namely their chemical composition, antioxidant properties, palatability and
digestibility. Shrimp hydrolysate exhibited higher antioxidant activity than squid meal.
Both ingredients showed high crude protein content (810 g kg™ dry matter (DM) basis
and 658 g kg' DM, squid meal and shrimp hydrolysate, respectively) and high
methionine content. Palatability was assessed through a two-bowl test using 12 healthy

adult Beagle dogs, to compare the basal diet (a commercially available diet) and the
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inclusion of either protein source at 15%. No significant differences were found in the
first approach and the first taste, but the consumption ratio diminished with the inclusion
of either protein source. Then, two in vivo digestibility trials were conducted according to
two Latin square 3 x 3, with 6 animals (3 males and 3 females), 3 experimental periods
(10 days each) and 3 dietary inclusion levels (5%, 10% and 15%) of squid meal or shrimp
hydrolysate in replacement of the basal diet. Compared to the basal diet, experimental
diets with inclusion of squid meal and shrimp hydrolysate improved nutrient and energy
digestibility, whereas squid meal inclusion reduced fecal butyrate concentration, and
shrimp hydrolysate increased volatile fatty acids in feces, except for butyrate. Squid meal
showed no effect on fecal microbiota, whereas shrimp hydrolysate affected
Oscillosperaceae (UCG-005), Firmicutes and Lactobacillus abundance in feces,
suggesting that it plays a role in modulating gut microbiota. The results indicate that squid
meal and shrimp hydrolysate represent innovative and promising protein sources for dog
diets. From the results obtained, in Chapters 3 and 4, shrimp hydrolysate was selected
to be evaluated in a longer-term feeding trial. Two complete extruded diets were
formulated using the same ingredients and amounts, except for the inclusion of 5%
shrimp hydrolysate in replacement of wheat gluten. Palatability of diets was assessed in
a two-bowl test, conducted with 12 healthy adult Beagle dogs, followed by a randomized
block design lasting 12 weeks, with the 12 dogs distributed into 6 blocks, according to
sex and body weight, and one dog from each block was randomly allocated to each diet.
Measurements were performed in weeks 0, 4, 8, and 12. Results regarding diet
palatability, intake and digestibility, fecal characteristics, metabolites, and microbiota
composition, oral volatile sulfur compounds and coat quality are presented in Chapter 3,
and hematological parameters, serum chemistry profile, and innate and adaptive
immune function in Chapter 4. The inclusion of shrimp hydrolysate did not affect diet
palatability, intake and digestibility, and oral volatile sulfur compounds, but increased
fecal output (DM basis), and decreased fecal butyrate concentration, while increased
Oscillospiraceae and Clostridia abundance, and decreased Sellimonas abundance,
suggesting the potential prebiotic effects of shrimp hydrolysate and in enhancing the
digestibility of amino acids. Shrimp hydrolysate inclusion resulted in reduced blood
eosinophils and glucose levels, indicating its potential for inclusion in hypoallergenic diets
and diets for diabetic dogs. It led to the increase in white blood cells, platelets,
neutrophils, CD4" and CD8* T cells that produce tumor necrosis factor-alpha, and CD4*
T cell proliferation in response to recombinant antigen from Leptospira interrogans
(LipL32), while lowering superoxide production in stimulated cells with phorbol myristate
acetate, suggesting its immunomodulatory role. Finally, shrimp hydrolysate promoted

high coat quality, enhancing scale in weeks 4 and 12.
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The outcomes of this work contribute to the development of feeding strategies that
promote sustainability while providing functional value with benefits for dogs’ health, and
addressing the concerns of owners. Future research should focus on the effects of
incorporating squid meal and shrimp hydrolysate at higher inclusion levels in extruded
diets, exploring their potential as sole protein sources in hypoallergenic diets and to
promote sustainability in the pet food industry, while also evaluating dog performance
and health over longer-term studies to observe sustained physiological effects and
benefits. Additional investigations are needed, such as on the palatability of these
ingredients, the antioxidant properties of shrimp hydrolysate, the interactions between
nutrients and extrusion process that may affect digestibility, the impact on fecal
microbiota and metabolites, the mechanisms supporting immune function and glucose
metabolism, and the potential benefits for dogs with specific health issues, along with
understanding dog owners' perceptions, and the environmental implications through life

cycle assessments to enhance the integration of these by-products in pet food.
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CHAPTER 1

General introduction



2 | CHAPTER 1 - General introduction



1.1 Dogs in modern society: health and nutrition

For the past 15,000 years, dogs have been companions to humans, sharing a significant
journey of domestication (Freedman and Wayne, 2017). In contemporary society, they
are primarily kept as companion animals, and often considered integral members of the
family (Albert and Bulcroft, 1987; Hirschman, 1994). Bradshaw (2011) stated that for
most people "a world without dogs is unthinkable", highlighting the profound impact dogs
have on human life. While in the past dogs primarily lived in rural environments, today
they are predominantly found in urban areas in close proximity to humans (Puurunen et
al., 2020). Research has demonstrated that dog ownership can significantly enhance
human physical health, such as encouraging physical activity, reducing the incidence of
asthma and obesity, lowering blood pressure, and promoting mental health, by reducing
stress and improving emotional support and regulation (Bibbo et al., 2019; Horowitz,
2021). Dogs also serve critical roles as therapy and service dogs, assisting people with
disabilities and contributing to public security and welfare (Hart and Yamamoto, 2016).
Furthermore, the anthropomorphism of dogs has led to an increased focus on dog
welfare and health, with people frequently exhibiting nurturing behaviors towards dogs
that are analogous to those directed towards children (Lee Rasmussen and Rajecki,
1995; Mitchell, 2001). This includes providing them with high-quality food, regular health
check-ups, grooming, celebrating dogs' birthdays, play with them, create comfortable
living spaces for them, among others (Boya et al., 2012). The improvements in nutrition
and healthcare have contributed to an increase in lifespan extension. However,
increased longevity raises the incidence of age-related diseases in dogs, which,
combined with lifestyle alterations, such as exposure to urban stressors (e.g. pollution,
encounters with unfamiliar dogs) and reduced physical activity, has led to an increase in
health problems among dogs, such as sleep disturbance (Tooley and Heath, 2022),
behavioral problems (Amat et al., 2020), obesity (German, 2015), diabetes (O’Kell and
Davison, 2023), cancer (Sarver et al., 2022), cognitive dysfunction (Taylor et al., 2023),

and cardiac disease (Wess, 2022).

Nutrition plays a crucial role in maintaining the overall health and well-being of dogs,
impacting their quality of life and longevity (Vucini¢ et al., 2023). The growing concern
for canine health closely mirrors human dietary considerations, as pet owners
increasingly apply their own nutritional standards and preferences to their pets.
Therefore, anthropomorphism drives the demand for providing dogs with high-quality
and functional food to optimize canine health (Clemens, 2014; de Godoy et al., 2016).
This has led to a surge in the popularity of premium diets, and exotic or novel, natural,

organic, and sustainable ingredients (Oberbauer and Larsen, 2021). A survey performed
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by The American Pet Products Association (APPA) showed that 41% of dog owners buy
premium food and 51% of pet owners are willing to pay more for ethically sourced pet
products and eco-friendly pet products (APPA, 2021). Therefore, the perception of dog
food by owners is crucial, as they are the ones who ultimately decide how to feed their

pets.

Hence, when formulating dog food, several key parameters must be thoroughly
evaluated to ensure the well-being, health, and safety of the animals. The primary
concern in dog food formulation is achieving a balanced diet that meets nutritional needs,
including the appropriate levels of proteins, fats, carbohydrates, vitamins, and minerals
(FEDIAF, 2021). Moreover, it is essential to evaluate the digestibility of these nutrients to
ensure that dogs can efficiently absorb and utilize them (Dust et al.,, 2005). High
digestible diets are especially valuable in promoting better health outcomes, particularly
in cases of gastrointestinal dysfunction (Grant Guilford, 1994). It is also important to
evaluate ingredients that offer health benefits beyond basic nutrition. Due to their
bioactive properties, such as antioxidant and anti-inflammatory effects, functional foods
play a significant role in maintaining overall health and reducing the risk of various
diseases (Di Cerbo et al., 2017). Nevertheless, the effectiveness of these ingredients
should be supported by scientific evidence, demonstrating their impact on overall health
and physiological responses, such as gut health, blood biomarkers, and immune
function. Additionally, the palatability of foods, such as texture, aroma, and taste, is a
critical factor, as even the most nutritious food will be ineffective if a dog refuses to eat it
(Taylor, 2014). Therefore, palatability tests are important to ensure that the food is
appealing to dogs, which in turn supports consistent intake of the required nutrients
(Aldrich and Koppel, 2015; Le Guillas et al., 2024). Finally, given the close relationship
between dogs and their owners, food safety is a key aspect to be evaluated (FEDIAF,
2019b). Overall, this holistic approach to dog food formulation is essential for meeting

the evolving needs of both dogs and their owners.

1.2 Sustainability of pet food industry

The pet food industry has expanded (FEDIAF, 2024) to face the growing dog population.
According to the latest statistical reports, by the year of 2020, 45% of USA households
owned at least one dog, reaching a total of nearly 88.8 million dogs (AVMA, 2022). In
Europe, by 2022, 25% of all households owned at least one dog, and the dog population
was approximately 106 million (FEDIAF, 2024). As a result, there has been a heightened
awareness of the sustainability of the pet food system (Acuff et al., 2021), and also of

the environmental "pawprint", a term that refers to the impact of dogs and cats on the
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environment, primarily through food production and consumption (Okin, 2017). Sourcing
practices should prioritize sustainability, including the use of by-products and novel
protein sources that reduce waste and environmental impact (FEDIAF, 2019a). In fact,
as pet owners’ awareness of environmental impact grows, increasingly value
sustainability in pet food production and pet food products should be evaluated not only
for their nutritional value but also for their environmental footprint (European

Commission, 2024).

The pet food industry comprises a long chain of activities, from the production through
to the consumption, that are responsible for the use of energy and natural resources, the
production of waste, and emission of greenhouse gases (GHG), as described in Figure
1.1 (Acuff et al., 2021). The main food sources used in the pet food manufacture are
crops, livestock, aquaculture, and also by-products, indicating that pets are close
competitors to both livestock and human food systems (Swanson et al.,, 2013).
Therefore, there is an urgent need to take measures that promote a more
environmentally, economically, and socially sustainable balance, ensuring that food

production and consumption practices protect both canine health and the environment.
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Figure 1.1. Life cycle assessment of the pet food system. Reprinted with permission from
Acuff et al. (2021) (CC BY NC ND 4.0).
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1.3 Protein requirements and sustainability balance

Protein is a macronutrient fundamental to fulfil the nutritional requirements of dogs. It
must be fed a minimum of 180 g kg™ of dry matter (DM) based on the maintenance
energy requirements of 110 kcal/kg® " of adult dogs (FEDIAF, 2021). Compared to other
nutrients, it is the most expensive nutrient and has the greatest negative impact on the
environment (Toujgani et al., 2023). Protein supplies the essential and non-essential
amino acids (AA) necessary for structural synthesis in growth, maintenance, and
reproduction, serving as an energy source and providing components required for
various metabolic functions. Amino acids play important roles in supporting, for instance,
muscle development, neurological function, immune system, hormone production,
energy metabolism, and enzyme activity (Oberbauer and Larsen, 2021). Although dogs
are anatomically carnivores, since they have metabolic characteristics of omnivores and
distinctive feeding behaviors, they are broadly considered facultative carnivores
(McDonald, 2002; NRC, 2006). For instance, dogs can convert -carotene into vitamin
A, tryptophan into niacin, cysteine into taurine, and linoleic acid into arachidonic acid (Li
and Wu, 2023). Dogs fed plant-based diets with low inclusion levels or even the absence
of animal-sourced ingredients exhibited AA imbalances that result in health problems,
such as dilated cardiomyopathy (Kaplan et al., 2018; Cavanaugh et al., 2021). While
most plant-sourced ingredients, namely soy, peas, corn and oats, present low levels of
some essential AA, namely lysine, tryptophan, threonine, methionine, and non-essential
AA, such as cysteine, glycine and proline, animal-based ingredients typically provide
more adequate levels of AA for dogs (Li et al., 2021). The predominant protein sources
commonly used by the pet food industry are animal-based ingredients, such as meat and
poultry, rendered protein meals (poultry meal, meat meal, fish meal), and by-products
and organ meats (Decision Innovation Solutions, 2020). Therefore, achieving the
nutritional balance presents challenges, particularly when considering the high
environmental impact of the animal-based protein sources commonly used in dog food
(Pedrinelli et al., 2022), thus requiring the evaluation of sustainable alternatives to meet

both the nutritional needs of dogs and environmental considerations.

Animal by-products, which results mainly from the processing of the remaining portions
of animals not used for human consumption (European Union, 2009), have been
advocated as sustainable ingredients for animal feed (Meeker and Meisinger, 2015). The
application of by-products helps to reduce organic waste, thereby mitigating health
hazards for both humans and animals (Meeker and Hamilton, 2006). The National
Environmental Policy Act (NEPA) defined sustainability as a tool to “create and maintain

the conditions under which animals and nature can exist in productive harmony, that

6 | CHAPTER 1 - General introduction



permits fulfilling the social, economic and other requirements of present and future
generations” (NEPA, 1970). Additionally, nutritional sustainability was defined as “the
ability of a food system to provide sufficient energy and the amounts of essential nutrients
required to maintain good health of the population without compromising the ability of
future generations to meet their nutritional needs” (Swanson et al., 2013). Increasing the
sustainability of the pet food industry involves evaluating and potentially integrating novel
ingredients into pet nutrition (Stevens et al., 2018). These ingredients should meet
several criteria, such as providing the nutritional needs of pets, contributing to the
improvement of pet health, being cost-effective, and environmentally friendly. Among
potential candidates, including insects, bacteria, and yeast, aquatic animals, and
particularly their by-products, have emerged as promising sustainable sources of
nutrients. Aquatic animal by-products provide valuable protein, essential AA, lipids, and
bioactive compounds, making them potentially reliable sources for pet food formulations
(Meeker and Meisinger, 2015). The shift towards the use of aquatic animal sources in
pet food is closely supported by the growing production and sustainability efforts within

the fisheries and aquaculture industries.

1.4 Capture fisheries, aquaculture and pet food industries: a

sustainable approach

While capture fisheries have remained relatively constant since the 1980s, with annual
catches fluctuating between 86 and 93 million tons, global aquaculture production,
encompassing aquatic animals and algae, reached a record of 130.9 million tons in 2022
(Figure 1.2) (FAO, 2024). Depending on the aquatic animal and type of processing, large
quantities of by-products are generated such as shells, heads, skins, bones, and viscera,
constituting up to 80% of the whole animal (Roy et al., 2023). In 2021, the processing of
aquatic animals in aquaculture generated 39.1% waste, while capture fisheries produced
35.4% waste (World Economic Forum, 2024). Despite advancements in reducing loss
and waste over the past few decades (FAO, 2024), waste management practices,
including incineration and improper disposal, continue to negatively affect public health
and the environment (Al Khawli et al., 2020). This includes the emission of volatile
organic compounds, sulfur dioxide, and hydrogen chloride, as well as the generation of
leachate and gas during waste decomposition (Lopes et al., 2015). The negative impact
of waste has increased public concerns on sustainability (Martins et al., 2010). Therefore,
the success of aquaculture production is closely linked to the adoption of more
sustainable practices (Stevens et al., 2018). Circular economy strategies provide a

framework for more efficient use of resources and reduce waste (Regueiro et al., 2022).
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By repurposing outputs at the end of their lifecycle as resources for different industries
(Stahel, 2016), circular economy models enable the transformation of by-products into
valuable nutrient-rich feed ingredients for several animal species. This approach
enhances resource efficiency and minimizes waste, contributing to the establishment of
a more productive and sustainable food system. Integrating these principles in capture
fisheries and aquaculture enables the economic growth and environmental management
that aligns with the key objectives of the 2030 Agenda for Sustainable Development
(United Nations, 2018), such as responsible consumption and production (Sustainable
Development Goal, SDG, 12), sustainable use of marine resources (SDG 14), and
climate action (SDG 13). This interconnected approach highlights the positive impact of
sustainable capture fisheries and aquaculture practices on the pet food industry,
ensuring both environmental and economic benefits. Additionally, by leveraging the
nutritional and functional value of aquatic by-products, these practices can enhance the

quality of ingredients used in pet food.

200
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Figure 1.2. Evolution of capture fisheries and aquaculture production of aquatic animals.
Reprinted with permission from FAO (2024) (CC BY 4.0).

1.5 Valorization of aquatic animal by-products: nutritional and

functional values

Aquatic animal by-products were commonly viewed as low-value materials (Olsen et al.,

2014). Nowadays, by-products are recognized as valuable resources, and their
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utilization is considered a critical measure for reducing aquatic waste (World Economic
Forum, 2024). A recently developed stepwise framework for valorization of aquatic by-
products is suitable for circular production strategies (Cooney et al., 2023). This
framework involves a structured approach to maximize waste materials by converting
them into valuable resources, while minimizing the environmental impact associated with
traditional waste disposal methods (Figure 1.3). This approach ensures that every stage
of by-product lifecycle is optimized for resource efficiency and sustainability, and the pet
food industry, among others, can significantly benefit from it. A wide variety of techniques
to treat by-products can be employed, ranging from traditional methods such as hot
processing, high-pressure treatment, and hydrolysis, to modern technologies such as
ultra-high pressure and ultrasonic processing (Bi, 2024). These methods aim to improve
quality, palatability, extend shelf life, and preserve the nutritional value of by-products,
making them more suitable for use in animal feeds. By integrating by-products into pet
food formulations, the industry can not only reduce its reliance on conventional protein
sources but also contribute to more sustainable production practices, aligning with the

growing demand for environmentally friendly products.
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Figure 1.3. Framework for circular economy strategies for aquatic by-products
valorization. The triangle represents the added value of products and the required
volume, and the blue arrows represent the flows of by-products or low-value discards
that are used in industries. Categories (Cat.) of by-products under the European Union
Regulation EC No. 1069/2009 are: 1 (materials that present a high risk and must be
completely disposed), 2 (materials that have a medium risk and can be used for certain
limited purposes after being treated, but not intended for animal consumption) and 3
(materials that pose low risk and can be used in the production of pet food or other animal
feed, following appropriate treatment). Abbreviations: IMTA, integrated multi-trophic
aquaculture; BSA, sludge-based adsorbents; PHA, polyhydroxyalkanoate; PUFA,
polyunsaturated fatty acids. Reprinted with permission from Cooney et al. (2023) (CC
BY 4.0).

Aquatic animal by-products have a significant nutritional value, comprising essential
nutrients, such as AA, polyunsaturated fatty acids (PUFA), vitamins, and minerals, as
well as bioactive components, which makes them highly valuable for various applications
across industries, including food, feed, pharmaceuticals, and biotechnology (Jasrotia et
al., 2024). These by-products contain approximately 10-23% (as-is) of high-quality
protein (Neves et al., 2016) and can be further processed into high-quality ingredients

through hydrolysis, which breaks down proteins into smaller peptides (Malaweera and
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Wijesundara, 2014), enhancing their functional and nutritional properties, while also
reducing the risk of allergenicity (Pereira et al., 2023). Bioactive peptides have gained
significant attention for their potential in developing cost-effective pharmaceuticals,
nutraceuticals, and functional food and feed ingredients. Moreover, enzymatic hydrolysis
is favored over chemical methods due to their superior physical, chemical, and sensory
attributes (Baraiya et al., 2024). Overall, the valorization of aquatic animal by-products,
namely fish, mollusks and crustaceans, contributes to waste reduction and to minimize
environmental hazards, while also enhancing the economic efficiency of industries and
upgrading animals’ nutrition and health. Although limited knowledge exists on the impact
of valuable aquatic animal by-products on the performance and health of dogs, studies

on laboratory animals, livestock and aquaculture species have been conducted.

The following subsections present the effects of several aquatic animal by-products on
different species, including fish, livestock, mink, and pets. It should be noted, however,
that the studies discussed do not encompass the entirety of the available literature, as a

comprehensive review was not conducted.

1.5.1 Fish

By-products from fish include heads, viscera, skin, backbone and muscle, and can be
used to produce fish meals, protein hydrolysates, among other valuable products (Al
Khawli et al., 2020). Fish meals can contain 60-72% (as-is) of crude protein (CP),
essential AA, such as arginine, leucine and lysine, and fatty acids, namely PUFA n-3
(7.7-44.2 g/100 g of total fatty acids) and n-6 (1.3-2.9 g/100 g of total fatty acids) (Cho
and Kim, 2011). While fish meals have been widely utilized in aquafeeds, concerns have
emerged about their sustainability due to growing competition for limited supplies,
overexploitation of resources, and rising feed costs (Mitra, 2021). To address this issue,
fish meals can be produced from fish processing by-products such as trimmings, offcuts,
and offal. Additionally, fish meals made from wild fish may contain elevated levels of
heavy metals, dioxins and polychlorinated biphenyls (Mitra, 2021; van Riel et al., 2023).
Therefore, evaluation of alternative processing methods is important to promote the

valorization and utilization of by-products.

One alternative method is hydrolysis, which not only can reduce toxic elements found in
wild fish (de la Fuente et al., 2023), but also yields valuable bioactive peptides with
potential health benefits. In fact, fish-derived bioactive peptides exhibit in vitro anti-
proliferative, antioxidant, anti-hypertensive, and anti-diabetic properties (Baraiya et al.,
2024). Only a limited number of in vivo studies have been conducted to demonstrate the

bioactive effects of fish-derived peptides, showing anti-hypertensive effects in rats (Zou
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et al.,, 2014) and anti-diabetic effects in mice (Harnedy et al., 2018; Daskalaki et al.,
2023).

Most studies have assessed the effects of fish hydrolysates dietary inclusion on feed
intake, digestibility, growth performance and health status across multiple fish species.
Table 1.1 summarizes some examples of those studies showing the beneficial effects of
fish hydrolysates, however the responses varied depending on the fish species and the
fish hydrolysate source, indicating the need for species-specific evaluation and

optimization of inclusion levels in diets.

At levels around 10%-30%, fish hydrolysates generally improve growth, feed efficiency,
immune function, and gut health in species such as largemouth bass, barramundi,
Atlantic salmon, pike silverside, olive founder, Japanese flounder, Japanese sea bass,
turbot, and yellow croaker (Refstie et al., 2004; Hevrgy et al., 2005; Liang et al., 2006;
Tang et al., 2008; Kim et al., 2014; Zheng et al., 2014; Ospina-Salazar et al., 2016; Wei
et al., 2016; Siddik et al., 2018b; Siddik et al., 2019; Chaklader et al., 2020; Siddik et al.,
2020; Chaklader et al., 2021; Fan et al., 2022; Chaklader et al., 2023; Sandbakken et
al.,, 2023; Wei et al.,, 2023; Sandbakken et al., 2024). Lower inclusion levels
(approximately 1%-5%) were also effective for European sea bass, sea bream, olive
flounder, Japanese flounder, and striped catfish, enhancing growth, nutrient digestibility,
and immune response (Zheng et al., 2012; Zheng et al., 2013; Bui et al., 2014; Khosravi
et al., 2015; Leduc et al., 2018b; Gunathilaka et al., 2020; Teoh and Wong, 2021).
However, higher levels (above 30% to 100%) negatively impacted growth, survival, and
blood parameters in coho salmon, barramundi, pike silverside, olive flounder (Murray et
al., 2003; Kim et al., 2014; Ospina-Salazar et al., 2016; Siddik et al., 2018a).
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Effects of dietary inclusion of fish hydrolysates have also been evaluated on terrestrial
animal, such as pigs, chickens, minks, and cecectomized roosters, with some examples
of studies presented in Table 1.2. Overall, data suggests that the benefits of fish
hydrolysates are highly dependent on animal species, source of hydrolysate used, and
dietary inclusion level. Generally, inclusion levels of approximately 5%-10% enhanced
nutrient digestibility, growth, immune response, and gut microbiota in pigs and chickens
(Ngrgaard et al., 2012; Opheim et al., 2016a; Opheim et al., 2016b; Thuy and Ha, 2017,
Zhang et al., 2022; Alizadeh-Ghamsari et al., 2023). In cecectomized roosters and minks
fed exclusively salmon hydrolysates, CP and AA digestibility improvement was observed
(Folador et al., 2006; Tjernsbekk et al., 2017).
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In pet food, fish meals are conventional protein sources, with approximately 200,000 tons
of fishmeal being used each year by the pet food industry (IFFO, 2024). The limited
information available on the effects of fish meals shows no significant differences in diet
palatability and digestibility, fecal characteristics, and on the immune responses in dogs
fed diets with 10% and 20% of fish meal (Folador et al., 2006; Zinn et al., 2009). Although
there are no statistics on the annual usage of fish hydrolysates by the sector, these by-
products have been drawn attention as valuable products for pet diets (Cabrita et al.,

2024), and already applied in canine diets and supplements.

Moreover, the information presented above (Tables 1.1 and 1.2) is valuable to design
studies and formulate diets for dogs. Studies on minks and cecectomized roosters are
particularly relevant, as these animals are commonly used as animal models to evaluate
complete diets and ingredients, namely in vivo nutrients digestibility (Krogdahl et al.,
2004; Reilly et al., 2020). Additionally, Table 1.3 provides a summary of some examples
of studies performed to evaluate the effects of different fish hydrolysates and commercial

diets or supplements containing fish hydrolysates on dogs and cats.

Commercial diets containing partially hydrolyzed salmon or fish hydrolysates showed to
improve clinical signs of pruritus and atopic dermatitis of cats and dogs diagnosed with
adverse food reactions (Matricoti and Noli, 2018; Noli and Beltrando, 2021; Szczepanik
et al.,, 2022). Capsules containing fish hydrolysates have shown to improve
symptomatology of dogs with chronic bilateral otitis externa (Di Cerbo et al., 2016) and
keratoconjunctivitis sicca, a dryness of the conjunctiva (Destefanis et al., 2016), while
also enhanced stress-related behaviors and levels of stress biomarkers (Landsberg et
al., 2015; Sechi et al., 2017; Titeux et al., 2021). Fish hydrolysates containing salmon,
sea bream, sea bass, and redfish fed to dogs at 5% increased eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) levels in red blood cells and decreased neutral
detergent fiber (NDF) digestibility, fecal ammonia-N, and valerate concentrations, with
no significant effects on coat quality and diet palatability (Cabrita et al., 2024), while
salmon hydrolysate at 10% improved diet palatability (Folador et al., 2006). Finally, pink
salmon hydrolysate at 20% reduced fecal DM with no effects on nutrient digestibility and

immune responses (Zinn et al., 2009)

Overall, fish hydrolysates showed positive effects on the health of both dogs and cats
and on the behavior and stress of dogs. However, some of the results presented on fish
hydrolysates focused on commercial diets or supplements, often with unknown

formulations and fish species sources.

18 | CHAPTER 1 - General introduction



suoljoeal

(120Z) opuesnjeg pue I[oN POO} 8sI8ApE UM pasoubelp sjed ul snjunid umouun 1ed (pauodal jou saioads)
suoloeal 191p |EIDJBWWOD U|
(8102) IION pue nosLye pooy asiaApe yum pasoubelp sbop ul snjlnid 4 umouyun Boq papnjoul ajesAjoipAy ysi4
(oneu ayeyul ul pue a)sej 3suly ‘yoeoidde isuiy)
Ajjigeleled 1a1p pue Ajjenb 1202 UO seduUaIBYIP ON
SUOIJBIIUSOUOD d)eIS|BA PUB N-BlUOWWE (pauodaul jou saloads)
[eod} ‘Ajjiqnsabip Jaqy Jusbisiep |ennaN 4 (ysypas pue
S||90 poOo|q pal ul UuoieJjuaduod spioe Aney (YHA) ‘sseq eas ‘wealq eas
(¥202) "1e 1o eyiqe)d 0l0UBEX8YES000p PUE (Yd3) dlousejusdesooly | o Bo@ ‘uowes) ayesAj0IpAY ysi4
(pauodal jou sai0ads)
(900%) "I 1 Jopejo4 OljeJ 9xejul pue uojdwnsuod poo} Jo Junowy | ol boq ajesAjolpAy uowjes
asuodsas sunwwi pue Ajjiqisabip (pawodaul jou saioads)
(6002) ‘1e 18 uuiZ UO S8dUBIBYIP OU pue ‘Jejew AIp |eosd 4 0z Boq ajesAjolpAy uowies Muld
(pauodau jou saroads)
|OSI}0D Kep/Bbw (18480BW PUE PO2)
(5102) ‘|e 1o Biagspuen poo|q pue siolneyaq pajejal-AjaIxue pue Jea4 1 gl pue ‘Aep/bw 05/ Boa ajesAjoipAy ysi4
(pauodaul jou saioads)
slolneyaq pajejel-ssang 4 (Bw 00g)
(1202) "1e 18 xnay L suopoelsjul uewny-boq | Rep/sonsdeod z-1 Boq a|nsded ajesAjoipAy ysi4
B092IS SiIAdUN[UODO]BISY YliMm pasoubelp
sBop u1 abieyosip snonw pue uoionpo.d
Jea} ‘uoljeziuielay [eaulod ‘uoljeulweul
(9102) "|e 1@ sluejs)se( |eaizounfuod ‘Aysusp juawbid |eaulo) 0 /-9 Boq
$S8.]S 21U0IYD pue AjoIxue
0} pajejal s1aplosip |eloineyaq yym sbop ul sjpas)
|0S1}J0D pue suljeusipelou 4 pue ‘suiydiopus
(£102) "le 1o 1yo9g -g pue ‘auiwedop ‘uluojOIBS JO S|9AS)| BUWSE|d |, umounun Boa (peuodau jou seloads)
(10po pue ‘Ajyuenb abieyosip ‘ewsyjhio (%08
‘leued Jea ay} JO UOISN[I20) BUISIXS SO -09) a|nsdeo sajesAjoipAy
(9102) "1e 18 0q10 Ia [eJ8)e(Iq 1UoIyD Yym sBop ul Ajenas wojdwAg 4 1-9 Bo@ a|qeeban pue ysi4
suolj0Bal PO} BSIOAPE UM (papodal jou sajoads)
pesoubelp sbop ul siiewssp oidoje pue snjlinid 4 umouyun 120 19Ip [E104WWOD
suoljoBal PO} BSIOAPE YlIM Ul papn|oul uow|es
(zzoz “Ie 10 Nuedszozg) pasoubelp sjeo ul siewssp oidoje pue snjlunid 4 umouyun Boq pazAjoipAy Ajleued

aoualeley

S]08)J3

% ‘|9A9] uoisnjoul Asejaiq

sa10ads/[epow [ewiuy juaipalbul Jo 82IN0S

"s)1eo pue sBop Jo yiesy pue ‘sesuodsal

[eoiBojounwiw ‘@ouewlopuad ‘Ajigereied uo ‘[@As] uoisnjoul Alejsip pue |spow |ewiue 0] Bulpioooe ‘selesAjopAy ysi Jo s108lg 'Sl 9|gel

19 | CHAPTER 1 - General introduction



In summary, fish hydrolysates present a promising sustainable and valuable alternative
to conventional feed sources in both aquaculture and animal feed. Research indicates
that depending on species, hydrolysate source and inclusion levels, fish hydrolysates
can enhance growth, nutrient digestibility, immune responses and gut microbiota. While
studies in pets are limited, fish hydrolysates have demonstrated potential in addressing
adverse food reactions, behavioral issues, and chronic pathologies. Further research is

needed to fully understand their impact on the health and performance of dogs.

1.5.2 Mollusks

Mollusks, including squids, bivalves, snails, abalones, oysters, cuttlefish, and octopuses,
hold significant potential as sources for animal feeding due to their high protein (9.45-
17.1 g 100 g, as-is), and PUFA n-3 and n-6 contents, and their antiviral, anti-
inflammatory, immunomodulatory, and antimicrobial properties (Khan and Liu, 2019;
Zhukova, 2019).

1.5.2.1 Mussels

Mussels are rich in protein with approximately 16 g protein g 100 g (as-is) of edible
product (Yaghubi et al., 2021), providing a balanced AA profile, with high contents of
taurine (17.8-42.9 g kg™' DM), arginine (3.02-5.72 g kg™' DM), and glycine (3.51-7.63 g
kg DM; Fuentes et al., 2009). They are also rich in PUFA n-3, such as DHA and EPA
(12%-18% and 11%-15% of total fatty acids, respectively; Karakoltsidis et al., 1995;
Venugopal and Gopakumar, 2017).

Undersized mussels, which are not suitable for human consumption, and mussels
cultivated specifically to reduce nitrogen and phosphorus pollution near urban areas or
finfish farms, can be processed into mussel meal for feed formulations (Lindahl, 2013).
Therefore, mussels have the potential to become a key source of high-quality protein for
animal feeding, while offering numerous environmental benefits, such as low greenhouse
gas emissions and a reduction in eutrophication (Gren et al., 2009; Suplicy, 2020;
Yaghubi et al., 2021). Additionally, mussels are generally divided into four main
components: extracellular fluid, shell, byssus threads, and meat. The latter presents
approximately 59% protein (DM), comprising diverse enzymes and carotenoids with food
preservative and antioxidant properties, and 7% lipids (DM) with anti-inflammatory

properties (Lindqvist et al., 2018; Naik and Hayes, 2019).

Table 1.4 presents studies that evaluated the effects of mussel-derived ingredients
(mussel meal, mussel meat, and mussel silage) on growth, feed efficiency, cecal
microbiota and immune response of different fish species, chicken and pigs. In general,

the effects of mussel meal and meat evaluated from 2% to 75% inclusion levels promoted
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growth, feed efficiency, and changes in antioxidant capacity and enzyme activities at
levels up to 35.5% in common sole, Japanese flounder, tiger puffer, and ussuri catfish
(Kikuchi and Sakaguchi, 1997; Kikuchi et al., 2002; Kikuchi and Furuta, 2009; Mongile
et al., 2015; Luo et al., 2019). In chickens, inclusion levels of mussel meal from 3% to
15% often improved feed efficiency, laying percentage and yolk pigmentation (Jonsson
and Elwinger, 2009; Jonsson et al., 2011; Afrose et al., 2016), while in pigs, an inclusion
of either 28.5% of mussel meal or 70% of mussel silage improved AA and CP digestibility
(Ngrgaard et al., 2015).

Overall, the studies indicate that mussel-derived ingredients can offer nutritional benefits,
such as improved growth, feed efficiency, and digestibility, but the effects are species-
specific and inclusion level-dependent. However, it is essential to further explore the
optimal inclusion levels across a wider range of species to maximize their nutritional and
health benefits, along with their potential environmental advantages. Although there are
no specific studies on the inclusion of mussels in the diets of cats and dogs, the promising
properties, such as solubility, emulsifying capacity, gel-forming ability, and the high
taurine content observed in Sinanodonta woodiana suggest the potential benefits for pet
nutrition (Konieczny et al., 2022). Moreover, studies on the effects of mussel
hydrolysates are scarce, though the hydrolysis of Mytilus edulis by-products have been
shown to generate bioactive peptides that exert in vitro antioxidant, anti-inflammatory,
angiotensin-converting enzyme inhibitory, anticancer, anticoagulant and neuroprotective
activities (Naik and Hayes, 2019; Naik et al., 2020; Cunha et al., 2021).
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1.5.2.2 Squids

Squids contains approximately 60% to 80% edible parts (Packard, 1972), with a CP
content of 130-220 g kg™ as-is (Sikorski and Kotodziejska, 1986). Body components,
including skin, mantle, ovary, ink, and other visceral parts, can be further processed into
squid meal rich in protein and essential AA that can be used in animal feed (Singh et al.,
2022). For instance, giant squid meal presents a CP content of 805 g kg’ DM, and high
levels of the AA lysine (10% of total protein), and glutamic acid (15% of total protein;
Carranco-Jauregui et al., 2020). Furthermore, several in vitro studies have shown that
peptides from different squid by-products, such as tunics, gelatin, and hydrolysates
possess several bioactivities such as inhibition of angiotensin-converting enzyme, and
antioxidant, anticancer, antimutagenic, and antimicrobial activities (Mendis et al., 2005;
Aleman et al., 2011; Apostolidis et al., 2016; Mosquera et al., 2016; Suarez-Jiménez et
al., 2019).

Table 1.5 summarizes the effects of dietary inclusion of squid by-products on different
animal species, including shrimp, fish, and chickens. Squid meal increased weight gain
of white leg shrimp when included at 5% and protein digestibility at 5%-23% (Cérdova-
Murueta and Garcia-Carrefio, 2002), while squid hydrolysate at 0.5%-1% improved feed
efficiency and reduced inflammation in the gut of tiger shrimp (Pan et al., 2022). In
freshwater eel, squid meal at 1%-3% led to improved growth and feed efficiency (Ndobe
et al., 2022), while squid hydrolysate decreased growth at 3% in European seabass
(Costa et al., 2020) and increased cholesterol levels at 4% in pompano (Novriadi et al.,
2017). Fermented squid by-products decreased growth and nutrient retention in
Japanese flounder at 24%, but improved antioxidant potential, total serum protein at 18%
and 24%, and lysozyme activity at 6% (Abdul Kader et al., 2012). Finally, squid meal
improved growth and PUFA n-3 concentration in chicken meat at dietary inclusion levels
1.7%-5% (Hulan et al., 1979; Morales-Barrera et al., 2022).

Currently, there are no studies assessing the effects of squid by-products on dogs,
leaving a gap in understanding how these products could benefit canine nutrition, and
research on other species has shown variability in results, which may be attributed to
species-specific responses, differing processing methods, and variable inclusion levels.
Consequently, investigating how dogs specifically respond to squid by-products and
identifying optimal inclusion levels will be crucial to uncovering their potential nutritional

benefits and understanding their effects in promoting canine health.
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1.5.3 Crustaceans

Crustaceans include shrimp, crabs, prawns, lobster, and krill, and their by-products, such
as heads and shells, may account for up to 70% of the total body weight (BW; Cretton et
al., 2021). These by-products comprise protein, chitin, carotenoids, phenolic
compounds, and polysaccharides (Hamed et al., 2015; Hamed et al., 2016), with
bioactive properties, namely antimicrobial, antioxidant, and anticancer (De Aguiar
Saldanha Pinheiro et al., 2021).

1.5.3.1 Shrimps

Shrimp by-products, such as heads and shells, constitutes a substantial portion of their
BW, ranging from 48% to 56% (Sachindra et al., 2005), with CP content approximately
from 200 to 500 g kg™' DM (Sachindra and Bhaskar, 2008; Yan and Chen, 2015), and
rich in valine (4.56%-5.16% of protein content), lysine (3.13-6.65% of protein content),
histidine (3.50-5.91% of protein content) and glutamic acid (8.38-10.9% of protein
content; Ibrahim et al., 1999). Hence, shrimp by-products have the potential to be used
in various applications, including animal feed, as protein-rich meals and hydrolysates,
and as flavor enhancers (Abuzar et al., 2023). Moreover, unlike other crustaceans,
shrimps have a thin exoskeleton, containing endogenous enzymes that facilitate the
degradation of shells. While this degradation facilitates the reprocessing of shell material,
it also contributes to environmental contamination by releasing potentially harmful
substances into ecosystems during decomposition (Mathew et al., 2020). Therefore,
managing shrimp waste disposal effectively is crucial to minimize the environmental risks

associated with this process.

The effects of dietary inclusion of shrimp by-products on the growth performance and
physiological responses of several aquaculture and livestock species are presented in
Table 1.6. Contrasting results have been reported mostly associated with the inclusion
level. For instance, shrimp hydrolysate at inclusion levels 1.5%-5% showed to enhance
immune function, growth, and feed efficiency in olive flounder, striped catfish, sea bream,
and European sea bass (Bui et al., 2014; Khosravi et al., 2018; Leduc et al., 2018a;
Gunathilaka et al., 2020; Teoh and Wong, 2021), while at higher inclusion levels
(30-40%) decreased growth in pike silverside (Ospina-Salazar et al., 2016).

Shrimp meal fed to lambs at 15% and 25% inclusion levels resulted in decreased growth
and nutrient digestibility, particularly at 25%, but increased ruminal chitinolytic bacteria
(Cobos et al., 2002). In chickens it revealed inconsistent results on growth and feed
efficiency at approximately 20%-30% inclusion levels, while decreased growth at

12%-16%, increased growth at 5%, enhancing intestinal health at 5%-20% through
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increased beneficial bacteria and reduced pathogenic bacteria (Rosenfeld et al., 1997;
Okoye et al., 2005; Khempaka et al., 2006; Khempaka et al., 2011). Moreover, the use
of fermented shrimp by-products in chicken diets enhanced carcass weight at 20% (Abun
et al., 2022). Shrimp hydrolysates at 1%-8% inclusion levels showed to benefit growth,
feed efficiency and immune responses in poultry (Mahata et al., 2008; Septinova et al.,
2011; Parra et al., 2019; Nha and Thuy, 2021).

Overall, while some studies have demonstrated that shrimp hydrolysates and meals can
positively influence growth, feed efficiency, and immune responses across a range of
species, including fish, chicken, and lambs, particularly at lower inclusion levels, others
indicate potential disadvantages, especially at higher inclusion levels, where growth may
be negatively impacted. However, there is a lack of studies assessing the effects of
shrimp by-products on dogs. Therefore, careful consideration of the type of shrimp by-
product processing and source, and the appropriate inclusion level is crucial for
optimizing their use in dog nutrition. Ultimately, the effective utilization of shrimp by-
products could enhance dogs’ health and performance and contribute to more

sustainable environmental practices by reducing waste.
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1.5.3.2 Krill

Krill are very small organisms, with Antarctic krill having a maximum weight of
approximately 2 g, a high carotenoid content (320-500 g kg’ DM of CP), and a balanced
AA profile, being rich in alanine (8.2%-9.6% of total AA), glycine (8.2%-9.3% of total AA),
lysine (7.8%-8.3% of total AA), aspartic acid (9.9%-11.5% of total AA), and glutamic acid
(12.0%-13.2% of total AA; Saether and Mohr, 1987; Nicol et al., 2000). Moreover, krill
have shown to modulate the gut microbiota and the immune response in different fish
species (Ringg et al., 2012). Similar to shrimp, krill contain enzymes that leads to rapid
spoilage after death (Bykowski and Dutkiewicz, 1986). Therefore, the decomposition of
krill can result in significant environmental impacts, including the release of potentially
harmful substances into aquatic ecosystems. Among others, implementing processing
techniques in waste can help reduce the ecological footprint of krill harvesting and
contribute to more sustainable practices in marine resource management (Sun and Mao,
2016).

Krill meals and hydrolysates have been studied extensively for their effects on several
aquatic species, particularly fish and shrimp, revealing a range of impacts on growth
performance and feed efficiency (Table 1.7). In general, krill meal at 0.5% to 15%
inclusion levels promoted growth and feed efficiency in Nile tilapia, gilthead seabream,
Atlantic salmon, Atlantic cod, Atlantic halibut, European sea bass, and Oriental river
prawn (Gaber, 2005; Olsen et al., 2006; Suontama et al., 2007; Hansen et al., 2011;
Hatlen et al., 2017; Saleh et al., 2018; Torrecillas et al., 2021; Yan et al., 2023). At higher
inclusion levels (approximately 27%-70%) the results were conflicting with either
improved growth in Atlantic salmon, Atlantic cod, Atlantic halibut, and rainbow trout
(Moren et al., 2006; Olsen et al., 2006; Suontama et al., 2007; Hansen et al., 2011;
Roncarati et al., 2011; Hatlen et al., 2017; Torrecillas et al., 2021; Yan et al., 2023), or
decreased growth in Atlantic salmon and rainbow trout (Yoshitomi et al., 2006; Hansen
et al., 2010).

Krill hydrolysates at dietary inclusion levels of 5%-25% showed increased growth and
feed efficiency in shrimp (Coérdova-Murueta and Garcia-Carrefio, 2002), and improved
growth, feed efficiency, and immune response in Atlantic salmon, olive flounder and sea
bream at 1.9% to 4% inclusion levels (Kousoulaki et al., 2013; Bui et al., 2014; Khosravi
et al., 2015).

Overall, the inclusion of krill meal and hydrolysate in aquaculture diets promoted growth
and feed efficiency in a variety of species, though the effects can vary depending on the

inclusion level and the species studied. Future research should explore the effects of krill
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meal and hydrolysate on dogs, where studies are currently lacking. Investigating how
krill meal and hydrolysates influence canine health and performance could reveal
valuable insights and optimize their use in pet food. Moreover, evaluating the sustainable
benefits of incorporating krill into pet food is essential. Krill is highly nutritious with a lower
environmental impact compared to the conventional sources used, namely fish meals
(Draggy et al., 2024).
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1.5.4 Conclusion and prospects

In general, the revised literature highlights the potential of fish, mollusks and crustaceans’
by-products as sources of valuable nutrients and bioactive compounds for animal
feeding. However, the in vivo effects of the inclusion of aquatic by-products in diets for
aquaculture and livestock are broad and sometimes contrasting. This variability in the
results underlines the importance of considering multiple factors, such as the by-product
source, inclusion levels, processing methods and study conditions, when evaluating the
effects of dietary inclusion of these ingredients. Despite the potential of these aquatic
animal by-products, their inclusion in dog food and effects on dogs’ health and

performance are almost inexistent, turning undeniably the need for research on this topic.

Animal by-products are commonly used in dog food production and can be safely used
in the production of foods (AAFCO, 2024). In fact, European Union legislation allows the
use of crustaceans and mollusks in pet food (European Commission, 1982) and no
constrains are imposed by the Association of American Feed Control Officials (AAFCO,
2023). However, recent research on alternative and more sustainable ingredients has
primarily focused on the use of hydrolyzed terrestrial animal by-products and insects
(Pinto et al., 2021, Rodriguez-Rodriguez et al., 2022, Valdés et al., 2022, Pinto et al.,
2023). Incorporating protein sources such as aquatic animal by-products into pet food
offers a promising approach to improving the sustainability of the pet food industry. By
repurposing materials that would otherwise be considered waste, the industry can reduce
the environmental impact, being cost-effective (Kok et al., 2020), while also benefiting
from the nutritional and functional advantages these ingredients offer for canine health.
Therefore, the effects of aquatic animal by-products on dogs’ health and performance,
their palatability, their contribution to the sustainability of the sector, and the processing

methods employed are crucial factors to consider in future studies.

1.6 Objectives of the thesis

The growing pet population, coupled with the expansion of both pet food and aquaculture
sectors, underscores the objectives of this thesis. In the present work, due to the current
lack of knowledge on this matter, underexploited and more sustainable aquatic animal
by-products were evaluated for inclusion in dog food. These sources hold potential for
their high protein content, essential AA, and bioactive compounds that could contribute
to improved dog health, while offering a possibility to minimize the negative

environmental impact compared to conventional ingredients.
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Afirst study was performed to assess two commercially available protein sources derived
from aquatic animal by-products, squid meal and shrimp hydrolysate (Chapter 2). The
chemical profile, namely proximate analysis and AA profile, and the in vitro antioxidant
activity of extracts were assessed. Additionally, the palatability of squid meal and shrimp
hydrolysate was assessed at 15% dietary inclusion level, and a short-term trial was
conducted to evaluate the in vivo effects of protein sources at 5%, 10% and 15% levels
on diet digestibility and metabolizable energy content, and fecal characteristics,

metabolites, and microbiota composition of adult Beagle dogs.

Based on the results described in Chapter 2, a second study was conducted to evaluate
the long-term effects of shrimp hydrolysate (Chapters 3 and 4). After the evaluation of
the palatability of an extruded diet with 5% of shrimp hydrolysate, a feeding trial was
conducted to assess the effects on diet digestibility and metabolizable energy content,
fecal characteristics and metabolites, oral volatile sulfur compounds, coat quality
(Chapter 3), hematological parameters, serum chemistry profile, innate and adaptive

immune function, and fecal microbiota (Chapter 4).
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Abstract

The world’s growing pet population is raising sustainability and environmental concerns
for the pet food industry. Protein-rich marine by-products might contribute to mitigating
negative environmental effects, decreasing waste, and improving economic efficiency.
The present study evaluated two marine by-products, squid meal and shrimp
hydrolysate, as novel protein sources for dog feeding. Along with the analysis of chemical
composition and antioxidant activity, palatability was evaluated by comparing a
commercial diet (basal diet) and diets with the inclusion of 150 g kg™ of squid meal or
shrimp hydrolysate using 12 Beagle dogs (2.2 + 0.03 years). Two in vivo digestibility trials
were conducted with six dogs, three experimental periods (10 days each) and three
dietary inclusion levels (50, 100 and 150 g kg™") of squid meal or shrimp hydrolysate in
place of the basal diet to evaluate effects of inclusion level on apparent total tract
digestibility (ATTD), metabolizable energy content, fecal characteristics, metabolites,
and microbiota. Both protein sources presented higher protein and methionine contents
than ingredients traditionally used in dog food formulation. Shrimp hydrolysate showed
higher antioxidant activity than squid meal. First approach and taste were not affected
by the inclusion of protein sources, but animals showed a preference for the basal diet.
Effects on nutrient intake reflected the chemical composition of diets, and fecal output
and characteristics were not affected by the increasing inclusion levels of both protein
sources. The higher ATTD of dry matter, most nutrients and energy of diets with the
inclusion of both by-products when compared to the basal diet, suggests their potential
to be included in highly digestible diets for dogs. Although not affected by the inclusion
level of protein sources, when compared to the basal diet, the inclusion of squid meal
decreased butyrate concentration and shrimp hydrolysate increased all volatile fatty
acids, except butyrate. Fecal microbiota was not affected by squid meal inclusion,
whereas inclusion levels of shrimp hydrolysate significantly affected abundances of
Oscillosperaceae (UCG-005), Firmicutes and Lactobacillus. Overall, results suggest that
squid meal and shrimp hydrolysate constitute novel and promising protein sources for

dog food, but further research is needed to fully evaluate their functional value.
2.1 Introduction

The pet population is increasing worldwide, and, according to recent statistics, 45% of
USA households own at least one dog (AVMA, 2022), while in Europe the number of
households owning dogs ranges from 5% in Turkey to 49% in Poland (FEDIAF, 2023).
As a result, the pet food industry is predicted to continue steadily developing (FEDIAF,

2023), raising concerns about the sustainability and environmental impact of ingredient
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sources used in pet food production (Cucurachi et al., 2019). Protein sources are the
most expensive both in environmental and economic terms, thus being the macronutrient
requiring greater attention with regard to sustainability (Swanson et al., 2013). Moreover,
as dogs are frequently seen as family members, pet owners are increasingly favoring
palatable pet foods with high nutritional and functional values that ensure the welfare
and health of their pets (Schleicher et al., 2019). Therefore, there is an undeniable need
for alternative protein sources with lower environmental impact, while at the same time
offering increased food palatability and nutritional and functional values, thus contributing

to dogs’ nutritional and health status and to the sustainability of the pet food sector.

Pet owner’s mindset on food ingredients choice is also changing. According to a recent
survey (GlobalPETS, 2023), only 19% of respondents would continue to buy pet foods
with conventional protein sources, while 54% of respondents were interested in foods
containing by-products, although 66% of them were not familiar with the term “by-
products”. Increasing interest has emerged in alternative protein sources from terrestrial
(Mevliyaogullan et al., 2023; Shields et al., 2023; Sieja et al., 2023; Smith and Aldrich,
2023) and aquatic (Folador et al.,, 2006; Cabrita et al., 2023) origin to replace
conventional terrestrial ones due to their high nutritive value and lower environmental
impact (Hilborn et al., 2018; Newton et al., 2023). Under a circular economy perspective,
the utilization of by-products from aquatic sources offers additional advantages as it
contributes to the reduction of waste and food-feed competition, and to a greater
economic and environmental efficiency (Olsen et al., 2014; Stevens et al., 2018). This
approach is particularly important as the volume of waste from aquatic production was
reported to range from 1% to 20% for fish, from 40% to 85% for crustaceans, and from
60% to 80% for mollusks (Roy et al., 2023). The use of by-products from aquatic
resources, namely crustaceans and mollusks, with high protein content and bioactive
compounds (Olsen et al., 2014; Al Khawli et al., 2020), such as carotenoids,
glycosaminoglycans, bioactive peptides, and chitin/chitosan (Al Khawli et al., 2020),
which may have antioxidant, anticoagulant, antibacterial, anticancer, anti-inflammatory,
and antimicrobial effects (Al Khawli et al., 2020; Ghosh et al., 2022), could be appealing
to dog owners who are looking for functional pet foods (de Godoy et al., 2016).
Furthermore, as novel protein sources, squid meal and particularly shrimp hydrolysate
may play a role in the diagnosis of adverse food reactions and in the prevention of allergic

reactions due to food hypersensitivity (Verlinden et al., 2006).

Although squid meal and shrimp hydrolysate have been studied as alternative feeds in

livestock and aquaculture species, to the best of authors’ knowledge, there are no studies
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on the use of these by-products in dog feeding. Therefore, the aim of the current study
was to evaluate the chemical composition and antioxidant activity of squid meal and
shrimp hydrolysate and the effects of increasing levels of their dietary inclusion on
palatability, digestibility, fecal characteristics, metabolites, and microbiota of healthy adult
Beagle dogs, contributing to the recent trend in the pet food industry to provide more

sustainable high protein diets with novel protein sources.
2.2 Materials and Methods

Trials were approved by the Animal Ethics Committee of School of Medicine and
Biomedical Sciences, University of Porto (Permit N° 344). Procedures and animal care
were carried out by scientists trained by FELASA, category C, and in line with the
recommendations on the ethical use of animals for scientific purposes (European Union
Directive 2010/63/EU). Animals were clinically examined to ensure their suitability to
participate in the studies. All dogs received regular vaccinations and were treated for

endoparasites.

2.2.1 Animals and housing

Twelve Beagle dogs, six males and six females (2.2 + 0.03 years-old; 12.6 £ 1.55 kg
initial body weight, BW) were used in the palatability and digestibility assays. Sample
size followed the minimum number of animals recommended for digestibility trials
(FEDIAF, 2021). Animals were housed in pairs in environmentally enriched
communicating boxes with sliding doors to allow their individual feeding, and with inside
and outside areas of 1.8 and 3.5 m?, respectively. Animals were allowed to daily exercise
and socialize between meals in an outdoor park and had at least 30 min leash walks.
During the feces collection period of the digestibility assays, animals were housed
individually, had daily access to the outdoor park between meals under supervision and
leash walked for at least 30 min. Kennel temperature and relative humidity were

monitored daily.

2.2.2 Protein sources and experimental diets

Squid meal was provided by Inproquisa (Madrid, Spain) and comprises a by-product
from the canning industry of Dosidicus gigas obtained through steaming and pressing
for oil extraction. Shrimp hydrolysate, provided by Symrise Aqua Feed (Elven, France),
resulted from the enzymatic hydrolysis of heads and cephalothoraxes of Litopenaeus
vannamei. Both marine by-products were provided as a dry powder and kept at room

temperature until use.
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A commercial extruded complete diet formulated for medium size adult dogs containing
(label information), animal meals, vegetable by-products, oils and fats, and beet pulp
without the inclusion of squid meal and shrimp hydrolysate was used as the basal diet
(SilverDog, Sorgal Pet Food, Ovar, Portugal). The experimental diets included 50, 100
or 150 g kg of squid meal in experiment 1 (SM5, SM10, and SM15) and shrimp
hydrolysate in experiment 2 (SH5, SH10, and SH15) in place of the basal diet. The
studied protein sources were thoroughly mixed with the basal diet shortly before being
offered to each dog. During the digestibility trials all dogs consumed the total daily food

offered.

2.2.3 Palatability assays

Two-bowl tests (Aldrich and Koppel, 2015) were conducted to evaluate the palatability
by the pairwise comparison of the basal diet with either the experimental diet SM15 or
SH15. In two consecutive days and after an overnight fast, animals (n=12) were offered
the choice between the two diets in two bowls placed in opposite positions (left and right,
45 cm apart) each containing half amount of the daily food allowance calculated to supply
the metabolizable energy (ME) requirements of dogs (FEDIAF, 2021). The bowls were
placed in alternated positions between days to control side bias. The first bowl
approached and the first food tasted in each trial were recorded. Trials ended after 30
min or when the animals had consumed all the food available in a bowl. The food offered

and the food refusals were weighed to calculate the ratio of consumption of the two diets.

2.2.4 Digestibility assays

The method of total fecal collection was used to assess the apparent total tract
digestibility (ATTD) of the basal and experimental diets. The in vivo ATTD of the basal
diet was determined previously to experiments 1 and 2, using 12 animals for 10 days (5
days for adaptation and 5 days for feces collection), as recommended by FEDIAF and
earlier described (Cabrita et al., 2023). The two digestibility trials performed to evaluate
the effects of inclusion levels of squid meal and shrimp hydrolysate were designed
according to a replicated Latin square 3 x 3, with six animals (three males and three
females, from the 12 animals used for the determination of the in vivo digestibility of the
basal diet), three experimental periods of 10 days (5 days for adaptation to the diet and

5 days for total feces collection) and three dietary inclusion levels (50, 100 or 150 g kg™').

At the beginning of each adaptation period and prior to the morning feeding, the animals
were weighed and the body condition was assessed according to a 9 point-scale, with 5

considered the ideal body condition score (BCS, Laflamme, 1997). Daily food allowance
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was defined according to the ME requirements considering the ideal BW of individuals,
ME (kcal/day) = 110 x BW%"® (FEDIAF, 2021), and adjusted to body condition score.
Animals were individually fed their daily ration in two equal meals (8.30 a.m. and 5.00
p.m.). Fresh water was provided ad libitum. During the feces collection periods, the
number of defecations were recorded and individual fresh feces were weighed and
scored with a 5-point scale to evaluate the consistency of stools, with score (1) reflecting
watery diarrhea, (3.5) firm, shaped, and dry stools, and (5) powdery hard mass pellets
(Felix et al., 2013). Diarrhea was scored from 1 to 2, according to the scale. Fecal
samples were mixed, subsampled, and stored in plastic bags at -20 °C until analysis of
chemical composition, pH, ammonia-N and volatile fatty acids (VFA) concentrations and

fecal microbiota. Analyses were carried out in fecal samples pooled per dog and period.

2.2.5 Analytical procedures

2.2.5.1 Proximate analysis

Protein sources, basal diet and fecal samples were dried until constant weight in an air-
forced oven at 65 °C, 1-mm milled, and analyzed in duplicate, according to official
methods (AOAC, 2005), as previously described (Pereira et al., 2021a). Samples were
analyzed for dry matter (DM; ID 934.01), ash (ID 942.05), ether extract (EE; ID 920.39),
and Kjeldahl N (ID 990.03; in fresh feces samples). Crude protein (CP) was calculated
as Kjeldahl N x 6.25. Gross energy (GE) analysis was performed with an adiabatic bomb
calorimeter (Werke C2000, IKA, Staufen, Germany). The basal diet was also analyzed
for neutral detergent fiber (with a-amylase, without sodium sulfite, and expressed
exclusive of residual ash, NDF; Van Soest et al., 1991), and for starch (in 0.5-mm milled

samples; Salomonsson et al., 1984) contents.

Amino acids (AA) were determined as described by Aragao et al. (2020). Briefly, samples
were hydrolyzed with 6 M HCI solution at 116 °C for 48 h. Precolumn derivatization was
performed according to the AccQ Tag method (Waters, Milford, MA, USA) using the
Waters AccQ Fluor Reagent (6-aminoquinolyl-N-hydroxysuccinimidyl carbamate) and
the analyses carried out by ultra-high-performance liquid chromatography on a Waters
reversed-phase AA analysis system with norvaline as the internal standard. Peaks were
then analyzed with EMPOWER software (Waters). The analyses were carried out in

duplicate.

2.2.5.2 Antioxidant activity assays

Squid meal and shrimp hydrolysate extracts were prepared, in quadruplicate, as reported
by Zaharah and Rabeta (2017). A volume of 20 mL of Milli-Q water was added to 2 g of

squid meal and to 0.8 g of shrimp hydrolysate. Samples were then incubated in an orbital
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shaker overnight, in the dark, at 160 rpm and 27 °C, and centrifuged for 30 min at 2500
rom at 20 °C. The supernatant was collected and diluted to obtain a final concentration
based on the initial dry weight and the final supernatant volume yielding 2.5 mg mL"" for
squid meal extracts and 1 mg mL™" for shrimp hydrolysate. The antioxidant activity was
determined through the 2,2-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) radical
cation decolorization test (ABTS assay; Barbosa et al., 2019), the scavenging activity of
2,2-diphenyl-1-picrylhydrazyl radical (DPPH assay; Esposito et al., 2020), the ferric
reducing antioxidant power (FRAP assay), and the Folin-Ciocalteu reducing capacity (FC
assay; Agregan et al., 2018). For the ABTS assay, ABTS solution was prepared with
equal volumes of 7 mM ABTS (Sigma-Aldrich, A1888, Saint Louis, MO, USA) and 2.45
mM potassium persulfate solution and left overnight in dark at room temperature. ABTS
solution was diluted in water to achieve an absorbance of 0.90 £ 0.02 at 734 nm (Conde
et al., 2021). In a 96 well plate, 50 pyL of ABTS was added to 50 uL of each sample and
solvent (blank), and absorbance was assessed after an incubation period of 30 min at
25 °Cin the dark. For the DPPH assay, a 0.2 mM DPPH solution (Sigma-Aldrich, D9132)
was freshly prepared with methanol. In a 96 well plate, 100 uL of DPPH solution was
added to 100 uL of each sample and solvent (blank). Absorbance was read at 517 nm
after an incubation period of 30 min in the dark at 22 °C. For the FRAP assay, a fresh
FRAP solution was prepared by mixing 10 mM TPTZ stock solution, acetate buffer (300
mM at pH of 3.6), and 20 mM FeCls solution in a proportion of 10:1:1 (v/v/v). Samples
were incubated for 30 min at 37 °C in the dark in a 96 well plate, preceding the addition
of 300 uL of FRAP solution to 10 uL of samples diluted in 30 uL of Milli-Q water. The
absorbance was read at 593 nm. Finally, for the FC assay, in a 96 well plate, 12 pL of
Folin-Ciocalteu phenol reagent (Sigma-Aldrich, F9252) was added to 15 uL of samples
diluted in 170 uL of Milli-Q water, followed by the addition of 30 uL of Na>COs solution
(10% wl/v). After a period of 1 h of incubation in the dark at room temperature, 73 pL of
Milli-Q water was added to each well and absorbance was read at 765 nm. Absorbance
of samples, solvent (blank), and standard solution (quercetin from Sigma-Aldrich,
Q4951) were measured using a Synergy™ HT Multimode plate reader (BioTek®
Instruments Inc., Winooski, VT, USA). Analyses were performed in triplicate. A calibration
curve with the standard solution was performed in all assays and the results were

expressed in milligram of quercetin equivalents per gram of DM (mg Q g™ DM).
2.2.6 Fecal end-fermentation products

The fecal pH was measured with a potentiometer (pH and lon-Meter GLP 22, Crison,

Barcelona, Spain) after dilution of thawed feces to 1:10 (w/v) in water and incubation for
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10 min in a sonication bath at room temperature. The concentration of fecal ammonia-N
was determined according to the methodology of Chaney and Marbach (1962) adapted
to dog feces. Briefly, fecal samples were thawed, diluted to 1:10 (w/v) in 2 M KCI and
centrifuged at 5200 x g at 4 °C for 60 min. The supernatant was filtered with a 0.45 uym
pore size polyethersulfone syringe filter (FILTER-LAB, Barcelona, Spain). Forty pL of
water were added to 40 uL of sample, followed by the addition of 2.5 mL of phenol
solution and 2 mL of 0.37% alkaline hypochlorite solution. Samples were firstly incubated
for 10 min at 37 °C, followed by 40 min at 22 °C in the dark. An ammonia solution (32
mg dL") was used as standard. The absorbance was read at 550 nm in a Synergy™ HT

Multimode plate reader (BioTek® Instruments Inc.). Analysis was done in duplicate.

For VFA analysis, fecal samples were diluted to 1:10 (w/v) in 25% ortho-phosphoric acid
solution with an internal standard (4 mM 3-methyl valerate, Sigma-Aldrich), and
centrifuged for 60 min at 2360 x g at 4 °C. The supernatant was filtered with a 0.45 pym
pore size polyethersulfone syringe filter (FILTER-LAB) and analyzed by gas
chromatography as described by Pereira et al. (2021b).

2.2.7 Fecal microbiota

DNA from fecal samples was extracted by Fast DNA™ Spin Kit for soil and quantified
using a NanoDrop 2000 spectophotometer (Thermo Scientific, Waltham, MA, USA). For
bacterial amplicons library preparation, V1-V2 hypervariable regions of the 16S rRNA
gene were amplified (Kaewtapee et al., 2017). Unique barcodes (6-nt) were linked to
forward primers, while index adapters were attached to reverse. 16S library was created
by two rounds of polymerase chain reaction (PCR). In short, 1 pL of extracted DNA was
used for the first round of PCR, in a total of 20 uL reaction mix volume, with 0.2 L of
PrimeSTAR HS DNA polymerase and 0.5 pL of each forward and reverse primers (in the
concentration of 0.2 yM each). The second round of PCR was performed with 1 pL of the
first PCR product with a total volume of 50 uL. An initial denaturation was performed at
95 °C for 3 min and was followed by 15 cycles for the first round of PCR and 20 cycles
for the second, with denaturation at 98 °C (10 sec) and subsequent annealing at 55 °C
(10 sec), elongation at 72 °C (45 sec) and a final extension at 72 °C (2 min). Library
normalization was carried out by the SequalPrepTM Normalization Kit (Invitrogen Inc.,
Carlsbad, CA, USA) and sequencing was performed with the 250 bp paired-end lllumina
NovaSeq 6000 platform.

Raw sequences were demultiplexed with Sabre (https://github.com/najoshi/sabre).

Downstream analyses were implemented using Qiime2 (Bolyen et al.,, 2019).
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Primers/adapters trimming was performed by the g2-cutadapt plugin (Martin, 2011).
Denoising, quality filtering, merging of paired reads, and chimeras removal were
completed by the g2-dada2 (Callahan et al., 2016). Taxonomy assignation of amplicon
sequence variants (ASVs) was performed with VSEARCH-based consensus (Rognes et
al., 2016) and pre-fitted sklearn-based classifiers (Pedregosa et al., 2012) against the
Silva database (v138.1, 16S 99%; Quast et al., 2013). The reference reads were
preprocessed by RESCRIPt (Robeson et al., 2021). A phylogenetic tree was built by the
g2-phylogeny, utilizing MAFFT (v7.3; Katoh and Standley, 2013) and FastTree (v2.1;
Price et al., 2010). Alpha diversity was assessed by Shannon’s entropy (Shannon, 1948)
and Faith’s phylogenetic diversity (Faith, 1992) indices, and beta diversity by Jaccard
(Jaccard, 1912) and Bray-Curtis (Bray and Curtis, 1957) distances. Beta diversity
ordination was performed by principal-coordinate analysis (PCoA; Halko et al., 2011).
Alpha diversity metrics were compared by the Wilcoxon test (Wilcoxon, 1945), and beta
diversity distances by the Adonis test (999 permutations; Anderson, 2001). Differentially
abundant genera (only for counts of genera with relative abundance = 1% and
prevalence = 10%) were detected by ALDEx2 (Fernandes et al., 2013). All P-values
obtained from multiple comparisons were adjusted using the Benjamini-Hochberg
procedure (Benjamini and Hochberg, 1995). Raw sequences are available at the

European Nucleotide Archive (ENA) under accession number PRJEB71521.

2.2.8 Calculations and statistical analysis

A chi-square test was used to analyze the first approach and first taste results from the
two-bowl tests, being the ratio of consumption analyzed through a paired f-test, both at

5% probability level (n=12). Fecal production was calculated as:

dried fecal output (%)
x 100

Fecal production (%) = 9
dry matter intake (H)

The ATTD of the basal and experimental diets was determined using the following

equation:

nutrient intake (%) - fecal nutrient (%)

ATTD (%) = x 100

nutrient intake (%)

66 | CHAPTER 2 - Squid meal and shrimp hydrolysate as novel protein sources for dog food



Metabolizable energy content of diets was calculated according to FEDIAF (2021), as

follows:

MJ .
)-fecal GE (T))' (CPintake (3) - fecal CP (3))x 5.23

DM intake (% )

(GE intake (%

ME (MJ/kg DM) =

For each digestibility trial, data on BW, BCS, diet and nutrient intake, ATTD, ME content,
fecal output and characteristics, and fecal metabolites were analyzed according to a
replicated 3 x 3 Latin square considering the fixed effects of square, dog within the
square, period, inclusion level of protein source and the residual error (SAS, 2022,
release 3.81., SAS Institute Inc., Cary, NC, USA). Means were compared by the least
significant difference test when significant differences (P < 0.05) among experimental
diets were found. A paired t-test was performed to compare the basal diet with
experimental diets with inclusion of squid meal or shrimp hydrolysate (SAS, 2022,
release 3.81.) to mimic the at-home scenario of dog owners changing the diet of their
animals, thus understand the perceived effects. For that, data from the six dogs collected
during the digestibility trial with each studied protein source were used for comparison
with the values obtained for the same animals during the digestibility trial on the basal
diet.

2.3 Results

2.3.1 Chemical composition

The proximate composition of protein sources, basal diet, and experimental diets with
increasing levels of squid meal and shrimp hydrolysate is shown in Table 2.1. Compared
to shrimp hydrolysate, squid meal presented a higher content of CP (658 g kg’ DM and
810 g kg™’ DM, respectively), and lower ash (151 g kg™' DM and 103 g kg™' DM) and EE
(93.8 g kg DM and 31.2 g kg™' DM) contents. The basal diet presented 252 g kg™ CP
(DM basis) and 91.4 g kg' (DM basis) of EE. The chemical composition of the
experimental diets of both experiments reflected the chemical composition of the basal

diet and the studied protein sources.

Squid meal and shrimp hydrolysate presented 652 g kg™ DM and 445 g kg™ DM total AA
content, being the main essential and non-essential AA found in both studied protein
sources respectively arginine, lysine and leucine, and glutamic acid plus glutamine and
tyrosine (Table 2.2).
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Table 2.2. Total, essential and non-essential amino acids (g kg™ dry matter, DM, basis) of protein
sources, basal diet, and experimental diets with increasing levels of inclusion of squid meal

(Experiment 1) and shrimp hydrolysate (Experiment 2) in substitution of the basal diet.

Protein sources Experiment 1" Experiment 22
tem ?r‘]“:;‘lj hyi:g:;;‘;te pasal diet SM5 SM10 SM15 SH5 SH10 SH15
Essential amino acids
Arginine 57.9 31.6 20.50 224 242 261 211 216 222
Histidine 14.0 8.8 6.43 6.81 7.19 7.56 6.55 6.67 6.79
Lysine 54.4 38.5 16.00 179 198 21.8 171 18.3 19.4
Threonine 27.9 17.5 10.50 114 122 13.1 109 M.2 11.6
Isoleucine 26.0 17.6 9.63 104 13 121 10.0 10.4 10.8
Leucine 45.7 30.3 21.20 224 237 24.9 21.7 221 22.6
Valine 33.1 30.0 16.20 170 17.9 18.7 169 17.6 18.3
Methionine 29.7 16.3 3.68 498 6.28 7.58 431 495 558
Methionine+cystine 34.1 18.9 8.24 9.53 10.8 121 8.77 9.30 9.84
Phenylalanine 271 24.0 12.2 129 137 14.4 128 134 14.0
Phenylalanine+tyrosine 841 53.9 19.0 223 255 28.8 208 225 242
Total 316 215 116 126 136 146 121 126 131
Non-essential amino acids

Cystine 4.41 2.54 4.56 455 455 4.54 446 436 4.26
Tyrosine 57.0 29.9 6.82 9.33 11.8 14.4 797 913 103
Aspartic acid + Asparagine 42.4 29.3 21.8 228 239 24.9 222 226 229
Glutamic acid + Glutamine 75.8 53.4 39.9 417 435 45.3 406 412 419
Alanine 34.9 34.2 194 20.2 210 21.7 201 209 216
Glycine 41.2 30.5 26.7 274 282 28.9 269 271 27.3
Proline 51.6 34.3 24.8 261 275 28.8 253 257 26.2
Serine 28.6 16.7 15.5 16.2 16.8 17.5 156 156 15.7
Total 336 231 159 168 177 186 163 167 170

1SM5, diet with 50 g kg™ inclusion of squid meal; SM10, diet with 100 g kg inclusion of squid meal; SM15, diet with 150
g kg™ inclusion of squid meal.

2SH5, diet with 50 g kg™ inclusion of shrimp hydrolysate; SH10, diet with 100 g kg™ inclusion of shrimp hydrolysate; SH15,
diet with 150 g kg™" inclusion of shrimp hydrolysate.
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2.3.2 Antioxidant activity

The antioxidant activity of shrimp hydrolysate was higher than that of squid meal in all
the assays performed (19.8 vs. 4.35 mg Q g™' DM for ABTS, 10.4 vs. 1.58 mg Q g' DM
for FC, and 2.27 vs. 0.36 mg Q g DM for FRAP; Table 2.3). No reaction in the DPPH

assay was observed with squid meal extract.

Table 2.3. Antioxidant activity of protein sources extracts expressed in milligram of

quercetin, Q, per gram of dry matter.

Quercetin equivalent

Protein sources extracts
ABTS assay DPPH assay FC assay FRAP assay

Squid meal 4.35+0.23 ND 1.58+0.09 0.36+0.03

Shrimp hydrolysate 19.8+0.03 1.90£0.120 10.4+0.23 2.27+0.084

Data expressed as mean + SD; ND, reaction not detected.

2.3.3 Palatability assays

The results of the two-bowl tests are shown in Figure 2.1. No differences were found on
first diet approached and tasted in both tests. The consumption of either SM15 (22.9%)
or SH15 (24.5%) was significantly lower (P < 0.05) in comparison with the consumption
of the basal diet (77.4% and 75.5%, respectively for squid meal and shrimp hydrolysate
tests).

100
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First approach  First taste Consumption ratio First approach First taste Consumption ratio

%

EE Basal diet SMI15 diet E Basal diet SHIS5 diet

Figure 2.1. Frequency of first approach and first taste (mean, n = 12), and consumption
ratio (mean + SEM, n = 12) of basal diet in comparison with either SM15 diet (A) or SH15
diet (B) in the two-bowl tests. *P < 0.05.

70 | CHAPTER 2 - Squid meal and shrimp hydrolysate as novel protein sources for dog food



2.3.4 Digestibility assays

Dogs remained healthy throughout the studies with no episodes of emesis, diarrhea, and

food refusal.

2.3.4.1 Experiment 1. Squid meal

Increasing levels of inclusion of squid meal kept unaffected diet intake, and significantly
increased (P < 0.05) intake of organic matter (OM), CP and GE while decreasing EE
intake (Table 2.4). No effects of squid meal inclusion levels were observed on fecal output
and characteristics, and ATTD of DM, nutrients and energy and ME content, except for
ATTD of CP that was significantly higher (P = 0.024) in SM15 diet (79.1%). Fecal
metabolites were not affected by the level of squid meal inclusion, with the only exception
of fecal pH, that was the highest with SM15 and the lowest with SM10 (P = 0.024).

Compared to the basal diet, the dietary inclusion of squid meal significantly increased
(P < 0.05) DM intake and ATTD of DM, OM, CP, and GE as well as ME content, but
decreased EE intake and fecal output. Fecal DM and GE content, consistency score, pH
and butyrate content were significantly lower (P < 0.05) whereas ammonia-N
concentration and acetate:propionate ratio were higher in diets with squid meal inclusion

compared to the basal diet (Table 2.4).

2.3.4.2 Experiment 2. Shrimp hydrolysate

Increasing levels of inclusion of shrimp hydrolysate significantly increased (P < 0.05) the
intake of DM, OM, CP, EE, and GE, but decreased fecal GE, with no differences being
observed on ATTD of DM, nutrients, and energy, ME content, and fecal output,
characteristics, and metabolites (Table 2.5). Compared to the basal diet, the inclusion of
shrimp hydrolysate significantly increased (P < 0.05) intake of DM, CP, EE, and GE,
ATTD of DM, OM, CP, and GE, ME content, total VFA production and the concentration
of the individual VFA (except butyrate) and decreased fecal output, consistency score

and the number of defecations (Table 2.5).
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Table 2.4. Experiment 1. Body weight of animals, diet, nutrient and energy intake, apparent total tract
digestibility (ATTD), metabolizable energy content, fecal output and characteristics, and fecal metabolites

of dogs fed experimental diets with squid meal inclusion and basal diet (n = 6).

Basal diet vs.
Experimental diets’ Experimental
ltem SEM P-value Basal diet diets?
SM5 SM10 SM15 P-value
Body weight 13.1 12.7 12.6 0.27 0.479 12.5+1.73 0.167
Body condition score 5.50 5.33 5.33 0.192 0.785 5.33+0.471 0.717
Diet intake
g diet d', as-is 316.6 316.6 316.5 0.13 0.730 316.7+42.13 0.071
g diet d', dry matter (DM) 292.7 292.9 293.0 0.13 0.199 292.6+£38.92 0.020
Nutrient intake, g d-'
Organic matter 256.32 256.9° 257.3¢ 0.12 0.002 255.9+34.04 <0.001
Crude protein 82.02 90.4° 98.7¢ 0.50 <0.001 73.749.81 <0.001
Ether extract 25.9¢ 25.00 24 12 0.05 <0.001 26.7+3.56 <0.001
Gross energy, MJ d-'! 5.402 5.45Pb 5.49¢ 0.004 <0.001 5.3610.007  <0.001
Fecal output and characteristics
g feces d', as-is 285 279 270 6.0 0.268 300+56.4 0.006
g feces d!, DM 85.1 86.0 81.8 212 0.378 93.0£13.67 0.001
Gross energy, MJ d-! 1.18 1.24 1.14 0.046 0.346 1.36£0.214  <0.001
Production, % 28.9 29.4 27.9 0.73 0.388 31.842.33 0.001
DM, % 30.4 30.9 30.7 0.26 0.401 31.8+1.72 0.002
Consistency score 3.29 3.31 3.09 0.061 0.065 3.35+0.297 0.021
Defecations no. d-' 2.60 2.43 2.50 0.098 0.508 2.63+0.243 0.207
ATTD, %
DM 711 71.0 73.3 0.72 0.099 68.242.33 <0.001
Organic matter 76.9 76.6 78.4 0.64 0.173 74.4+2.13 <0.001
Crude protein 74.82 75.72 79.1b 0.91 0.024 69.2+3.90 <0.001
Ether extract 90.6 90.2 90.9 0.39 0.463 91.1£0.99 0.067
Gross energy 78.3 77.2 79.3 0.80 0.245 74.6+2.38 <0.001
Metabolizable energy, MJ kg™'! 13.3 131 13.5 0.14 0.317 12.8+0.39 <0.001
Fecal metabolites, mg kg™, DM
pH 6.872b 6.822 6.94° 0.025 0.024 6.96+0.122 0.006
Ammonia-N 175 183 170 10.2 0.690 138+13.5 <0.001
VFA
Total 785 729 703 0.1 0.443 766+81.0 0.659
Acetate 471 437 427 0.1 0.486 4471549 0.965
Propionate 21 202 188 0.1 0.532 209+23.5 0.629
Butyrate 68.5 59.9 57.3 0.01 0.157 78.3+16.11 0.011
Iso-butyrate 11.7 10.3 9.21 0.001 0.218 10.6£2.11 0.867
Iso-valerate 14.8 13.3 124 0.01 0.405 11.3+1.93 0.111
Valerate 242 2.76 2.86 0.002 0.539 3.38+1.513 0.121
Iso-caproate 5.01 3.27 5.32 0.001 0.375 5.46+2.220 0.222
Caproate 1.34 1.09 1.21 0.000 0.891 1.28+0.352 0.736
Acetate:propionate 2.25 2.21 2.32 0.060 0.495 2.14+0.103 0.016

'SM5, diet with 5% inclusion of squid meal; SM10, diet with 10% inclusion of squid meal; SM15, diet with 15% inclusion of squid
meal.

2Data from the same dogs used in the squid meal digestibility trial.

ab.c\/alues with different superscript letters in the same row are significantly different (P < 0.05).
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Table 2.5. Experiment 2. Body weight of animals, diet, nutrient and energy intake, apparent total tract
digestibility (ATTD), metabolizable energy content, fecal output and characteristics, and fecal metabolites of

dogs fed experimental diets with shrimp hydrolysate inclusion and basal diet (n = 6).

Basal diet vs.
Experimental diets’ Experimental
Item SEM P-value Basal diet diets?
SH5 SH10 SH15 P-value
Body weight 12.9 13.1 13.0 0.21 0.768 12.6+1.19 0.075
Body condition score 5.67 5.33 5.33 0.173 0.342 5.17+0.373 0.056
Diet intake
g diet d!, as-is 312.2 312.1 312.6 0.13 0.051 312.6+33.41 0.148
g diet d"!, dry matter (DM) 289.02 289.5° 290.6°¢ 0.12 <0.001 288.7+30.87 <0.001
Nutrient intake, g d!
Organic matter 252.42 25252 253.0° 0.10 0.004 252.5+27.00 0.549
Crude protein 78.92 85.1° 91.5¢ 0.25 <0.001 72.8+7.78 <0.001
Ether extract 26.42 26.5° 26.7¢ 0.01 <0.001 26.4+2.82 <0.001
Gross energy, MJ d-’ 5.342 5.40° 5.46° 0.003 <0.001 5.29+0.006 <0.001
Fecal output and characteristics
g feces d-', as-is 266 262 253 3.8 0.117 282+25.3 <0.001
g feces d', DM 85.9 82.7 82.9 1.74 0.398 88.8+8.17 0.002
Gross energy, MJ d-' 1.22° 1.182 1.152 0.011 0.007 1.271+0.116 <0.001
Production, % 29.7 28.7 28.6 0.55 0.356 28.5+0.86 0.248
DM, % 32.8 32.0 33.0 0.67 0.561 32.2£1.42 0.472
Consistency score 3.44 3.20 3.25 0.061 0.052 3.54+0.286 0.006
Defecations no. d-' 2.53 2.53 2.37 0.081 0.295 2.70+0.396 0.009
ATTD, %
DM 69.9 71.3 71.4 0.55 0.156 69.2+0.93 0.001
Organic matter 76.5 77.4 77.5 0.38 0.182 75.310.67 <0.001
Crude protein 75.7 76.9 77.3 0.76 0.357 71.9+£1.36 <0.001
Ether extract 92.5 92.3 91.8 0.26 0.178 92.1+0.86 0.799
Gross energy 771 78.0 78.4 0.39 0.124 76.0£0.65 <0.001
Metabolizable energy, MJ kg’ 13.2 13.3 13.5 0.07 0.064 13.0+0.11 <0.001
Fecal metabolites, mg kg™!, DM
pH 6.98 6.97 6.99 0.052 0.969 7.08+0.197 0.062
Ammonia-N 151 147 142 7.7 0.745 1594451 0.223
VFA
Total 943 937 1030 0.1 0.363 720+111.5 <0.001
Acetate 547 549 602 0.1 0.368 414+80.6 <0.001
Propionate 248 255 267 0.1 0.659 207+30.1 <0.001
Butyrate 69.6 61.0 64.8 0.01 0.569 71.4+£15.18 0.115
Iso-butyrate 20.8 18.6 22.5 0.01 0.397 9.71£1.474 <0.001
Iso-valerate 27.4 243 34.3 0.01 0.380 11.3+£0.97 <0.001
Valerate 11.6 8.79 12.7 0.002 0.529 3.30£1.725 <0.001
Iso-caproate 12.8 13.6 14.6 0.01 0.802 3.32+0.696 <0.001
Caproate 5.78 6.82 11.9 0.002 0.073 0.835+0.2792 <0.001
Acetate:propionate 2.22 2.16 2.26 0.079 0.677 1.99+0.173 <0.001

1SH5, diet with 5% inclusion of shrimp hydrolysate; SH10, diet with 10% inclusion of shrimp hydrolysate; SH15, diet with 15% inclusion
of shrimp hydrolysate.

2Data from the same dogs used in the shrimp hydrolysate digestibility trial.

ab.c\/alues with different superscript letters in the same row are significantly different (P < 0.05).
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2.3.5 Fecal microbiota

To assess samples distribution based on bacterial communities, PCoA plots were
created using Jaccard and Bray-Curtis distances (Figure 2.2). The Adonis test revealed
no significant effect of including squid meal or shrimp hydrolysate in diets for both
Jaccard and Bray-Curtis metrics. Regarding alpha diversity, no effect of the inclusion of
protein sources in diets on Shannon entropy and Faith’s phylogenetic diversity was
detected by the Wilcoxon test (Figure 2.3). In the feces of dogs fed the basal and
experimental diets, Turicibacter was the most abundant genus, followed by unclassified
genus of Peptostreptococcaceae and Blautia (Figure 2.4). When tested with ALDEX2,
the experimental diet SH15 resulted in increased abundances of Oscillospiracea (UCG-
005 in Silva database) in comparison to the basal diet, while SH5 and the SH10
experimental diets respectively decreased abundances of Firmicutes and Lactobacillus
(Figure 2.5). According to the same test, no differentially abundant genera were
discovered between dog feces fed the basal diet and experimental diets with squid meal

inclusion.
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Figure 2.2. Beta diversity metrics. Principal-coordinate analysis (PCoA) based on
Jaccard and Bray-Curtis distances of fecal bacteria of dogs fed the basal diet (ref), and
the experimental diets with increasing levels of inclusion of squid meal or shrimp
hydrolysate (i05, i10, i15) in place of the basal diet. Each cross indicates one sample.
Basal diet and experimental diets are differentiated by shapes and color and inclusion

levels by the color gradient.
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Figure 2.3. Alpha diversity metrics. Bloxpots of Sannon entropy and Faith’s PD indices
of fecal bacteria of dogs fed the basal diet (ref), and the experimental diets with
increasing levels of inclusion of squid meal or shrimp hydrolysate (i05, i10, i15) in place
of the basal diet.
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M Clostridium (sensu stricto 1)
BAllobaculum
BLigilactobacillus
MErysipelotrichaceae
FRomboutsia
BlLachnospiraceae
[T Alloprevotella
BRuminococcus torques
WBacteroides
[IPeptococcus
BEubacterium brachy
B Clostridia
Erysipelotrichaceae (UCG-003)
BPrevotella 9
others

Bacterial relative abundances (%)

Figure 2.4. Bacterial relative abundance (%). Taxonomy barplots at the genus level of
dogs fed the basal diet (ref), and the experimental diets with increasing levels of inclusion
of squid meal or shrimp hydrolysate (i05, i10, i15) in place of the basal diet. If genus level
was not assigned, the last available taxonomy rank was used for the label.
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Shrimp hydrolysate
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Oscillospiraceae (UCG-005)
Lactobacillus
Firmicutes

Effect size

Figure 2.5. Differentially abundant genera (P < 0.05), according to ALDEx2, of fecal
bacteria of dogs fed the experimental diets with increasing levels of inclusion of shrimp
hydrolysate (i05, i10, i15) in place of the basal diet in comparison with the basal diet. The
value in red indicates increased abundance and the values in blue indicate decreased

abundance.

2.4 Discussion

The European Union legislation allows the use of crustaceans and mollusks in pet food
(European Commission, 1982) and no constrains were found to be imposed by the
Association of American Feed Control Officials (AAFCO, 2023). However, the use of
protein-rich by-products obtained from these aquatic organisms in pet food has not been
studied yet, so the present study aimed to evaluate the chemical composition, including
the amino acid profile, and antioxidant activity of squid meal and shrimp hydrolysate, and
the effect of increasing levels of their dietary inclusion on the palatability, digestibility,

fecal characteristics and metabolites, and microbiota in adult healthy dogs.

2.4.1 Chemical composition

The chemical composition of the experimental diets in both experiments reflected the
chemical composition of the protein studied sources, namely by enhancing the CP and
AA content compared to the basal diet. All diets met the nutritional requirements for adult
dogs (FEDIAF, 2021).

Protein was the main chemical constituent of the studied by-products, with squid meal
presenting the highest amount. The CP content of squid meal agrees with the wide range
of values reported in the literature (680 g kg DM (Cérdova-Murueta and Garcia-
Carrefio, 2002) to 805 g kg™’ DM (Carranco-Jauregui et al., 2020)), as well as for shrimp
hydrolysate (436 g kg”' DM (da Silva et al., 2017) to 888 g kg”' DM (Cao et al., 2009)).
Both by-products, particularly the squid meal, presented higher CP content than animal
and vegetal protein sources commonly used in dog food formulation such as poultry by-
product meal (590 g kg™’ DM), meat and bone meal (509 g kg™’ DM), corn gluten meal
(563 g kg'' DM), and soybean meal (445 g kg™' DM; NRC, 2006).
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The CP content of both protein sources was higher than the total AA content, as
previously reported in related sources (Hulan et al., 1979; Dey and Dora, 2014),
questioning the use of 6.25 as the conversion factor to calculate CP. As no
recommendations exist regarding the conversion factor to be applied to these sources,
AA analysis is considered more suitable than CP to evaluate the protein content of foods,
as suggested by FAO (2003). The total content of AA of squid meal observed in the
current study corresponds to the range of values previously reported (457 g kg”' DM
(Hulan et al., 1979) to 628 g kg™ DM (Querol et al., 2015)), but the AA profile differs from
comparable sources. While in the present study, the essential AA found at the highest
concentrations were arginine and lysine, and at the lowest concentrations were histidine
and isoleucine, other studies (Hulan et al., 1979; Querol et al., 2015) reported leucine,
valine, and arginine at the highest concentrations, and histidine, phenylalanine, and
methionine at the lowest concentrations. Similarly, the AA content of shrimp hydrolysate
is within the wide range of values previously reported (345 g kg”' DM (Bueno-Solano et
al., 2009) to 862 g kg™' DM (Cao et al., 2009)), but its AA profile varies from comparable
sources earlier reported. Indeed, whereas, in the current study, the essential AA found
at the highest concentrations were arginine and lysine, and at the lowest concentrations
were histidine and methionine, in other studies (Bueno-Solano et al., 2009; Cao et al.,
2009) arginine, isoleucine, leucine and lysine were present at the highest concentrations
and at the lowest concentrations were histidine, phenylalanine, and methionine. The
variations observed between studies on CP and AA contents might be explained by the
well-known effects of species, growth stage, feeding conditions, part of the animal used
(e.g., head, cephalothorax, in shrimp, or head, tentacles, viscera, in squid), conditions of
processing and hydrolysis, including enzymes applied, duration, temperature, and pH,
and storage, among others (Hulan et al., 1979; Dey and Dora, 2014; da Silva et al.,
2017).

According to the National Research Council (NRC, 2006), methionine is frequently the
most limiting AA in protein sources routinely used in pet food, such as poultry by-product
meal, meat and bone meal, and soybean meal prompting manufacturers to employ
synthetic methionine supplements (D’Onofrio et al., 2023). The high methionine content
of shrimp hydrolysate and, especially, of squid meal suggests the potential of these by-

products to overcome the dietary deficiency in this essential AA.

2.4.2 Antioxidant activity

The evaluation of the antioxidant activity of novel protein sources contributes to the
understanding of their functional potential for animal health. As the response of

antioxidants to different radicals or oxidants may vary, leading to a lack of consensus on
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the optimal method for demonstrating antioxidant activity (Prior et al., 2005; Karadag et
al., 2009), four distinct antioxidant assays were used in the present study: ABTS, DPPH,
FC and FRAP. ABTS assay relies on a hydrogen atom transfer (HAT) or a single-electron
transfer (SET) mechanism and it quantifies the amount of ABTSe+ radical cation
quenched and the residual ABTS++ concentration (Re et al., 1999), and can be
performed in a wide pH range and in hydrophilic and lipophilic samples (Magalhaes et
al., 2008). DPPH assay relies on a SET mechanism, whereas the DPPH-« is scavenged,
which is affected by the solvent and the pH of the reaction (Magalhdes et al., 2007;
Stasko et al., 2007). Folin—Ciocalteu assay is also based on a SET mechanism,
measuring the reducing capacity of compounds in an alkaline medium, but only
applicable to hydrophilic solvents (Huang et al., 2005; Magalhaes et al., 2008). Lastly,
FRAP assay evaluates the capacity of compounds to reduce the ferric 2,4,6-tripyridyl-s-
triazine complex through a SET mechanism in an acidic medium (Benzie and Strain,
1996). Shrimp hydrolysate extracts showed higher antioxidant activity in all methods
tested in comparison to squid meal extracts. The reaction of squid meal extracts in the
DPPH assay was below the threshold of detection, requiring higher concentrations for
the reaction to occur (data not shown), as previously reported (Magalhaes et al., 2008).
Although bioactive compounds are known to exert antioxidant properties, scavenging
free radicals, thus preventing their harmful effects on health (Losada-Barreiro and Bravo-
Diaz, 2017; Karasahin et al., 2021), additional research is needed to identify the specific

compounds responsible for the observed antioxidant activity in these extracts.

The antioxidant activity of squid meal extracts was assessed for the first time, thus
precluding the comparison of the results herein obtained with the literature. Earlier
research has demonstrated the antioxidant properties of components from D. gigas with
higher antioxidant activity of arms collagen hydrolysates in contrast to fins collagen
hydrolysates (Suarez-Jimenez et al., 2015), and higher antioxidant activity of skin
gelatine in contrast to gelatine from arms and fins (Chan-Higuera et al., 2016). The
antioxidant activity of L. vannamei shrimp hydrolysates has been demonstrated before
(Latorres et al., 2018; Nikoo et al., 2021), but the variety of the process of hydrolysis,
along with the diversity of methodology, such as the extraction and the method of
antioxidant activity used, makes it difficult to compare findings among studies.
Hydrolyzed peptide size may contribute to the antioxidant properties of shrimp
hydrolysate (Ambigaipalan and Shahidi, 2017; Djellouli et al., 2020), with smaller
fractions exhibiting the highest activity (Zhao et al., 2011; Djellouli et al., 2020). Moreover,
other compounds present in shrimp, such as phenolic compounds, might contribute to

the antioxidant activity (Seymour et al., 1996; Cho et al., 2019). Additionally, as food
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processing influences the antioxidant properties (Toydemir et al., 2022), more research
is needed to evaluate the impact of dog food extrusion on the antioxidant potential of

novel protein sources.

2.4.3 Palatability

The palatability of novel ingredients is of crucial importance as it can affect food
consumption. Thus, the addition of palatability enhancers is a common practice in the
pet food industry, being protein hydrolysates extensively employed for this purpose
(Nagodawithana et al., 2008). Palatability refers to taste, odor, and mouth feel (texture,
shape, and size; Thombre, 2004), and it is influenced by the composition of diets, such
as the content of DM, fiber, carbohydrates, fat and protein (Alegria-Moran et al., 2019).
In the present study, although no food refusal was observed, the palatability of diets was
negatively affected by the inclusion of 150 g kg™ of shrimp hydrolysate or squid meal in
place of the basal diet. This result was unexpected as both squid meal and shrimp
hydrolysate presented high levels of glutamic and aspartic acids, two AA found in various
foods, including seafood, known to induce umami, a taste highly attractive to dogs
(Kurihara and Kashiwayanagi, 1998; Tanase et al., 2022). Indeed, earlier studies found
no negative or even positive effects on palatability with higher inclusion levels of marine
by-products than the level used in the current study (Folador et al., 2006; 2023). The
lower palatability of diets with 15% inclusion of squid meal or shrimp hydrolysate might
be due to protein sources being mixed with the basal diet immediately before being
offered to dogs, instead of included in the kibble, as previously shown with microalgae
supplementation (Cabrita et al., 2023). Future research should be performed to evaluate
the palatability of diets containing squid meal and shrimp hydrolysate included in the

extruded complete diet.

2.4.4 Body weight, food intake, fecal output and characteristics, in vivo

digestibility, and metabolizable energy

To the best of authors knowledge this is the first study that assessed the in vivo effects
of inclusion of squid meal and shrimp hydrolysate in diets for dogs, so the results
obtained here cannot be compared with the literature. Based on studies performed with
other monogastric species (Leal et al., 2010; Fuente-Martinez et al., 2023), and taken
into consideration the results obtained in the palatability trials, the levels of dietary
inclusion in the digestibility trials were set at 50, 100, and 150 g kg™'. As daily food
allowance was defined according to the ME requirements and adjusted to the ideal BW,
inclusion levels of squid meal and shrimp hydrolysate did not affect BW. Diet intake was

not affected by the level of squid meal, but increasing levels of shrimp hydrolysate linearly
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increased diet intake, while comparing to the basal diet, both studied protein sources
increased food intake. However, these effects lack biological meaning. Differences in
intake of nutrients and energy reflect the different chemical composition of the basal and

experimental diets in both experiments.

The number of defecations, fecal DM content and consistency score, parameters highly
valuable for dog owners, were not affected by increasing levels of squid meal and shrimp
hydrolysate inclusion. Compared to the basal diet, although differences reached
significance on consistency score, feces were all classified between soft, shaped, and
moist stools leaving spots on the floor (3.0) and approximately firm, shaped, and dry
stools (3.5), which is considered the optimum (Hernot et al., 2005). The higher fecal
output observed with the basal diet relative to the diets with the novel protein sources,

reflects the modest digestibility of this diet.

Along with fecal output and quality, diet digestibility assumes relevant importance to pet
owners. In experiment 1, the ATTD of CP was the highest with 150 g kg™ inclusion of
squid meal. Despite being known that indigestible protein might reduce fecal quality due
to the high osmotic pressure promoted by the fermentation of protein by proteolytic
bacteria (Hall et al., 2013), the effect on CP ATTD was not reflected in fecal DM and
consistency score. Although, the decreased molecular weight resulting from hydrolysis
of protein sources is expected to improve CP ATTD, the inclusion of increasing levels of
shrimp hydrolysate had no effect on this parameter. Compared to the basal diet, the
inclusion of the studied protein sources increased ATTD of DM, nutrients, and energy,
with the major difference being observed for CP. This demonstrates the high potential of
these ingredients to be included in highly digestible diets for dogs. Moreover, despite not
being herein studied the allergic responses to squid meal and shrimp hydrolysate, these
novel protein sources can also have the potential to be included in therapeutic diets to

prevent adverse food reactions (Verlinden et al., 2006).

2.4.5 Fecal end-fermentation products

Despite the significant differences observed among squid meal inclusion levels and
between basal diet and squid meal supplementation, fecal pH was nearly neutral in both
experiments. These high fecal pH values are known to favor the fermentation of
undigested protein in the colon (Windey et al., 2012), generating iso-butyrate, iso-
valerate and ammonia-N (Blachier et al., 2007) that might have negative effects on gut
health and fecal odor (Windey et al., 2012). In the current study, despite the observed
differences in CP ATTD with increasing levels of squid meal, no effects were observed

on these parameters. Compared to the basal diet, the inclusion of squid meal increased
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ammonia-N and slightly reduced fecal quality, suggesting a higher amount of protein
reaching the large intestine. Indeed, the higher CP intake observed with squid meal
inclusion in relation to the basal diet could have resulted in higher protein fermentation
in the colon, culminating in higher ammonia-N levels (Kroupina et al., 2022). Moreover,
the inclusion of squid meal decreased fecal butyrate concentration when compared to
the basal diet. As this VFA constitutes the main source of energy for colonocytes, thus
contributing for the maintenance of cell growth and differentiation in the gut, its reduction
might suggest a lower preventing role in inflammation and colon cancer (Binder, 2010).
Conversely, a positive correlation between ammonia-N and butyrate concentrations have
been previously observed in humans and rats (Bajka et al., 2008; McOirist et al., 2011).
The maijority of ammonia-N is produced by bacteria through the deamination of amino
acids (Blachier et al., 2007), and can be absorbed by colonocytes or utilized by bacteria

for protein synthesis and metabolism (Windey et al., 2012).

Despite the absence of effects of increasing levels of shrimp hydrolysate on VFA
production, when compared to the basal diet, the dietary inclusion of this protein source
significantly increased total VFA and individual concentrations except for butyrate,
tended to decrease fecal pH, and did not influence ammonia-N concentration. An earlier
in vitro study has also reported increased production of VFA with hydrolyzed soy protein,
such as acetate, iso-butyrate and iso-valerate, compared to non-hydrolyzed soy protein
(Ashaolu et al., 2019). The high concentrations of acetate and propionate observed with
shrimp hydrolysate inclusion diets might benefit dogs health, namely by regulating host
metabolic, immune and neuro-immunoendocrine responses (Tremaroli and Backhed,
2012; Sridharan et al., 2014, Silva et al., 2020), and lowering cholesterol (Nybroe et al.,
2023), being also observed decreased acetate and propionate concentrations in dogs
diagnosed with chronic enteropathy in comparison to healthy dogs (Minamoto et al.,
2019). On the other hand, the increased iso-butyrate and iso-valerate concentrations,
known to be originated from the bacterial fermentation of leucine, isoleucine and valine
(Rios-Covian et al., 2020), results in increased concentration of fermentation products,

such as ammonia-N, that might be detrimental to host health (Windey et al., 2012).

2.4.6 Fecal microbiota

The fecal microbiota is a complex ecosystem influencing host health by modulating the
immune system (Suchodolski, 2016; Ziese and Suchodolski, 2021), and also by
regulating nutrient utilization of substances entering the colon, where the production of
fecal metabolites occurs (Sieja et al., 2023). While there are some variations of
microbiota along the dog intestinal tract (Suchodolski et al., 2008; Honneffer et al., 2017),

fecal microbiota is mostly studied due to its ease of sampling and non-invasiveness

81 | CHAPTER 2 - Squid meal and shrimp hydrolysate as novel protein sources for dog food



(Pereira and Clemente, 2021). Changes in diet composition, such as protein content and
source, are normally accompanied by variations in the microbiome profile of the gut (Pilla
and Suchodolski, 2020), within a short period of time, namely 2 d for metabolites, such
as VFA and ammonia-N, and 6 d for microbiota (Lin et al., 2022). In the current study,
the inclusion of squid meal or shrimp hydrolysate in the diets did not significantly affect
the beta and alpha diversity and relative abundance of bacteria. All diets presented
higher abundances of Turicibacter, Peptostreptococcaceae, and Blautia, all pertaining to
the phylum Firmicutes the most common phylum in dog gut (Pilla and Suchodolski,
2020). Higher levels of Turicibacter and Blautia are indicators of a healthy gut microbiota,
while lower levels of these genera have been observed in dogs diagnosed with chronic

inflammatory enteropathy (Félix et al., 2022).

The inclusion of 150 g kg™ of shrimp hydrolysate increased the abundance of a genus
pertaining to Oscillospiraceae. A positive correlation of Oscillospira, a genus from
Oscillospiraceae, with the production of acetate, butyrate, propionate (Yang et al., 2021),
and valerate (Ecklu-Mensah et al., 2023) has been shown, thus suggesting the potential
of shrimp hydrolysate as a prebiotic (Yang et al., 2021). The inclusion of 100 g kg™ of
shrimp hydrolysate, decreased the abundance of Lactobacillus that is known to have the
ability to cross-feed other commensals to produce butyrate (Zhang et al., 2021) and was
earlier reported to decrease when dogs are fed diets high in protein and fat obtained
from natural sources (Sandri et al., 2017). However, in the current study, the effect of
shrimp hydrolysate inclusion on butyrate concentration did not reach significance and
diet SH10 presented a lower CP content than diet SH15, thus being not clear the
mechanism for a decreased Lactobacillus genus with this diet. The inclusion of 50 g kg™
of shrimp hydrolysate decreased the abundance of a genus pertaining to Firmicutes, in
agreement with a previous study showing a decrease in Firmicutes abundance when
dogs were fed a protein hydrolysate from leather waste (Li et al., 2021). Conversely, the
increased concentration of acetate, butyrate and propionate have been associated with
the increased relative abundance of Firmicutes (Atasoy et al., 2019). Further research is

needed to fully understand the effects of shrimp hydrolysate on microbiota profile.

2.5 Conclusions

The present study demonstrated, for the first time, the potential of squid meal and shrimp
hydrolysate as novel protein sources for dog nutrition. Both by-products presented higher
protein and methionine contents than commonly used protein sources, and their dietary
inclusion increased diet digestibility, suggesting their potential to be included in high

protein digestible diets. Despite the general absence of effects of inclusion levels on fecal
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metabolites, and conversely to squid meal, feeding dogs with shrimp hydrolysate diets
affected microbiota composition. In summary, the findings support the potential of these
protein rich by-products for dog feeding. However, additional research is needed to fully

evaluate their functional properties.
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Abstract

To be more sustainable, the pet food industry could increase inclusion of animal by-
products from the human food chain and fish hydrolysates have been reported to benefit
dogs’ health. However, there is limited research on the impact of alternative marine
hydrolysates in dog food. The current study evaluated the effects of including shrimp
hydrolysate as replacement for wheat gluten (experimental diet) in an extruded complete
diet (control diet) on diet palatability, intake, digestibility, fecal characteristics and
metabolites, oral volatile sulfur compounds (VSC) and coat quality in dogs. Palatability
of diets was assessed in a two-bowl test, conducted with twelve healthy adult Beagle
dogs. No differences were observed in first approach, first taste or intake ratio. A
randomized block design lasting 12 weeks was performed with 12 dogs distributed into
six blocks, according to sex and body weight; one dog from each block was randomly
allocated to each diet. Fecal characteristics and metabolites were measured in weeks 0,
4, 8, and 12, VSC and coat quality in weeks 4, 8 and 12, and apparent total tract
digestibility (ATTD) of nutrients and energy in week 12. The inclusion of shrimp
hydrolysate did not affect intake, but increased fecal output (dry matter, DM, basis,
P < 0.05). Fecal butyrate concentration was lower (P < 0.05) in dogs fed the experimental
diet. The inclusion of shrimp hydrolysate did not affect ATTD of nutrients and energy, and
VSC. Both diets promoted high coat quality. The experimental diet decreased gloss and
general evaluation scores in week 4 (P < 0.05), but improved scale score in weeks 4 and
12 (P < 0.05). Overall, the findings indicate the potential of including shrimp hydrolysate

in diets for dogs, fostering a more sustainable industry.

3.1 Introduction

Trends in the pet food industry are strongly driven by the humanization of pets (Gray,
2021), which favors the inclusion of sustainable and functional ingredients (Vasconcellos
et al.,, 2023). From a circular economy perspective, the use of by-products from the
human food chain can contribute to a more sustainable sector. Animal by-products are
regularly used in pet food with a recent report stating that this strategy is accepted by
two thirds of pet owners (GlobalPETS, 2023). Moreover, it has been demonstrated that
protein hydrolysates obtained through hydrolysis of by-products, thus containing small
peptides and amino acids (AA), have remarkable functional properties, such as
antioxidant and antihypertensive activity (Karami and Akbari-Adergani, 2019; Shahidi
and Ambigaipalan, 2019). Among marine sources, fish hydrolysates, such as from
salmon and white fish, are the most commonly used in pet food. Salmon protein

hydrolysates have been found to present high digestibility of AAin cecectomized roosters
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(Folador et al., 2006) and in mink (Tjernsbekk et al., 2017), and to reduce cutaneous
adverse food reaction in dogs (Szczepanik et al., 2022). Additionally, fish protein
hydrolysates have been shown to help improve pruritus (Matricoti and Noli, 2018), to
alleviate symptoms in dogs with chronic otitis externa (Di Cerbo et al., 2016), and to
improve the levels of neuroendocrine and stress biomarkers in dogs (Sechi et al., 2017).
Similarly, a supplement comprising cod and mackerel protein hydrolysates positively
affected fear and anxiety-related behaviors in dogs (Landsberg et al., 2015). However,
the effects of alternative marine protein hydrolysates in dog food, such as shellfish,

remain largely unknown.

According to the Food and Agriculture Organization (FAO, 2023), world shrimp
production, primarily for human consumption, reached 9.4 million tons in 2022 with
Litopenaeus vannamei accounting for over half of the total global shrimp production.
During the processing of shrimp for human consumption, wasted body parts, including
heads, shells and tails, account for nearly half of the animal’s weight (Roy et al., 2023).
Although a small amount of shrimp waste is used in animal feeding (Okoye et al., 2005;
Goncalves et al., 2022), large quantities are still being wasted. This waste results in the
loss of valuable components, such as chitin/chitosan, protein, carotenoids,
polyunsaturated fatty acids, a-tocopherol, and minerals (Nirmal et al., 2020). Additionally,
it contributes to the increase of environmental pollution namely through the emission of
volatile organic compounds, sulfur dioxide, and hydrogen chloride during waste
decomposition (Lopes et al., 2015). Although methods currently used to reuse waste are
based on corrosive or hazardous reagents, more environmentally friendly alternatives
are increasing, such as the use of enzymatic hydrolysis (Mao et al., 2017). /n vitro studies
have shown that protein hydrolysates originated from shrimp by-products, namely from
L. vannamei, have several functional properties, such as angiotensin-converting enzyme
inhibition (Feng et al., 2016; Ambigaipalan and Shahidi, 2017), and antioxidant
(Ambigaipalan and Shahidi, 2017; Djellouli et al., 2020), metal chelating (Ambigaipalan
and Shahidi, 2017), anticancer (Kannan et al., 2011), antimicrobial (Djellouli et al., 2020),
calcium binding (Huang et al., 2011a), and iron binding (Huang et al., 2011b) activities.
Furthermore, diets containing shrimp hydrolysate have been found to improve the health
and performance, namely growth, feed efficiency, nutrient digestibility, and immune
response in fish (Gisbert et al., 2018; Gunathilaka et al., 2020), avian (Mahata et al.,
2008; Nha and Thuy, 2021), and pigs (Sun et al., 2009). However, research into the
effects of shrimp hydrolysate on health and performance of dogs is scarce. Recently, in
a short-term study, Guilherme-Fernandes et al. (2024) demonstrated the potential of

shrimp hydrolysate for canine nutrition, namely due to its valuable methionine content,
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antioxidant activity, and high digestibility. Given these previous results, the present study
aimed to assess the long-term effects of shrimp hydrolysate inclusion in an extruded
canine kibble diet compared to a control diet with similar ingredients and chemical
composition without the inclusion of shrimp hydrolysate. It was hypothesized that
inclusion of shrimp hydrolysate at 5% would enhance diet palatability and digestibility,

and benefit fecal characteristics and metabolites, oral malodor, and coat quality in dogs.

3.2 Materials and methods

Study design and procedures were approved by the Animal Ethics Committee of the
School of Medicine and Biomedical Sciences, University of Porto (Permit N° 408/2021).
Animal handling and procedures were conducted in accordance with good animal
welfare practices (European Union Directive 2010/63/EU), by trained scientists in
Laboratory Animal Science (FELASA, category C). Before the start of the study, dogs
were routinely vaccinated and clinically evaluated to determine suitability for the study.

Dogs were continuously monitored throughout the entire study.

3.2.1 Animals and housing

Twelve adult Beagle dogs, six females and six males, 4.5 + 0.65 years-old, with an initial
body weight (BW) of 12.4 + 2.53 kg and median (interquartile range) body condition score
(BCS) of 5.0 (1) out of 9 (Laflamme, 1997) participated in the study. Dogs from different
blocks but undergoing the same dietary treatment were housed in pairs in
environmentally enriched interconnected boxes with inside and outside areas (1.8 and
3.5 m?, respectively). Between daily meals, dogs were allowed to exercise and socialize
in an outdoor park and taken on 30 min leash walks. During feces collection, dogs were
housed separately, allowed to exercise and socialize under supervision, and walked daily

on a leash.

3.2.2 Diets and feeding

Two extruded diets, a control diet (commercial complete diet) and an experimental diet
were used. Diets were produced with the same base ration except for the addition of 5%
(w/w) shrimp hydrolysate in the experimental diet at the expense of wheat gluten to
obtain isoproteic diets (Table 3.1). Diets were produced following common methodology
for industrial production of dry food for dogs with ingredient grinding, mixing, extrusion
(120-130 °C plus 25% moisture), drying, coating with liquid ingredients, cooling, and
packaging. The shrimp hydrolysate (Symrise Aqua Feed, Elven, France) was obtained
by enzymatic hydrolysis of heads and cephalothoraxes of L. vannamei. The solid waste

(shell) was separated by centrifugation at the end of the hydrolysis process and the liquid
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fraction was spray-dried to obtain the protein hydrolysate (Leduc et al., 2018). Daily food
allowance was calculated to meet the metabolizable energy (ME) requirements
according to individual BW of dogs (ME (kcal/d) = 110 x BW°75; FEDIAF, 2021) and
adjusted for BCS. Body weight and BCS were assessed every four weeks throughout
the duration of the study. The ideal BCS was considered between 4 and 6 (Laflamme,
1997). Dogs were individually fed their daily ration in two equal meals (8.30 a.m. and

5.00 p.m.) and provided with ad libitum fresh water.

3.2.3 Experimental design

The study was performed according to a complete randomized block design with dog as
the experimental unit. The 12 dogs were distributed into six blocks of two dogs each,
according to sex and BW, and one animal from each block was randomly assigned to
one of the two diets, for a total of six dogs per diet, the minimum recommended by
FEDIAF (2021). The study lasted 12 wks, with measurements taken at weeks 0, 4, 8,
and 12. A two-bowl test was performed in week 0. Assessment of body weight and body
condition and feces collection were performed in weeks 0, 4, 8, and 12. Oral volatile
sulfur compounds (VSC) and coat quality were evaluated in weeks 4, 8, and 12. Apparent

total tract digestibility (ATTD) of diets was determined in week 12.

3.2.4 Palatability

On two consecutive days of week 0 and after an overnight fast, a two-bowl test (Aldrich
and Koppel, 2015) was performed on 12 dogs to assess palatability by pairwise
comparison of the control and experimental diets. The sample size and duration of the
trial were defined according to an earlier study (Guilherme-Fernandes et al., 2024) that
found significant differences in intake ratio among diets without or with inclusion of
shrimp hydrolysate. Each bowl contained the calculated amount of food to meet the
morning meal ME requirements of each dog, with dogs thus being offered twice their ME
requirements (FEDIAF, 2021). Bowls were placed 45 cm apart in opposite positions (left
and right) for two days to control side bias. Each session was limited to 30 min or when
a dog had consumed all food from a bowl. The bowl approached first and diet tasted first
by each dog were recorded. At the end of each session, the remaining food was weighed

to determine the ratio of food consumption between the control and experimental diets.

3.2.5 Chemical analyses of diets

Diet samples were dried in an air-forced oven at 65 °C until constant weight, ground
(1-mm), and analyzed according to official methods (AOAC, 2005). Samples were
analyzed for dry matter (DM; ID 934.01), ash (ID 942.05), ether extract (EE; ID 920.39),
insoluble dietary fiber (ID 991.42), soluble dietary fiber (ID 993.19), and nitrogen (ID
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990.03). Crude protein (CP) was calculated as nitrogen x 6.25. Neutral detergent fiber
(NDF, with a-amylase and expressed exclusive of residual ash) was determined as
described by Van Soest et al. (1991), and starch (in 0.5-mm milled samples) determined
according to Salomonsson et al. (1984). Gross energy (GE) was analyzed using an
adiabatic bomb calorimeter (Werke C2000, IKA, Staufen, Germany). Amino acid profile
was assessed as described by Aragao et al. (2020). Briefly, samples were hydrolyzed
with 6 M HCI solution at 116 °C for 48 h, and then derivatized in a precolumn Waters
AccQ Fluor Reagent (6-aminoquinolyl-N-hydroxysuccinimidyl carbamate), according to
the AccQ Tag method (Waters, Milford, MA, USA). Analyses were performed by ultra-
high-performance liquid chromatography on a Waters reversed-phase AA analysis
system using norvaline as the internal standard. Peaks were analyzed with EMPOWER

software (Waters). All analyses were performed in duplicate.

3.2.6 Fecal output, characteristics, and metabolites analysis

During two consecutive days of weeks 0, 4, 8, and 12, the number of defecations by
each dog was recorded. Individual feces were weighed and scored for consistency
according to a 5-point scale, ranging from watery diarrhea (1) to powdery hard mass
pellets (5; Félix et al., 2013). Fresh fecal samples were composited per dog per week
and stored at -20 °C until further analysis. pH was measured in thawed and homogenized
samples with a potentiometer (senslON+ PH3, Hach-Langue, S.L.U., Barcelona, Spain).
For ammonia-nitrogen concentration (Chaney and Marbach, 1962), 1 g of feces was
diluted in 10 mL of 2 M KClI, centrifuged at 5200 x g at 4 °C for 60 min. Supernatant was
obtained using a polyethersulfone syringe filter with 0.45 ym pore size (FILTER-LAB,
Barcelona, Spain). Forty pL of the supernatant was mixed with 40 uL of water, 2.5 mL of
phenol solution and 2 mL of alkaline hypochlorite solution. The resulting solution was
incubated for 10 min at 37 °C, and 1 h at 22 °C in the dark. The absorbance was read at
550 nm in a SynergyTM HT Multimode plate reader (BioTek Instruments Inc., Winooski,
VT, USA). An ammonia solution (32 mg dL") was used as the standard. To determine
volatile fatty acids (VFA) concentrations, 1 g of feces was diluted in 10 mL of 25% ortho-
phosphoric acid solution with an internal standard (4 mM 3-methyl valerate, Sigma-
Aldrich, Saint Louis, MO, USA). The solution was centrifuged for 16 min at 18000 x g at
4 °C, and the supernatant stored at -20 °C until analysis by gas chromatography as

previously described (Pereira et al., 2021). All analyses were performed in duplicate.

3.2.7 Apparent total tract digestibility

During week 12, total feces eliminated by each dog was collected for five consecutive

days to assess the ATTD of the diets. Samples were weighed and stored at -20 °C. Feces
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were later thawed and homogenized. Representative samples were immediately
analyzed for nitrogen (CP calculated as nitrogen x 6.25). Ash, EE, NDF, starch (0.5-mm
milled), and GE were analyzed from dried (65 °C) and milled (1-mm) feces pooled per

dog as previously described for diet samples.

3.2.8 Oral volatile sulfur compounds

Measurements of VSC concentrations were conducted using a Halimeter following the
instructions provided by the manufacturer (Interscan Corporation, Simi Valley, CA, USA).
A plastic cup with an attached straw was used to cover each dog’s snout, which was
gently immobilized during measurements. The measurements were performed in one
day of weeks 4, 8 and 12, before the morning meal and 1 h and 5 h later (Rawlings and
Culham, 1998).

3.2.9 Coat evaluation

On one day at weeks 4, 8 and 12, coat quality was scored by a naive 11-person panel
comprising 2 veterinarians, 1 animal science technician, 3 dog owners and 5 animal
science and veterinary students. The panel was blinded to the diets. A five-point scale
was used to score gloss, greasiness, softness, scale and general evaluation of coat from
the least desirable (1) to the most desirable (5; Hester, 2004). Briefly, the parameters
were evaluated as following: a) gloss, from very dull (1) to very shiny (5); b) greasiness,
from very greasy (1) to not greasy (5); ¢) softness, from very brittle (1) to very soft (5); d)
scale, from very scaly (1) to no scale present (5); and e) general evaluation of coat, from
poor (1) to excellent (5). The panel was instructed to use both whole numbers (e.g., 3,
4) and half-point increments (e.g., 2.5, 4.5) when scoring coats. Dogs were bathed the
previous day and groomed immediately before the scoring. The evaluation was
performed in indoor rooms with natural daylight. The panel could freely interact with and

handle the dogs.

3.2.10 Calculations and statistical analyses

Amino acid scores (AAS) of diets were calculated as described by Kerr et al. (2013),

AA (mg)/diet cp (i)
kg

minimum recommended level of AA (mg)/cp (i)
kg

following the equation:

AAS = x 100
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The minimum levels of AA and CP recommended by FEDIAF (2021) for adult dogs

(maintenance energy requirements of 110 kcal/kg®’®) was used as reference.

Geometric mean of AAS was calculated to determine the indexes of essential AA of diets
(Oser, 1959).

Metabolizable energy content of diets was determined according to FEDIAF (2021),

using the equation:

(GE intake (=) ~ fecal GE () — (CP intake (£) — fecal CP (%) x5.23)
ME (MJ/ kg DM) =

DM intake ( %)

Fecal production was determined as:

dried f ecal output ( %)
Fecal production ( %) = x 100
dry matter intake ( %)

Apparent total tract digestibility was calculated as:

nutrient intake ( %) — fecal nutrient ( %)
ATTD (%) = x 100
nutrient intake ( %)

All data were analyzed using SAS software (2022, release 3.81., SAS Institute Inc., Cary,
NC, USA). The results of bowl approached first and diet tasted first from the two-bowl
test were analyzed with the chi-square test, and the ratio of consumption with the
Student’s t-test. Median and interquartile range were determined for BCS. Data on fecal
consistency and coat quality were analyzed with the Wilcoxon rank sum test to compare
scores in each week between dogs fed control and experimental diets (Scheff, 2016).
The 12-wk study followed a randomized design with dog as the experimental unit. Data
was analyzed according to a mixed model with repeated measurements, including diet,
week, and the interaction between diet and week as fixed effects, block as a random
effect, and week as a repeated measure. The results from week 0 were considered as a
covariate in the model. Means were compared by the LSD post hoc test. Apparent total
tract digestibility of nutrients and energy and diet ME content were analyzed using a
mixed model, with diet as fixed effect and block as a random effect. The statistical level

of significance was considered for P < 0.05.
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3.3 Results

3.3.1 Chemical composition of diets

Shrimp hydrolysate and wheat gluten respectively presented (DM basis) 151 g kg™ and
9.32 g kg of ash, 658 g kg' and 815 g kg™ of CP, 93.8 g kg™' and 2.26 g kg™ of EE, 21.3
g kg'and 12.0 g kg™ of insoluble fiber and 21.2 g kg”"and 18.9 g kg™ of soluble fiber
(Table 3.1). The essential AA found in greater concentrations in shrimp hydrolysate were
arginine and lysine (7.10 g/100 g total AA and 8.65 g/100 g total AA, respectively). The
diets studied had similar nutrient and GE contents, being isoproteic (293 g kg™' CP) and
isoenergetic (19.2 MJ kg GE). Among the essential AA, leucine and arginine were
present in the greatest concentrations, averaging 7.97 g/100 g AA and 6.28 g/100 g AA,
respectively. Compared to the control diet, the experimental diet presented greater
concentrations of arginine, histidine, lysine, and methionine, and lower concentration of
the other essential AA. Both diets had an AAS greater than 100 for all AA and the same
index of essential AA (Table 3.2).

108 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult
Beagle dogs



Table 3.1. Chemical composition (dry matter basis) and amino acid (AA) profile (g/100g of total

AA) of wheat gluten, shrimp hydrolysate, control diet and experimental diet.

Diet?
Item Wheat gluten Shrimp hydrolysate’
Control Experimental
Dry matter, g kg™* 897 962 942 957
Ash, g kg™ 9.32 151 7.7 79.9
Crude protein, g kg™’ 815 658 293 293
Ether extract, g kg™ 2.26 93.8 136 131
Neutral detergent fiber, g kg™’ ND ND 146 143
Insoluble dietary fiber, g kg™ 12.0 21.3 77.0 76.0
Soluble dietary fiber, g kg 18.9 21.2 31.0 37.2
Starch, g kg™ ND ND 330 319
Gross energy, MJ kg™ 22.2 21.3 19.2 19.2
Essential AA, g/100 g total AA
Arginine 3.70 7.10 6.17 6.39
Histidine 2.16 1.98 2.22 227
Lysine 1.70 8.65 5.34 5.72
Threonine 2.80 3.93 4.04 4.13
Isoleucine 3.46 3.94 4.85 4.83
Leucine 6.73 6.79 8.24 7.69
Valine 3.68 6.73 5.22 5.14
Methionine 1.48 3.67 3.09 3.32
Methionine+cystine 4.14 4.24 6.27 6.44
Phenylalanine 5.29 5.38 5.52 5.35
Phenylalanine+tyrosine 9.4 121 11.0 10.7
Non-essential AA, g/100 g AA
Cystine 2.66 0.57 3.18 31
Tyrosine 4.13 6.72 5.44 5.37
Aspartic acid + Asparagine 3.19 6.59 8.00 8.37
Glutamic acid + Glutamine 35.7 12.0 14.6 14.2
Alanine 2.47 7.68 5.97 5.86
Glycine 3.46 6.84 6.70 7.02
Proline 11.9 7.70 6.62 6.45
Serine 5.57 3.75 4.80 4.75

'Data reported in Guilherme-Fernandes et al. (2024).

2Control diet: commercial diet including, in descending order, poultry by-product meal, corn, wheat, broken rice, pea
starch, wheat gluten, poultry and mammal fat, pea protein concentrate, autolyzed brewers' yeast, beet pulp, lucerne,
fish oil; Experimental diet: control diet with the inclusion of 5% of shrimp hydrolysate in replacement of wheat gluten,
including, in descending order, poultry by-product meal, corn, wheat, broken rice, pea starch, wheat gluten, shrimp
hydrolysate, poultry and mammal fat, pea protein concentrate, autolyzed brewers' yeast, beet pulp, lucerne, fish oil.
Abbreviation: ND, not determined.
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Table 3.2. Amino acid scores and index of essential amino acids of control and

experimental diets.

Diet!
ltem
Control Experimental

AAS?

Arginine 232 237

Histidine 188 191

Lysine 247 263

Threonine 151 154

Isoleucine 206 203

Leucine 196 181

Valine 173 169

Methionine 150 161

Methionine+cystine 161 164

Phenylalanine 199 191

Phenylalanine+tyrosine 240 233
Index of essential AA3 192 192

Control: complete diet without inclusion of shrimp hydrolysate; Experimental: control diet with 5% of shrimp
hydrolysate in replacement of wheat gluten.

2Amino acid score (AAS) determined according to Kerr et al. (2013) using the minimum recommended levels
of amino acids by FEDIAF (2021) for adult dogs (maintenance energy requirement of 110 kcal/kg®75).
3Index of essential amino acids (AA) calculated according to Oser (1959).

3.3.2 Palatability

No significant differences were found in the diet approached first (50% for each diet),
and diet tasted first (50% for each diet; Figure 3.1). The ratio of consumption between

the control and experimental diets was similar (40.1% vs 59.9%, respectively).

Two-bowl test

80
T Em Control diet

Experimental diet

Percentage %
-~ (=)
<> =}

1 1

N
=3
|

First approach First taste Consumption ratio

Figure 3.1. Frequency (%) of diet approached first and diet tasted first (mean, n = 12),

and consumption ratio (mean £ SEM, n = 12) of control and experimental diets.

110 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult
Beagle dogs



3.3.3 Body weight, body condition score, and diet and nutrient intake

All dogs remained healthy throughout the study and no emesis or food refusal were
observed. The average BW of dogs fed the experimental diet was greater than that of
dogs fed the control diet (12.1 kg vs. 11.5 kg, P < 0.05; Supplementary Table S1), but
week (Supplementary Table S1) and interaction between diet and week kept BW
unaffected (Table 3.3). The median BCS of all dogs during the entirety of the study was
5.0 (0) out of 9 in dogs fed both diets. Diet, nutrient and energy intake were not

significantly affected by diet, week, and their interaction.

3.3.4 Fecal output, characteristics, and metabolites

Replacing wheat gluten with shrimp hydrolysate increased DM fecal output of dogs
(26.1 g d'vs. 23.9 g d', P < 0.05; Supplementary Table S2). Butyrate concentration
decreased in feces of dogs fed the experimental diet (75.3 mg kg™', DM, vs. 102 mg kg™,
DM, P < 0.05). No differences in fecal consistency scores were observed between diets
in each week (Figure 3.2 and Supplementary Table S3). Diet had no effect on other fecal
parameters measured. Number of defecations (P < 0.05) were greatest in week 12, while
valerate concentration was greatest in week 8 (P < 0.05). Fecal ammonia-nitrogen
tended to be greater in week 4 (P < 0.10). The interaction between diet and week did not

affect any of the parameters evaluated (Table 3.4).
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3.3.5 Apparent total tract digestibility

No differences were observed in ATTD and ME content between control and
experimental diets (Table 3.5). Dry matter ATTD varied from 76.7% to 79.6%, CP ATTD
from 76.6% to 78.1%, and ME from 14.7% to 15.1% in dogs fed the control and the

experimental diets, respectively.

Table 3.5. Apparent total tract digestibility of nutrients and metabolizable energy of dogs

fed control and experimental diets.

Diet’
Item SEM P-value
Control Experimental

Dry matter 76.7 79.6 1.03 0.098
Organic matter 82.3 84.7 0.75 0.072
Crude protein 76.6 78.1 1.96 0.711
Ether extract 941 94.7 0.34 0.275
Neutral detergent fiber 59.0 64.6 2.08 0.051
Starch 99.4 99.5 0.08 0.896
Gross energy 83.1 85.2 0.70 0.081
Metabolizable energy, MJ/kg 14.7 151 0.12 0.115

Control: complete diet without inclusion of shrimp hydrolysate; Experimental: control diet with 5% of shrimp
hydrolysate in replacement of wheat gluten.

3.3.6 Oral volatile sulfur compounds

No differences in oral volatile sulfur compounds of dogs were observed between control
and experimental diets before, 1 h and 5 h after the morning meal (Supplementary Table
S4). Week had a significant effect (P < 0.05) on the concentration of VSC with the
greatest values observed in week 4 regardless of the diet offered, particularly 5 h after
the morning meal (Supplementary Table S4). The interaction between diet and week did

not affect VSC concentrations (Table 3.6).

3.3.7 Coat quality

Coat gloss and general evaluation rank sums were greater in dogs fed the control diet
than the experimental diet in week 4 (5091 vs. 3688, z=-3.48, and 4831 vs. 3947,
z = -2.32, respectively, P < 0.05; Figure 3.3 and Supplementary Table S5). The
experimental diet increased rank sums of the coat scale score in weeks 4 and 12 (4932
vs. 3846, z=2.70, and 4780 vs. 3998, z = 1.98, respectively, P < 0.05).
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Figure 3.3. Violin plot of gloss, greasiness, softness, scale, and general evaluation
scores in weeks 4, 8 and 12 of dogs fed control and experimental diets. The violin plot
illustrates the distribution of the scores for each parameter. Wider sections of the plot
indicate a higher concentration of data points, and narrower sections indicate fewer data
points. The median scores are represented by the blue line within the plot. *P < 0.05 and
**P < 0.001.
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3.4 Discussion

While shrimp hydrolysate is mainly used in diets for fish, its impact on dog nutrition
remains largely unexplored. An earlier short-term study, with 4 periods of 10 days each,
revealed the potential of shrimp hydrolysate as a dietary ingredient for dogs when
included up to 15% (Guilherme-Fernandes et al., 2024). In this earlier study, performance
of shrimp hydrolysate was evaluated blended as-is with a commercial diet, offering
valuable insights for potential future applications as an ingredient or for incorporation into
diets post-extrusion. Conversely, in the present study, shrimp hydrolysate was included
before the extrusion process to facilitate the industrial manufacturing of pet food. Due to
high temperature and pressure, the extrusion process can affect nutrient digestibility,
starch gelatinization, protein denaturation (Tran et al., 2008), and bioactive properties of

protein hydrolysates (Chavez-Ontiveros et al., 2022).

3.4.1 Chemical composition of diets

Compared to wheat gluten, shrimp hydrolysate presented a lower CP content and a
greater EE content. The low inclusion level of shrimp hydrolysate (5%) did not greatly
alter the chemical composition of diets. The AAS indicated that the minimum
requirements for AA were ensured in both diets. Lysine and methionine concentrations
were greater in the experimental diet, being consistent with the previous study
(Guilherme-Fernandes et al., 2024) that showed the potential of shrimp hydrolysate to
enhance the levels of these AA in diets, the most common limiting essential AA

particularly in vegetable protein sources (Li and Wu, 2023).

3.4.2 Palatability

In addition to ensuring that dogs are provided with complete and balanced diets,
palatability is a critical factor to consider in dog food as it might affect food intake, the
provision of nutrients, and strongly determines food repurchase among pet owners.
Protein hydrolysates, such as salmon protein hydrolysate and poultry-liver hydrolysate,
have been used by the pet food industry to improve the palatability of diets (Folador et
al., 2006; Friesen and Yamka, 2008; Nagodawithana et al., 2008). During the production
of these ingredients, hydrolysis breaks proteins into peptides and AA that can positively
influence the flavor of foods (Belitz et al., 2009). Salts of glutamic acid and aspartic acid
produce the umami taste that play a role in enhancing food flavor (Zhang et al., 2013).
The palatability of a commercial diet with shrimp hydrolysate inclusion at 15% was
reduced to a consumption of 24.5% compared to 75.5% for the non-supplemented diet
(Guilherme-Fernandes et al., 2024). This result might be attributed to the higher inclusion

level as well as the mixture of the shrimp hydrolysate to the commercial diet right before
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feeding, rather than extruded into the kibble. Moreover, it must be emphasized that
despite the sample size (12 dogs) used in the current study defined according to the
previous study (Guilherme-Fernandes et al., 2024), the number of dogs was lower than
the generally recommended (20 dogs; Aldrich and Koppel, 2015), suggesting some
caution when interpreting the results obtained. Even though the sufficient amount for the
feeding period was offered in both bowls to allow dogs to choose based on preference
rather than caloric need, two-bowl tests often lack sensitivity to the long-term satiating
effects of food, even when nutritional and caloric values are considered (Samant et al.,
2021), and results are solely dependent on the control diet, not elucidating any particular
preference for a specific element in a complex food (Aldrich and Koppel, 2015).
Nevertheless, since no food refusal was observed and food was immediately consumed
throughout the entirety of the study, it suggests both diets were well accepted by dogs
(Le Guillas et al., 2024).

3.4.3 Body weight, body condition score, nutrient intake, and fecal output

and characteristics

Daily food allowance was adjusted every four weeks according to ME requirements and
the ideal BW and BCS of dogs. Although diet significantly affected BW, the results had
no biological significance as BW only differed by 0.6 kg between diets. Dogs had ideal
BCS, representative of palpable ribs covered with fat, a waist behind the ribs (viewed
from above) and an abdomen tucked up (viewed from the side). As feed intake was
similar among diets that presented similar chemical composition, diet had no effect on

nutrient and energy intake.

Many factors can influence fecal characteristics, such as diet composition, intake and
digestibility, microbiota and fecal metabolites, and water intake (Wakshlag et al., 2011;
Algya et al., 2018; EI-Wahab et al., 2021). In this study, DM fecal output was greater in
dogs fed the experimental diet than dogs fed the control diet, whereas fecal production,
DM content and consistency score, and number of defecations were unaffected by diet.
Although DM fecal output was significantly greater with the experimental diet, the slight
difference among diets (average 2.2 g per dog per day) might be insufficient to be
detected by pet owners as a negative outcome. However, as this effect might be driven
by differences in ATTD, future studies should include evaluation of ATTD of diets over
time. Week had no effect on fecal output, production and DM content, but number of
defecations increased with time. The current study commenced in winter and ended in
spring, encompassing fluctuations in temperature and humidity, which could have

influenced the activity levels of dogs in the outdoor parks, as physical exercise has been
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shown to increase fecal consistency (Templeman et al., 2020) and colonic motor activity

(Dapoigny and Sarna, 1991).

3.4.4 Apparent total tract digestibility of diets

The experimental diet did not influence ATTD of nutrients and energy. Previous research
indicated no differences in the ATTD of DM, and either no differences or a decrease in
the ATTD of organic matter and GE in dogs fed diets including animal hydrolyzed protein
sources compared to non-hydrolyzed protein sources (hydrolyzed feather meal vs. diet
with bovine meat and bone meal and poultry viscera meal, Machado et al., 2021,
hydrolyzed chicken meal vs poultry by-product meal, Pinto et al., 2023). The presence
of smaller peptides and AA, being more easily digestible than non-hydrolyzed proteins
(Singh et al., 2021), was expected to benefit ATTD of CP. However, no differences were
found among diets in the present study. The lack of effect on CP ATTD when wheat
gluten was replaced by shrimp hydrolysate might be explained by the high digestibility of
the wheat gluten (Kendall and Holme, 1982; Nery et al., 2010). Indeed, the ATTD of CP
of dogs fed a wheat gluten meal diet was greater than diets including deboned chicken,
chicken by-product meal, and corn gluten meal (Sieja et al., 2023). Furthermore, diets
with equal amounts of poultry liver hydrolyzed protein, wheat gluten and poultry meal
resulted in a decrease of ATTD of CP compared to diets containing wheat gluten alone
or a combination of wheat gluten and poultry meal (Urrego et al., 2017). Additionally,
protein digestibility of hydrolysates could potentially be compromised by molecular
interactions between ingredients, such as the formation of structures between proteins
and other nutrients or the rearrangement of protein aggregates (Schmid et al., 2022).
Further factors such as the extrusion process, which can induce protein denaturation,
and storage conditions, which may decrease protein solubility and thermal stability, could
also influence protein digestibility (Schmid et al., 2022; Gu et al., 2023; Orlien et al.,
2023). These aspects should be further exploited in future studies.

3.4.5 Fecal metabolites

Fecal pH and metabolites, except butyrate concentration, were unaffected by diet, week
and their interaction. Similarly, earlier studies comparing diets without or with protein
hydrolysates have reported absence of effects on fecal pH of healthy dogs, with a range
of pH values observed (6.49 to 6.84) identical to the present study (Machado et al., 2021;
Pinto et al., 2023). Fecal pH is correlated with VFA production in the hindgut, with greater
VFA production promoting a decrease in fecal pH, thus contributing to prevent the growth
of pathogenic species (Swanson et al., 2002). Fecal ammonia-nitrogen and branched-

chain fatty acids arise from the fermentation of protein, and thus could be affected by

120 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult
Beagle dogs



dietary protein content and digestibility (Pinto et al., 2023). Diets in the current study
presented similar CP and branched-chain AA contents, as well as CP ATTD, agreeing

with the absence of effects on fecal ammonia-nitrogen and branched-chain fatty acids.

Butyrate is one of the major VFA present in the gut microbiome, with great intestinal
health benefits, constituting a source of energy for colonocytes (Rivera-Chavez et al.,
2016), modulating the immune and inflammatory responses and maintaining the integrity
of the intestinal barrier (Tan et al., 2014). The decrease of fecal butyrate concentration
could be due to greater absorption in the intestinal tract, an increased utilization by the
enterocytes, or most likely a decrease in production by gut bacteria (Pilla and
Suchodolski, 2020). The amount of soluble and insoluble fiber is known to affect the
intestinal microbiota or its metabolic activity (Sunvold et al., 1995; Zentek, 1996), with
soluble fiber being more fermentable by gastrointestinal microorganisms, thus increasing
the production of VFA. Moreover, the eventual presence of chitin, indigestible by dogs
(Okamoto et al., 2001), in the shrimp hydrolysate could also contribute to a decrease
VFA production. However, in the present study, the soluble and insoluble fiber contents
were similar among diets, and the chitin content is suggested to be residual due to the
process of obtention of shrimp hydrolysate. Therefore, the decreased fecal butyrate
concentration with the experimental diet might be explained by effects on fecal
microbiota composition. Indeed, in an earlier study, the inclusion of shrimp hydrolysate
at 5%, 10% and 15% did not affect fecal butyrate concentration. However, when
compared to a basal diet (without the inclusion of shrimp hydrolysate), 5% inclusion
decreased the abundance of Firmicutes (Guilherme-Fernandes et al., 2024). It is known
that most Firmicutes, such as Clostridium, Faecalibacterium and Eubacterium, produce
butyrate through the fermentation of carbohydrates (Garrigues et al., 2022), and in minor
extent through glutamate and lysine pathways (Singh et al., 2022). The long-term impact
of dietary inclusion of shrimp hydrolysate on the microbiota of dogs should be studied.

3.4.6 Oral volatile sulfur compounds

Oral malodor is typically caused by bacteria in the mouth, such as the anaerobic Gram-
negative bacteria Porphyromonas spp. and Treponema spp., the major pathogens
causing periodontal disease in dogs (Nordhoff et al., 2008; Ito et al., 2023). These
bacteria produce VSC as a result of the metabolism of proteinaceous substrates with
sulfur-containing AA. Volatile sulfur compounds mainly comprise hydrogen sulfide,
methyl mercaptan and dimethyl sulfide, and can be toxic to tissues even at low
concentrations (Culham and Rawlings, 1998; Ratcliff and Johnson, 1999; Milella, 2015).
Diet can influence the oral microbiota (Baker and Edlund, 2018), with healthy bacterial

populations associated with reduced oral malodor (Oba et al., 2022). In the present
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study, no differences on VSC were observed. Bell et al. (2020) found no differences in
the oral microbiota of dogs fed diets differing in the main protein source, namely chicken,
lamb and salmon. Conversely, Di Cerbo et al. (2015) has shown a significant reduction
in halitosis-related sulfur compounds in dogs fed a diet comprising fish protein
hydrolysate, Ribes nigrum L., Salvia officinalis, Thymus vulgaris, lysozyme, propolis,
bioflavonoids, and vitamin C. The potential role of shrimp hydrolysate, a source of AA
and small peptides with bioactive properties, such as antioxidant or antimicrobial activity
(Djellouli et al., 2020), on the oral microbiota and VSC concentration in dogs should be
studied.

3.4.7 Coat quality

A healthy coat is highly valued by pet owners and often plays a significant role in their
decision-making when purchasing pet food (Vinassa et al., 2020). Diet strongly
influences skin and coat appearance (Watson, 1998), but studies evaluating effects of
hydrolyzed protein sources on coat quality are almost nonexistent. A recent study found
no variations in the coat quality of dogs fed diets containing either non-hydrolyzed or
hydrolyzed chicken protein (Hsu et al., 2023). In the present study, the inclusion of shrimp
hydrolysate reduced coat scale, but worsened gloss. Scale is a biomarker of unhealthy
skin and is characterized by excessive renewal of the epidermis, resulting in an over-
exaggeration of the shedding of dead skin cells. Gloss is influenced by several factors,
including the condition of hair cuticles and sebum production (Marsh et al., 2000).
Despite the differences among diets, median scores varied between 4 and 5, being
representative of great coat health. Coat quality observed in the current study should be
interpreted with caution as an earlier study suggested that improvements on coat quality

might require a period of study longer than 12 weeks (Geary et al., 2022).

3.5 Conclusion

In summary, shrimp hydrolysate supplementation at 5% did not affect diet palatability
and ATTD. The absence of effects on ATTD of CP demonstrates the similar digestibility
of wheat gluten and shrimp hydrolysate in dogs. Fecal characteristics and metabolites
were generally not affected by diet and week, except for butyrate concentration which
was reduced in dogs fed the shrimp hydrolysate diet. Differences in the coat quality were
not biologically relevant, as both diets promoted a healthy coat. Overall, the results
suggest the potential of shrimp hydrolysate inclusion in pet food, contributing to a more
sustainable sector. However, further research is needed to fully understand the health

benefits of incorporating shrimp hydrolysate into dog food.

122 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult
Beagle dogs



Acknowledgments

The authors thank Silvia Dias, Daniela Pereira and Daniela Flores from ICBAS, School
of Medicine and Biomedical Sciences, University of Porto, for the technical support and
analytical determinations. The staff of the ICBAS kennel is acknowledged for the
assistance and maintenance of the dogs. The study was supported by the Portuguese
Foundation for Science and Technology (FCT/MCTES) through projects
UIDB/50006/2020 (https://doi.org/10.54499/UIDB/04033/2020) and UIDP/50006/2020
(https://doi.org/10.54499/UIDP/50006/2020) and by project NovinDog (POCI-01-0247-
FEDER-047003) supported by Portugal 2020 program through the European Regional
Development Fund. Joana Guilherme-Fernandes was funded by FCT and Soja de
Portugal (PD/BDE/150527/2019) through SANFEED Doctoral Programme, and the
contracts of Sofia A. C. Lima and Margarida R. G. Maia through programs Scientific
Employment Stimulus
(https://doi.org/10.54499/CEECIND/01620/2017/CP1427/CT0002) and DL 57/2016—
Norma transitéria (SFRH/BPD/70176/2010), respectively, by FCT.

Conflict of interest statement

The PhD scholarship of Joana Guilherme-Fernandes is partially supported by Soja de
Portugal. Tiago Aires is employed by SORGAL, Sociedade de Oleos e Racdes S.A.

Other authors report no potential conflict of interest.

123 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult
Beagle dogs



3.6 References

Aldrich, G. C., and K. Koppel. 2015. Pet food palatability evaluation: a review of standard
assay techniques and interpretation of results with a primary focus on limitations.
Animals. 5(1):43-55. doi: 10.3390/ani5010043

Algya, K. M., T. L. Cross, K. N. Leuck, M. E. Kastner, T. Baba, L. Lye, M. R. C. de Godoy,
and K. S. Swanson. 2018. Apparent total-tract macronutrient digestibility, serum
chemistry, urinalysis, and fecal characteristics, metabolites and microbiota of adult dogs
fed extruded, mildly cooked, and raw diets. J. Anim. Sci. 96(9):3670-3683. doi:
10.1093/jas/sky235

Ambigaipalan, P., and F. Shahidi. 2017. Bioactive peptides from shrimp shell processing
discards: antioxidant and biological activities. J. Funct. Foods. 34:7-17. doi:
10.1016/}.jff.2017.04.013

AOAC. 2005. Official methods of analysis. Association of Analytical Chemists
International, Gaithersburg, MD, USA.

Aragéo, C., M. Cabano, R. Colen, J. Fuentes, and J. Dias. 2020. Alternative formulations
for gilthead seabream diets: towards a more sustainable production. Aquac. Nutr.
26(2):444-455. doi: 10.1111/anu.13007

Baker, J. L., and A. Edlund. 2018. Exploiting the oral microbiome to prevent tooth decay:
has evolution already provided the best tools? Front. Microbiol. 9:3323. doi:
10.3389/fmicb.2018.03323

Belitz, H.-D., W. Grosch, and P. Schieberle. 2009. Amino acids, peptides, proteins. In:
H.-D. Belitz, W. Grosch and P. Schieberle, editors, Food Chem. Springer Berlin
Heidelberg, Berlin, Heidelberg, Germany. p. 8-92 doi: 10.1007/978-3-540-69934-7_2

Bell, S. E., A. K. Nash, B. M. Zanghi, C. M. Otto, and E. B. Perry. 2020. An assessment
of the stability of the canine oral microbiota after probiotic administration in healthy dogs
over time. Front. Vet. Sci. 7:616. doi: 10.3389/fvets.2020.00616

Chaney, A. L., and E. P. Marbach. 1962. Modified reagents for determination of urea and
ammonia. Clin. Chem. 8(2):130-132. doi: 10.1093/clinchem/8.2.130

Chavez-Ontiveros, J., C. Reyes-Moreno, G. |. Ramirez-Torres, O. G. Figueroa-Salcido,
J. G. Aramburo-Galvez, A. Montoya-Rodriguez, N. Ontiveros, and E. O. Cuevas-

Rodriguez. 2022. Extrusion improves the antihypertensive potential of a Kabuli Chickpea

124 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult
Beagle dogs



(Cicer  arietinum L.) protein  hydrolysate. Foods. 11(17):2562.  doi:
10.3390/foods 11172562

Culham, N., and J. M. Rawlings. 1998. Oral malodor and its relevance to periodontal
disease in the dog. J. Vet. Dent. 15(4):165-168. doi: 10.1177/089875649801500401

Dapoigny, M., and S. K. Sarna. 1991. Effects of physical exercise on colonic motor
activity. Am. J. Physiol. Gastrointest. Liver Physiol. 260(4):G646-G652. doi:
10.1152/ajpgi.1991.260.4.G646

Di Cerbo, A., S. Centenaro, F. Beribé, F. Laus, M. Cerquetella, A. Spaterna, G. Guidetti,
S. Canello, and G. Terrazzano. 2016. Clinical evaluation of an antiinflammatory and
antioxidant diet effect in 30 dogs affected by chronic otitis externa: preliminary results.
Vet. Res. Commun. 40(1):29-38. doi: 10.1007/s11259-015-9651-4

Di Cerbo, A., F. Pezzuto, S. Canello, G. Guidetti, and B. Palmieri. 2015. Therapeutic
effectiveness of a dietary supplement for management of halitosis in dogs. J. Vis. Exp.
(101):e52717. doi: 10.3791/52717

Djellouli, M., M. E. Lépez-Caballero, M. Y. Arancibia, N. Karam, and O. Martinez-Alvarez.
2020. Antioxidant and antimicrobial enhancement by reaction of protein hydrolysates
derived from shrimp by-products with glucosamine. Waste Biomass Valor. 11(6):2491-
2505. doi: 10.1007/s12649-019-00607-y

El-Wahab, A. A., V. Wilke, R. Grone, and C. Visscher. 2021. Nutrient digestibility of a
vegetarian diet with or without the supplementation of feather meal and either corn meal,
fermented rye or rye and its effect on fecal quality in dogs. Animals. 11(2):496. doi:
10.3390/ani11020496

FAO. 2023. Global farmed shrimp production increased in 2022 despite low demand.

https://www.fao.org/in-action/globefish/news-events/trade-and-market-news/q1-2023-

jan-mar/en/ (Accessed 2024-05-19)

FEDIAF. 2021. Nutritional guidelines for complete and complementary pet food for cats

and dogs. Brussels, Belgium.

Félix, A. P, C. P. Zanatta, C. B. M. Brito, C. M. L. Sa Fortes, S. G. Oliveira, and A.
Maiorka. 2013. Digestibility and metabolizable energy of raw soybeans manufactured
with different processing treatments and fed to adult dogs and puppies. J. Anim. Sci.
91(6):2794-2801. doi: 10.2527/jas.2011-4662

Feng, S., J. Limwachiranon, Z. Luo, X. Shi, and Q. Ru. 2016. Preparation and purification

of angiotensin-converting enzyme inhibitory peptides from hydrolysate of shrimp

125 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult
Beagle dogs


https://www.fao.org/in-action/globefish/news-events/trade-and-market-news/q1-2023-jan-mar/en/
https://www.fao.org/in-action/globefish/news-events/trade-and-market-news/q1-2023-jan-mar/en/

(Litopenaeus vannamei) shell waste. Int. J. Food Sci. Tech. 51(7):1610-1617. doi:
10.1111/ijfs. 13131

Folador, J. F., L. K. Karr-Lilienthal, C. M. Parsons, L. L. Bauer, P. L. Utterback, C. S.
Schasteen, P. J. Bechtel, and G. C. Fahey, Jr. 2006. Fish meals, fish components, and
fish protein hydrolysates as potential ingredients in pet foods. J. Anim. Sci. 84(10):2752-
2765. doi: 10.2527/jas.2005-560

Friesen, K. G., and R. M. Yamka. 2008. Methods for enhancing palatability of
compositions for animal consumption (Patent No. US 2008/0280274 A1). United States

Patent and Trademark Office.

Garrigues, Q., E. Apper, S. Chastant, and H. Mila. 2022. Gut microbiota development in
the growing dog: a dynamic process influenced by maternal, environmental and host
factors. Front. Vet. Sci. 9:964649. doi: 10.3389/fvets.2022.964649

Geary, E. L., P. M. Oba, C. C. Applegate, L. V. Clark, C. J. Fields, and K. S. Swanson.
2022. Effects of a mildly cooked human-grade dog diet on gene expression, skin and
coat health measures, and fecal microbiota of healthy adult dogs. J. Anim. Sci.
100(10):skac265. doi: 10.1093/jas/skac265

Gisbert, E., V. Fournier, M. Solovyev, A. Skalli, and K. B. Andree. 2018. Diets containing
shrimp protein hydrolysates provided protection to European sea bass (Dicentrarchus
labrax) affected by a Vibrio pelagius natural infection outbreak. Aquaculture. 495:136-
143. doi: 10.1016/j.aquaculture.2018.04.051

GlobalPETS. 2023. Pet food ingredients: what do pet owners actually prefer?

https://globalpetindustry.com/article/pet-food-ingredients-what-do-pet-owners-actually-

prefer (Accessed 2023-02-10)

Goncalves, R, I. Lund, D. Sousa, and P. V. Skov. 2022. Shrimp waste meal (Pandalus
borealis) as an alternative ingredient in diets for juvenile European lobster (Homarus
gammarus, L.). Anim. Feed Sci. Technol. 294:115478. doi:
10.1016/j.anifeedsci.2022.115478

Gray, A. 2021. Sustainable eating: the future for pet food? Vet. Rec. 188(12):454-455.
doi: 10.1002/vetr.644

Gu, J., A. Bk, H. Wu, P. Lu, M. A. Nawaz, C. J. Barrow, F. R. Dunshea, and H. A. R.
Suleria. 2023. Impact of processing and storage on protein digestibility and bioavailability
of legumes. Food Rev. Int. 39(7):4697-4724. doi: 10.1080/87559129.2022.2039690

126 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult
Beagle dogs


https://globalpetindustry.com/article/pet-food-ingredients-what-do-pet-owners-actually-prefer
https://globalpetindustry.com/article/pet-food-ingredients-what-do-pet-owners-actually-prefer

Guilherme-Fernandes, J., T. Aires, A. J. M. Fonseca, T. Yergaliyev, A. Camarinha-Silva,
S. A. C. Lima, M. R. G. Maia, and A. R. J. Cabrita. 2024. Squid meal and shrimp
hydrolysate as novel protein sources for dog food. Front. Vet. Sci. 11:1360939. doi:
10.3389/fvets.2024.1360939

Gunathilaka, B. E., S. Khosravi, M. Herault, V. Fournier, C. Lee, J.-B. Jeong, and K.-J.
Lee. 2020. Evaluation of shrimp or tilapia protein hydrolysate at graded dosages in low
fish meal diet for olive flounder (Paralichthys olivaceus). Aquac. Nutr. 26(5):1592-1603.
doi: 10.1111/anu.13105

Hester, S. L. 2004. Effect of dietary polyunsaturated fatty acid and related nutrients on
plasma lipids, and skin and hair coat condition in canines, Texas A&M University,
Master's thesis. Texas, TX, USA.

Hsu, C., F. Marx, R. Guldenpfennig, and M. R. C. de Godoy. 2023. PSIX-6 The effects of
hydrolyzed protein on macronutrient digestibility, fecal metabolites, oxidative stress and
inflammatory biomarkers, and skin and coat quality in adult dogs. J. Anim. Sci.
101(Supplement_3):440-441. doi: 10.1093/jas/skad281.523

Huang, G., L. Ren, and J. Jiang. 2011a. Purification of a histidine-containing peptide with
calcium binding activity from shrimp processing byproducts hydrolysate. Eur. Food Res.
Technol. 232(2):281-287. doi: 10.1007/s00217-010-1388-2

Huang, G., Z. Ren, and J. Jiang. 2011b. Separation of iron-binding peptides from shrimp
processing by-products hydrolysates. Food Bioprocess Technol. 4(8):1527-1532. doi:
10.1007/s11947-010-0416-3

Ito, N., N. Itoh, and S. Kameshima. 2023. Volatile sulfur compounds produced by the
anaerobic bacteria Porphyromonas spp. isolated from the oral cavities of dogs. Vet. Sci.
10(8):503. doi: 10.3390/vetsci10080503

Kannan, A., N. S. Hettiarachchy, M. Marshall, S. Raghavan, and H. Kristinsson. 2011.
Shrimp shell peptide hydrolysates inhibit human cancer cell proliferation. J. Sci. Food
Agric. 91(10):1920-1924. doi: 10.1002/jsfa.4464

Karami, Z., and B. Akbari-Adergani. 2019. Bioactive food derived peptides: a review on
correlation between structure of bioactive peptides and their functional properties. J.
Food. Sci. Technol. 56(2):535-547. doi: 10.1007/s13197-018-3549-4

Kendall, P. T., and D. W. Holme. 1982. Studies on the digestibility of soya bean products,
cereals, cereal and plant by-products in diets of dogs. J. Sci. Food. Agric. 33(9):813-822.
doi: 10.1002/jsfa.2740330902

127 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult
Beagle dogs



Kerr, K. R., A. N. Beloshapka, C. L. Morris, C. M. Parsons, S. L. Burke, P. L. Utterback,
and K. S. Swanson. 2013. Evaluation of four raw meat diets using domestic cats, captive
exotic felids, and cecectomized roosters. J. Anim. Sci. 91(1):225-237. doi:
10.2527/jas.2011-4835

Laflamme, D. 1997. Development and validation of a body condition score system for
dogs. Canine. Pract. 22(4):10-15.

Landsberg, G. M., I. Mougeot, S. Kelly, and N. W. Milgram. 2015. Assessment of noise-
induced fear and anxiety in dogs: modification by a novel fish hydrolysate supplemented
diet. J. Vet. Behav. 10(5):391-398. doi: 10.1016/j.jveb.2015.05.007

Le Guillas, G., P. Vanacker, C. Salles, and H. Labouré. 2024. Insights to study,
understand and manage extruded dry pet food palatability. Animals. 14(7):1095. doi:
10.3390/ani14071095

Leduc, A., M. Hervy, J. Rangama, R. Delépée, V. Fournier, and J. Henry. 2018. Shrimp
by-product hydrolysate induces intestinal myotropic activity in European seabass
(Dicentrarchus labrax). Aquaculture. 497:380-388. doi:
10.1016/j.aquaculture.2018.08.009

Li, P., and G. Wu. 2023. Amino acid nutrition and metabolism in domestic cats and dogs.
J. Anim. Sci. Biotechnol. 14(1):19. doi: 10.1186/s40104-022-00827-8

Lopes, C., L. T. Antelo, A. Franco-Uria, A. A. Alonso, and R. Pérez-Martin. 2015.
Valorisation of fish by-products against waste management treatments — comparison of
environmental impacts. Waste Manag. 46:103-112. doi: 10.1016/j.wasman.2015.08.017

Machado, G. S., A. P. F. Correa, P. Pires, L. Marconatto, A. Brandelli, A. M. Kessler, and
L. Trevizan. 2021. Determination of the nutritional value of diet containing Bacillus subtilis
hydrolyzed feather meal in adult dogs. Animals. 11(12):3553. doi: 10.3390/ani11123553

Mahata, M., A. Dharma, H. Ryanto, and Y. Rizal. 2008. Effect of substituting shrimp waste
hydrolysate of Penaeus merguensis for fish meal in broiler performance. Pak. J. Health.
7(6):806-810. doi: 10.3923/pjn.2008.806.810

Mao, X., N. Guo, J. Sun, and C. Xue. 2017. Comprehensive utilization of shrimp waste
based on biotechnological methods: A review. J. Clean. Prod. 143:814-823. doi:
10.1016/j.jclepro.2016.12.042

Marsh, K. A., F. L. Ruedisueli, S. L. Coe, and T. G. D. Watson. 2000. Effects of zinc and

linoleic acid supplementation on the skin and coat quality of dogs receiving a complete

128 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult
Beagle dogs



and balanced diet. Vet. Dermatol. 11(4):277-284. doi: 10.1046/j.1365-
3164.2000.00202.x

Matricoti, I., and C. Noli. 2018. An open label clinical trial to evaluate the utility of a
hydrolysed fish and rice starch elimination diet for the diagnosis of adverse food
reactions in dogs. Vet. Dermatol. 29(5):408-e134. doi: 10.1111/vde.12680

Milella, L. 2015. The negative efects of volatile sulphur compounds. J. Vet. Dent.
32(2):99-102. doi: 10.1177/08987564 1503200203

Nagodawithana, T. W., L. P. Nelles, and N. B. Trivedi. 2008. Protein hydrolysates as
hypoallergenic, flavors and palatants for companion animals. In: V. Pasupuleti and A.
Demain, editors, Protein hydrolysates in Biotechnology, Springer, Dordrecht, The
Netherlands. doi: 10.1007/978-1-4020-6674-0_11

Nery, J., V. Biourge, C. Tournier, V. Leray, L. Martin, H. Dumon, and P. Nguyen. 2010.
Influence of dietary protein content and source on fecal quality, electrolyte
concentrations, and osmolarity, and digestibility in dogs differing in body size. J. Anim.
Sci. 88(1):159-169. doi: 10.2527/jas.2008-1666

Nha, P., and L. Thuy. 2021. Effects of supplementing shrimp soluble hydrolyte extracts
on growth performance and digestion of Hoa Lan Ducks. Adv. Anim. Vet. Sci. 10(2):286-
291. doi: 10.17582/journal.aavs/2022/10.2.286.291

Nirmal, N. P., C. Santivarangkna, M. S. Rajput, and S. Benjakul. 2020. Trends in shrimp
processing waste utilization: an industrial prospective. Trends Food Sci. Technol. 103:20-
35. doi: 10.1016/j.tifs.2020.07.001

Nordhoff, M., B. Rihe, C. Kellermeier, A. Moter, R. Schmitz, L. Brunnberg, and L. H.
Wieler. 2008. Association of Treponema spp. with canine periodontitis. Vet. Microbiol.
127(3):334-342. doi: 10.1016/j.vetmic.2007.09.011

Oba, P. M., K. M. Sieja, S. C. J. Keating, T. Hristova, A. J. Somrak, and K. S. Swanson.
2022. Oral microbiota populations of adult dogs consuming wet or dry foods. J. Anim.
Sci. 100(8):skac200. doi: 10.1093/jas/skac200

Okamoto, Y., M. Nose, K. Miyatake, J. Sekine, R. Oura, Y. Shigemasa, and S. Minami.
2001. Physical changes of chitin and chitosan in canine gastrointestinal tract. Carbohydr.
Polym. 44(3):211-215. doi: 10.1016/S0144-8617(00)00229-0

Okoye, F. C., G. S. Ojewola, and K. Njoku-Onu. 2005. Evaluation of shrimp waste meal
as a probable animal protein source for broiler chickens. Int. J. Poult. Sci. 4:458-461. doi:
10.3923/ijps.2005.458.461

129 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult
Beagle dogs



Orlien, V., K. Aalaei, M. M. Poojary, D. S. Nielsen, L. Ahrné, and J. R. Carrascal. 2023.
Effect of processing on in vitro digestibility (IVPD) of food proteins. Crit. Rev. Food Sci.
Nutr. 63(16):2790-2839. doi: 10.1080/10408398.2021.1980763

Oser, B. L. 1959. An integrated essential amino acid index for predicting the biological
value of proteins. In: A. A. Albanese, editor, Amino Acid Nutrition, Academic Press, New
York, NY, USA. p. 295-311

Pereira, A. M., M. R. G. Maia, C. Pinna, G. Biagi, E. Matos, M. A. Segundo, A. J. M.
Fonseca, and A. R. J. Cabrita. 2021. Effects of zinc source and enzyme addition on the
fecal microbiota of dogs. Front. Microbiol. 12:688392. doi: 10.3389/fmicb.2021.688392

Pilla, R., and J. S. Suchodolski. 2020. The role of the canine gut microbiome and
metabolome in health and gastrointestinal disease. Front. Vet. Sci. 6:00498. doi:
10.3389/fvets.2019.00498

Pinto, C. F. D., P. P. Sezerotto, J. F. Barcellos, M. Bortolo, R. Guldenpfennig, F. R. Marx,
and L. Trevizan. 2023. Effects of hydrolyzed chicken liver on digestibility, fecal and
urinary characteristics, and fecal metabolites of adult dogs. J. Anim. Sci. 101:1-12. doi:
10.1093/jas/skad366

Ratcliff, P. A., and P. W. Johnson. 1999. The relationship between oral malodor, gingivitis,
and periodontitis. A review. J. Periodontol. 70(5):485-489. doi:
10.1902/jop.1999.70.5.485

Rawlings, J. M., and N. Culham. 1998. Halitosis in dogs and the effect of periodontal
therapy. J. Nutr. 128(12):S2715-S2716. doi: 10.1093/jn/128.12.2715S

Rivera-Chavez, F., L. F. Zhang, F. Faber, C. A. Lopez, M. X. Byndloss, E. E. Olsan, G.
Xu, E. M. Velazquez, C. B. Lebrilla, S. E. Winter, and A. J. Baumler. 2016. Depletion of
butyrate-producing Clostridia from the gut microbiota drives an aerobic luminal
expansion of  Salmonella. Cell Host Microbe. 19(4):443-454.  doi:
10.1016/j.chom.2016.03.004

Roy, V. C., M. R. Islam, S. Sadia, M. Yeasmin, J.-S. Park, H.-J. Lee, and B.-S. Chun.
2023. Trash to treasure: an up-to-date understanding of the valorization of seafood by-
products, targeting the major bioactive compounds. Mar. Drugs. 21(9):485. doi:
10.3390/md21090485

Salomonsson, A. C., O. Theander, and E. Westerlund. 1984. Chemical characterization
of some swedish cereal whole meal and bran fractions. Swed. J. Agric. Res. 14(3):111-
117.

130 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult
Beagle dogs



Samant, S. S., P. G. Crandall, S. E. Jarma Arroyo, and H.-S. Seo. 2021. Dry pet food
flavor enhancers and their impact on palatability: a review. Foods. 10(11):2599. doi:
10.3390/foods10112599

Scheff, S. W. 2016. Chapter 8 - Nonparametric Statistics. In: S. W. Scheff, editor,
Fundamental statistical principles for the neurobiologist. Academic Press, New York, NY,
USA. p. 157-182 doi: 10.1016/B978-0-12-804753-8.00008-7

Schmid, E.-M., A. Farahnaky, B. Adhikari, and P. J. Torley. 2022. High moisture extrusion
cooking of meat analogs: a review of mechanisms of protein texturization. Compr. Rev.
Food Sci. Food Saf. 21(6):4573-4609. doi: 10.1111/1541-4337.13030

Sechi, S., A. Di Cerbo, S. Canello, G. Guidetti, F. Chiavolelli, F. Fiore, and R. Cocco.
2017. Effects in dogs with behavioural disorders of a commercial nutraceutical diet on
stress and neuroendocrine parameters. Vet. Rec. 180(1):18-18. doi: 10.1136/vr.103865

Shahidi, F., and P. Ambigaipalan. 2019. Bioactives from seafood processing by-products.
In: L. Melton, F. Shahidi and P. Varelis, editors, Encyclopedia of Food Chemistry.
Academic Press, Oxford, UK. p. 280-288 doi: 10.1016/B978-0-08-100596-5.22353-6

Sieja, K. M., P. M. Oba, C. C. Applegate, C. Pendlebury, J. Kelly, and K. S. Swanson.
2023. Evaluation of high-protein diets differing in protein source in healthy adult dogs. J.
Anim. Sci. 101:skad057. doi: 10.1093/jas/skad057

Singh, S. v,, Y. Somagond, and A. Deshpande. 2021. Astaxanthin - king of antioxidants
as immune modulator and anti-inflammatory for enhancing productive performance and
health of animals. Ind. J. Dairy Sci. 74(1):1-7. doi: 10.33785/1JDS.2021.v74i01.001

Singh, V., G. Lee, H. Son, H. Koh, E. S. Kim, T. Unno, and J. H. Shin. 2022. Butyrate
producers, "the sentinel of gut": their intestinal significance with and beyond butyrate,
and prospective use as microbial therapeutics. Front. Microbiol. 13:1103836. doi:
10.3389/fmicb.2022.1103836

Sun, Z., Q. Ma, Z. Li, and C. Ji. 2009. Effect of partial substitution of dietary spray-dried
porcine plasma or fishmeal with soybean and shrimp protein hydrolysate on growth
performance, nutrient digestibility and serum biochemical parameters of weanling
piglets. Asian-Australas J. Anim. Sci. 22(7):1032-1037. doi: 10.5713/ajas.2009.70107

Sunvold, G. D., G. C. Fahey, Jr., N. R. Merchen, E. C. Titgemeyer, L. D. Bourquin, L. L.
Bauer, and G. A. Reinhart. 1995. Dietary fiber for dogs: IV. In vitro fermentation of
selected fiber sources by dog fecal inoculum and in vivo digestion and metabolism of
fiber-supplemented diets. J. Anim. Sci. 73(4):1099-1109. doi: 10.2527/1995.7341099x

131 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult
Beagle dogs



Swanson, K. S., C. M. Grieshop, E. A. Flickinger, L. L. Bauer, J. Chow, B. W. Wolf, K. A.
Garleb, and G. C. Fahey. 2002. Fructooligosaccharides and Lactobacillus acidophilus
modify gut microbial populations, total tract nutrient digestibilities and fecal protein
catabolite concentrations in healthy adult dogs. J. Nutr. 132(12):3721-3731. doi:
10.1093/jn/132.12.3721

Szczepanik, M., M. Gotynski, P. Wilkotek, and G. Kalisz. 2022. Evaluation of a hydrolysed
salmon and pea hypoallergenic diet application in dogs and cats with cutaneous adverse
food reaction. Pol. J. Vet. Sci. 25(1):67-73. doi: 10.24425/pjvs.2022.140842

Tan, J., C. McKenzie, M. Potamitis, A. N. Thorburn, C. R. Mackay, and L. Macia. 2014.
Chapter three - the role of short-chain fatty acids in health and disease. In: W. A.
Frederick, editor, Adv. Imm. No. 121. Academic Press, New York, NY, USA. p. 91-119
doi: 10.1016/B978-0-12-800100-4.00003-9

Templeman, J. R., E. Thornton, C. Cargo-Froom, E. J. Squires, K. S. Swanson, and A.
K. Shoveller. 2020. Effects of incremental exercise and dietary tryptophan
supplementation on the amino acid metabolism, serotonin status, stool quality, fecal
metabolites, and body composition of mid-distance training sled dogs. J. Anim. Sci.
98(5)doi: 10.1093/jas/skaa128

Tjernsbekk, M. T., A. H. Tauson, O. F. Kraugerud, and @. Ahlstram. 2017. Raw
mechanically separated chicken meat and salmon protein hydrolysate as protein sources
in extruded dog food: effect on protein and amino acid digestibility. J. Anim. Physiol.
Anim. Nutr. 101(5):€323-e331. doi: 10.1111/jpn.12608

Tran, Q. D., W. H. Hendriks, and A. F. van der Poel. 2008. Effects of extrusion processing
on nutrients in dry pet food. J. Sci. Food Agri. 88(9):1487-1493. doi: 10.1002/jsfa.3247

Urrego, M. I. G., L. F. O. Matheus, K. de Melo Santos, M. C. Ernandes, M. Monti, D. F.
de Souza, J. C. C. Balieiro, L. F. Araujo, C. F. F. Pontieri, and M. A. Brunetto. 2017.
Effects of different protein sources on fermentation metabolites and nutrient digestibility
of brachycephalic dogs. J. Nutr. Sci. 6:e43. doi: 10.1017/jns.2017.46

Van Soest, P. J., J. B. Robertson, and B. A. Lewis. 1991. Methods for dietary fiber, neutral
detergent fiber, and nonstarch polysaccharides in relation to animal nutrition. J. Dairy
Sci. 74(10):3583-3597. doi: 10.3168/jds.s0022-0302(91)78551-2

Vasconcellos, R. S., J. A. Volpato, A. S. Komarcheuski, and J. L. G. Costa. 2023. Chapter

36 - microalgae in pet foods. In: E. Jacob-Lopes, M. |. Queiroz, M. M. Maroneze and L.

132 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult
Beagle dogs



Q. Zepka, editors, Handbook of Food and Feed from Microalgae. Academic Press, New
York, NY, USA. p. 471-485 doi: 10.1016/B978-0-323-99196-4.00025-5

Vinassa, M., D. Vergnano, E. Valle, M. Giribaldi, J. Nery, L. Prola, D. Bergero, and A.
Schiavone. 2020. Profiling Italian cat and dog owners’ perceptions of pet food quality
traits. BMC Vet. Res. 16(1):131. doi: 10.1186/s12917-020-02357-9

Wakshlag, J., A. Struble, and K. Simpson. 2011. Negative fecal characteristics are
associated with pH and fecal flora alterations during dietary change in dogs. Intern. J.
Appl. Res. Vet. Med. 9:278-283.

Watson, T. D. G. 1998. Diet and skin disease in dogs and cats. J. Nutr. 128(12):S2783-
S2789. doi: 10.1093/jn/128.12.2783S

Zentek, J. 1996. Cellulose, pectins and guar gum as fibre sources in canine diets. J.
Anim. Physiol. Anim. Nutr. 76(1-5):36-45. doi: 10.1111/j.1439-0396.1996.tb00674.x

Zhang, Y., C. Venkitasamy, Z. Pan, and W. Wang. 2013. Recent developments on umami
ingredients of edible mushrooms — a review. Trends Food Sci. Technol. 33(2):78-92. doi:
10.1016/j.tifs.2013.08.002

133 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult
Beagle dogs



134 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult
Beagle dogs



Supplementary material

135 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult
Beagle dogs



136 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult
Beagle dogs



"uan|b jeaym Jo Juswaode|dal ul sjesAjoipAy dwys Jo o,G Yum Jaip |0u09 :jejuswiadx] ‘ajesAjoipAy dwiiys Jo uoisnjoul Jnoyum jaip 83e|dwod :|oJjuo),

€10 888°0 /E¥'0 88L°0 6g'e 6g'e €€ S0Z°0 19°¢ v'e NG ‘1-P TN ‘@xejul ABrous ss0I9
N0 G680 1690 Z¥l 9'9z 9'92 Gz vS'L 8'9¢ €9z Jaqy jusbis)ep [esansN
LLL0 2060 €560 g€l 9ve 9¥e Sz vl S¥e 9've Joeuxe Jeyi3
G/L°0 G/80 /€10  90°¢ 8/G 8'/G G'/S €e'e 8'65 9’65 ureyoud spni
€10 888°0 ¥S¥°0 06 0L 01 691 86 €Ll 191 Jepew ouebio

INQ ‘,-p B ‘exejul JusinN
€10 888°0 ¥2¥0 8'6 g8l Ggl 78l L0l 88l 18l NG “4epew Aip  p jaip B
AANY €68°0 8%90 €0l 761 761 €61 Z 961 z6l si-se ‘,.p jalp 6

eyl 381

GGL°0 9690 €200 ¥1°0 6Ll 6Ll Ll 110 L'zh gLl Jybrem Apog

YoaMleld eI JeId 4} 8 14 [eyuswiedxy  [0U0D
onen g NENS — W3s e way|

"alWl} JOAO S)alp |eluswadxa pue [01u00 pa) sbop Jo ayejul ABlaus pue ‘Jusiinu 18Ip pue yBlem Apog LS 8|qel

137 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult

Beagle dogs



(S0°0 > o) Wwatayip Apueoiyubis ate mo. swes ul si1a)9| }duosiadns 9SEIISMO| JUSIBHIP YIM SUBS|Ay:qe

"usin|Bb yeaym Jo Juswsoe|da. ul sesAjoIpAy dWLYS JO %G YIM JBIp [01u0d :[ejuswiadx] ‘sjesAjoipAy dwiys Jo uoisnjoul Inoyim jaip 819jdwod :jouo),

€160 8150 8LL0 €00°1 12°¢ ge'y 88’y 0Z8°0 LG zze ajeoide)
1€9°0 6£6°0 Z180 0zZ'1 88/ ov'8 618 g8l 128 09°Z @)eo.ded-os|
6410 2000 Z62°0 186°0 82/ ozl 89/ ¥98°0 ev'8 6.6 ajesslep
GZ6'0 1100 6120 GL'L zzL £zl zel 66°0 £zl 8zl ojeus|eA-0s|
1860 L¥S0 TLL0 v20°1 288 ¥9'6 vl 916°0 116 vv'6 ejesfing-osy
19L°0 1220 ¥00°0 0L2 ¥'Z8 9'86 9'G8 189 £G. zolL ajelfing
8zZL'0 €250 €10 L8 861 Gl 0L VL 691 ¥Sl ajeuoldold
¥66°0 ZLo 0LL0 €8l Lee oge 09¢  ¥'GlL 443 /€€ ojejeoy
1180 1250 9960 ¥'0¢ L9 €€9 659 7S¢ €9 Ge9 [eol
wa
-0 B ‘spioe Apey o__a_o>m
. . . . . Na -6
790 G900 690 8'8 861 €5l Ll 96 8G1 891 B ‘UoBouIU-BILOWWE 298]
601°0 1v20 GzZ'0 1900 9z'9 €9 8¢9 080°0 0’9 GzZ'9 Hd |eoa4
so}l|ogelaw |eso4
080 100°0> 8¥8°0 L¥2'0 a€E'€ ell'T e80°C 962°0 952 61’2 SUOIEdBp JO JOqUINN
6210 9510 Zreo €80 10€ 162 9'0¢ 18°0 9°0¢ 1'0g % ‘NQ se%94
L€2°0 9L¥'0 S¥9°0 Lyl Gzl 0Gl g€l 26°0 8¢l 9¢l % ‘uononpoud [eoa4
. . . . . . . . . . siseq
L¥20 9ev'0 7100 122 L€z v'iz Svz €Tl 1’9z 6'€C ‘NQ “Jowew Aip *,.p s808) B
9ze'0 12€°0 0LL'0 96°L €9/ 626 z08  90'G 0.8 €6/ si-se ‘,.p s909} 6
saljslisjoeleyd pue 5330 |eda4
PEETVWEa IS EETY) 1°Ia 4} 8 14 [eyuswipedxy  [opuU0D
W3S W3as way
anjeA -4 NEEIN) Jela

"alWLI} JOAO S1alp |eluswIadxa pue [04u09 pa) sBop Jo saljogelsw pue ‘safsiialoeleys ‘Indino [eos4 "ZS 9|qeL

138 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult

Beagle dogs



Table S3. Fecal consistency results of Wilcoxon rank sum tests between dogs fed control

and experimental diets in weeks 4, 8 and 12.

it Week 4 Week 8 Week 12
em

Z score P - value Z score P - value Z score P - value
Fecal consistency 0.906 0.365 0.187 0.374 -0.659 0.516

139 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult
Beagle dogs



"(G0°0 > o) Watayip Ajueoyiubis ale mol swes ul s1e)s| 1d1osIadns 8SEoIBMO| JUBIBYIP YIM SUBB\yqe
‘usn|b jeaym Jo Juswase|dau ul ajesAjoipAy dwiys JO %G Yim Jalp [04juod :[ejuswiiedx] ‘ayesAjoipAy dwiys Jo uoisnjoul INOYIM Ja1p 818]dwod :[0Jju0),

G9€°0 1000  SOL'0 (Ko ol ’0Z 8Ll ob'0€ 20'C ¥4 6'vZ [esw Jaye yg
ZEL0 6Y00  ¥500 99'y A ae€ L2 822 18°¢ ad €6z lesw Jaye y|
10Z°0 0L00 L8O ¥5'Z 4861 €6l o' 9Z vz z0z 80z [esw aiojeg
%e9M.0Ia Ne9M  18Id zL 8 ¥ leyuswadxy  [0U0D
N3s W3S way|
anjeA - 4 %99 Jeiq

"W} JOAO sjaIp |eyuswiiadxa pue |043u09 paj sbop jo (qdd) uojiq Jad sped ul painseaw spunodwod Jnyjns a[11ejoA IO S d|geL

140 | CHAPTER 3 - Unveiling the effects of shrimp hydrolysate as a dietary supplement in healthy adult

Beagle dogs



CHAPTER 4

Unraveling the role of shrimp hydrolysate as a food
supplement in the immune function and fecal microbiota of

Beagle dogs

Joana Guilherme-Fernandes', Carolina Barroso', Alexandra Correia?>®, Tiago
Aires*, Timur Yergaliyev®®, Amélia Camarinha-Silva®®, Manuel Vilanova?3, Antonio
J. M. Fonseca', Sofia A. C. Lima', Margarida R. G. Maia", Ana R. J. Cabrita’

'REQUIMTE, LAQYV, ICBAS, School of Medicine and Biomedical Sciences, University of
Porto, Portugal

23S, Instituto de Investigacdo e Inovagdo em Saude, Universidade do Porto, Porto,

Portugal

3ICBAS, School of Medicine and Biomedical Sciences, University of Porto, Porto,

Portugal
*SORGAL, Sociedade de Oleos e Ragdes S.A., S. Jodo Ovar, Portugal

*HoLMiR, Hohenheim Center for Livestock Microbiome Research, University of

Hohenheim, Stuttgart, Germany
®Institute of Animal Science, University of Hohenheim, Stuttgart, Germany

‘Present address: LEAF - Linking Landscape, Environment, Agriculture and Food
Research Center, Associated Laboratory TERRA, Instituto Superior de Agronomia,

Universidade de Lisboa, Lisboa, Portugal

Submitted to Scientific Reports



142 | CHAPTER 4 - Unraveling the role of shrimp hydrolysate as a food supplement in the immune function
and fecal microbiota of Beagle dogs



Abstract

The inclusion of protein hydrolysates from animal by-products in dog food may enhance
the pet food industry’s sustainability, while contributing to dogs’ health due to their
nutritional and functional properties. However, inconsistent results of protein
hydrolysates on gut microbiota, immune responses, among other health parameters,
have been observed in dogs. This study aimed to evaluate the effects of diets
supplemented with 5% shrimp hydrolysate, compared to non-supplemented diets, on
hematological parameters, serum chemistry profile, innate and adaptive immune
function, and fecal microbiota composition in adult Beagle dogs during a 12-week feeding
trial. Dietary inclusion of shrimp hydrolysate decreased blood eosinophils and glucose
levels, while increasing levels of white blood cells, platelets, neutrophils, and CD4* and
CD8* T cells single producers of tumor necrosis factor-alpha. It also led to a more
extensive proliferation of CD4* T cells in response to LipL32 antigen and to a decrease
in superoxide production in stimulated cells. Additionally, supplemented diets increased
Oscillospiracea and Clostridia abundance, and decreased Sellimonas abundance.
Overall, the results indicate that diet supplementation with shrimp hydrolysate at 5%
modulates the immune response and fecal microbiota, highlighting its potential to be

included in hypoallergenic and gastrointestinal diets, and in diets for diabetic dogs.

4.1 Introduction

Hydrolyzed protein from animal by-products, such as those derived from the human food
chain, could benefit dog health while contributing to the pet food industry's economic and
environmentally sustainable growth (Hou et al., 2017). Protein hydrolysates comprise
low molecular weight peptides and free amino acids with several reported in vitro
functional properties, such as antioxidant, anti-microbial, anti-inflammatory, and
immunomodulatory (Sanchez and Vazquez, 2017), being also reported to modulate gut

microbiota composition (Wu et al., 2021).

Protein hydrolysates are commonly used in dog food, especially to prevent adverse food
reactions in sensitive dogs (Cave, 2006). However, studies evaluating diets with protein
hydrolysates have shown inconsistent effects on gut microbiota, immune response and
hematological and biochemical parameters in dogs. For instance, Beagle dogs fed diets
containing up to 15% of a commercial mix of black soldier fly larvae hydrolysate and
microalgae-like Schizochytrium sp. during 28 days had decreased plasma
concentrations of the pro-inflammatory cytokine interleukin (IL)-8, triglycerides and total
cholesterol, and increased immunoglobulins (Ig) Aand G, and albumin levels (Wei et al.,

2024). Greater levels of fecal IgA were observed with Beagle dogs fed diets including
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chicken hydrolysate at 25% for 28 days, but not with 25% of chicken liver and heart
hydrolysates (Hsu et al., 2024). German Shepherd dogs supplemented with 0.3% of
hydrolyzed yeast Saccharomyces cerevisiae for 42 days exhibited an increase in the
abundance of fecal bifidobacteria (at 14" day), lactic acid bacteria (at 42" day) and
clostridia (at 42" day), and an increase in the serum aspartate aminotransferase at 28
days (Strompfova et al., 2021). Including up to 15% shrimp hydrolysate from Litopenaeus
vannamei in diets of Beagle dogs over a 10-day feeding trial affected the abundances of
Oscillosperaceae, Firmicutes, and Lactobacillus in the fecal microbiota (Guilherme-
Fernandes et al., 2024a). Conversely, 20% dietary inclusion of pink salmon hydrolysate
have failed to demonstrate significant alterations in the immune response of Pointer dogs
in a 26-day feeding trial (Zinn et al., 2009). No variations in fecal microbiota, immune
response and hematology were observed in Beagle dogs fed with 25.8% (as fed basis)
of hydrolyzed chicken liver for 45 days (Pinto et al., 2022). The source of protein
hydrolysate, the duration of the study, and the specific breed of dogs used might

contribute to these conflicting results.

Despite the effects of shrimp hydrolysate that have been investigated in mice and fish
from aquaculture, to the best of the authors’ knowledge, there is no information available
on the immune response in dogs, and limited data on its effects on microbiota. In mice,
a shrimp hydrolysate from Penaeus chinensis has been shown to enhance macrophage
activation, phagocytosis, the levels of the cytokines interferon-gamma (IFN-y) and IL-2,
and the levels of the antibodies IgA and IgM (Khan et al., 2022b) and to decrease gut
pathogenic bacteria abundance (Khan et al., 2022a). In mice exposed to chronic stress,
shrimp hydrolysate derived from the heads of unidentified species has been shown to
restore fecal short-chain fatty acid levels and improve gut microbiota by modulating alpha
diversity and maintaining microbiota distribution (Hu et al., 2024). Shrimp hydrolysate
from L. vannamei has been shown to benefit different fish species. In red seabream, it
has been shown to increase hemoglobin and hematocrit levels (Gunathilaka et al., 2021),
decrease glucose levels, and improve innate immunity by enhancing the lysozyme
activity and survival rates of fish infected with Edwardsiella tarda (Khosravi et al., 2015).
In seabass, it positively influenced the survival of fish affected by an epizootic outbreak,
with additional benefits in the non-specific immune responses, such as in the lysozyme,
alternative complement and bacteriolytic activities (Gisbert et al., 2018). Moreover, the
hydrolysis of Penaeus monodon with alkaline protease has reduced in vitro IgE reactivity

to tropomyosin (Lasekan, 2017).

Building on previous research that evaluated the effects of dietary inclusion of 5% shrimp

hydrolysate on diet palatability and digestibility, fecal characteristics, coat quality and oral
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volatile sulfur compounds of healthy adult Beagle dogs (Guilherme-Fernandes et al.,
2024b), this study focused on assessing its impact on the hematological parameters,
serum chemistry profile, innate and adaptive immune function, and fecal microbiota

composition.

4.2 Methods

The trial was approved by the Animal Ethics Committee of the School of Medicine and
Biomedical Sciences, University of Porto, licensed by the Portuguese General
Directorate of Food and Veterinary Medicine (Permit N° 0421/000/000/2021). Animal
handling and procedures were performed by trained scientists in laboratory animal
science (FELASA, Category C) in accordance with the European Union Directive
2010/63/EU on the protection of animals used for scientific purposes. This study was

carried out in agreement with the ARRIVE guidelines.

4.2.1 Animals, diet and experimental design

Details on animals, diets and experimental design of the trial were earlier reported
(Guilherme-Fernandes et al., 2024b). Briefly, twelve adult Beagle dogs, six females and
six males, 4.5 + 0.65 years-old, 12.4 £ 2.53 kg of body weight (BW), and body condition
score with a median (interquartile range) of 5.0 (1) out of 9 (Laflamme, 1997), were
selected for this study. Dogs were kept in pairs within environmentally enriched boxes in
the university kennel. Each dog received its daily food ration individually, divided into two
meals at 8:30 a.m. and 5:00 p.m. Daily food allowance was calculated according to
requirements of metabolizable energy (ME) and ideal BW (FEDIAF, 2021), following the
equation ME (kcal/d) = 110 x BW"5. Fresh water was provided ad libitum.

Two extruded isoproteic diets were formulated to meet the nutritional requirements of
adult medium dogs (FEDIAF, 2021), using the same ingredients, except for the inclusion
of 5% (w/w) shrimp hydrolysate (experimental diet) in replacement of wheat gluten
(control diet; Table S1). The shrimp hydrolysate (Symrise Aqua Feed, Elven, France) was
obtained by enzymatic hydrolysis of heads and cephalothoraxes of L. vannamei (Leduc
et al., 2018). A detailed characterization of the diets was earlier reported (Guilherme-
Fernandes et al., 2024b). The feeding trial was performed according to a complete
randomized block design with 12 dogs distributed into six blocks of two dogs each,
according to sex and BW. Within each block, one dog was randomly assigned to one of
the two diets, totaling six dogs per diet. The study lasted 12 weeks, comprising four time-

points of blood and feces collection at weeks 0, 4, 8 and 12.
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4.2.2 Blood collection and analyses

Blood samples were collected before the morning meal via jugular vein puncture into
VACUETTE ETDA (Greiner Bio-one, Kremsmunster, Austria), VACUETTE Lithium
Heparin (Greiner Bio-one) and VACUETTE Serum Blood Collection (Greiner Bio-one)
tubes. The blood samples were centrifuged at 500 x g at 22 °C, for 10 min, to allow the
isolation of white blood cells. The plasma was recovered and stored at -80 °C for later
IgE quantification. For peripheral blood mononuclear cells (PBMC) isolation, the buffy
coat was diluted 1:2 in phosphate buffer saline 1x (PBS, Sigma Aldrich, St. Louis, MO,
USA). The PBMC were separated by gradient density centrifugation using Histopaque
1.077 (Sigma Aldrich) and washed using PBS. The PBMC were stained with a Tuerk’s
solution (Sigma Aldrich) and counted using a Neubauer counting chamber. The PBMC
were re-suspended in PBS for reactive oxygen species (ROS) assay, and in fetal bovine
serum (FBS, heat inactivated South America origin, S181H, BioWest, Nuaillé, France)
with dimethyl sulfoxide (25-950-CQC, Corning, Glendale, AZ, USA) at 10% (v/v) to be
stored at -80 °C until usage in lymphocyte proliferation and intracellular staining assays.
Serum samples were centrifuged at 3000 rpm at 20 °C, for 10 min (Thermo Scientific
Heraeus Megafuge 16R, Thermo Fisher Scientific, Carlsbad, MA, USA), for evaluation
of serum biochemistry and C-reactive protein, and stored at -80 °C for later cytokine

quantification assays.

4.2.3 Hemogram, serum chemistry, C-reactive protein and plasma IgE

The hemogram was performed using a hematology analyzer (Sysmex XN-V,
Norderstedt, Germany) and the serum chemistry using a Roche Cobas ¢501 analyzer
(Roche Diagnostics, Basel, Switzerland). C-reactive protein was assessed in serum by
immunoturbidimetry using a Roche Cobas ¢501 analyzer (Roche Diagnostics) with the
Gentian Canine CRP Immunoassay Kit (Gentian Diagnostics, Stockholm, Sweden). IgE
levels in plasma were determined using a commercial canine IgE ELISA kit

(MyBioSource, San Diego, CA, USA), following manufacturer’s instructions.

4.2.4 Cytokine, chemokine, and growth factor quantification in serum

Serum samples were thawed and the concentrations of IFN-y, IL-10, IL-12/IL-23p40, IL-
2, IL-6, IL-8 (CXCL8), monocyte chemoattractant protein-1 (MCP-1/CCL2), nerve growth
factor-beta (NGF-B), stem cell factor (SCF), tumor necrosis factor-alpha (TNF-a) and
vascular endothelial growth factor A (VEGF-A) were determined using the ProcartaPlex
Canine Cytokine/Chemokine/Growth Factor Panel 1, 11plex (Invitrogen, Carlsbad, CA,
USA), following manufacturer’s instructions. The analysis was performed in the i3S

Scientific Platform Bioimaging with the Bio-Plex 200 system with high-throughput fluidics
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(Bio-Rad, Hercules, CA, USA). All washing steps were carried out with the washing buffer
in an automated Bio-Plex Pro Wash Station (Bio-Rad). Data acquisition and analysis
were performed on the Bio-Plex 200 system, using the Bio-Plex Manager Software
version 6.2 (Bio-Rad).

4.2.5 Reactive oxygen species production

For the evaluation of ROS production, PBMC (1x108 cells/well) were stimulated with 100
nM phorbol myristate acetate (PMA) for 30 and 60 min at 37 °C and 5% CO,. Non-
stimulated cells were used to set basal ROS production. For the quantification of ROS,
cells were stained using the ROS-ID Total ROS/Superoxide Detection Kit (Enzo Life
Sciences, Lausen, Switzerland), following manufacturer’s instructions. Data were
acquired by flow cytometry using a FACSCanto Il system (BD Biosciences, Franklin

Lakes, NJ, USA) and analyzed using the FlowJo v10 software (BD Biosciences).

4.2.6 Lymphocyte proliferation and cytokine measurement

The PBMC were thawed using complete RPMI 1640 Medium (Sigma Aldrich) at 37 °C
and left resting overnight at 37 °C and 5% CO.. Cell populations were stained with trypan
blue (Sigma Aldrich) and counted using a Neubauer counting chamber. For the
assessment of lymphocyte proliferation, cells were stained with CellTrace Violet Cell
Proliferation Kit (Life Technologies Corporation, Eugene, OR, USA). Cells were plated at
2.5x10* cells/well in 96-well plates and incubated for 4 days at 37 °C and 5% CO, with
1 ug mL™" of concanavalin A (ConA) from Canavalia ensiformis (C0412, Sigma Aldrich)
or 10 yg mL" of recombinant antigen from Leptospira interrogans (LipL32, Rekom
Biotech, Granada, Spain). Non-stimulated cells were used as negative controls of cell
proliferation. Plates were centrifuged at 300 x g for 5 min, and supernatants were
collected and stored at -80 °C for later cytokine measurements. Cells were stained with
the antibodies anti-dog CD3 FITC-conjugate (clone CD3-12, MCA1174F, Bio-Rad), anti-
dog CD4 PE-Cy7-conjugate (clone YKIX302.9, 25-5040-42, eBioscience, San Diego,
CA, USA) and anti-dog CD8 AlexaFluor700-conjugate (clone YCATESS.9,
MCA1039A700, Bio-Rad), and incubated protected from light during 20 min at 4 °C.
Propidium iodide was added to tubes prior to acquisition to assess cell viability.
UltraComp eBeads (Invitrogen) were used for compensation. Samples were analyzed by
flow cytometry using a LSR Fortessa analyzer (BD Biosciences). Culture supernatants
were later thawed to determine the concentration of TNF-a, IFN-y, IL-10, and IL-17A,
using commercial canine ELISA kits (Canine DuoSet ELISA, R&D Systems, Oxford, UK),

according to the manufacturer’s instruction. The colorimetric detection was assessed
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with a Multiskan EX microplate reader (Thermo Fisher Scientific), equipped with Ascent

software (Thermo Fisher Scientific).

4.2.7 Intracellular staining

Peripheral blood mononuclear cells were thawed, washed in complete RPMI at 37 °C,
and left resting overnight at 37 °C and 5% CO,. Cells were plated at 1x10° cells/well and
incubated at 37 °C and 5% CO-for 4 h in the presence of 1x eBioscience Cell Stimulation
Cocktail (Invitrogen) and 3 ug mL™" of eBioscience brefeldin A (Invitrogen). Cell viability
was assessed using eBioscience Fixable Viability Dye (FVD) eFluor 506 (Invitrogen).
Samples were first stained with FVD at 1:1000 in PBS, protected from light, for 20 min
at 4 °C. After washing with PBS, cells were stained with the antibodies anti-dog CD3
FITC-conjugate (Bio-Rad), anti-dog CD4 PE-Cy7-conjugate (eBioscience), anti-dog CD8
AlexaFluor700-conjugate (Bio-Rad) and anti-dog CD5 PE-conjugate (clone YKIX322.3,
12-5050-42, eBioscience), at pre-titrated dilutions in FACS buffer (PBS, 10 mM of NaNs,
2% FBS) and incubated, protected from light, for 25 min at 4 °C. Cells were then washed
with PBS and fixed with 2% formaldehyde. For Fcy receptor nonspecific binding, cells
were pre-treated with Canine Fc Receptor Binding Inhibitor Polyclonal Antibody (14-
9162-42, eBioscience), for 10 min at room temperature, protected from light. After cell
fixation with formaldehyde 2%, cells were permeabilized with permeabilization buffer
[0.5% saponin (Sigma Aldrich) in FACS buffer] for intracellular staining with the
antibodies anti-bovine IFN-y Alexa Fluor 647-conjugated (clone CC302, MCA1783A647,
Bio-Rad) and anti-human TNF-a eF450-conjugated (clone MADb11, 48-7349-42,
eBioscience) that cross-react with canine IFN-y and TNF-a, respectively (Moreira et al.,
2015). The PBMC were incubated, protected from light, for 30 min at room temperature,
washed twice in permeabilization buffer, and transferred into cytometry tubes. Data
acquisition was performed by flow cytometry with a LSR Fortessa analyzer (BD

Biosciences).

For intracellular staining of the transcription factor Foxp3, PBMC (1x10° cells/well) were
stained with FVD eFluor 780 (Invitrogen) at 1:1000 in PBS and incubated, protected from
light, for 20 min, at 4 °C. The PBMC were washed with PBS and stained with anti-dog
CD3 FITC-conjugate (Bio-Rad), anti-dog CD4 PE-Cy7-conjugate (eBioscience), and
anti-dog CD25 Super Bright 436-conjugate (clone P4A10, 62-0250-42, eBioscience),
protected from light, for 25 min at 4 °C. The PBMC were washed with FACS buffer, fixed
with Foxp3 Fixation/Permeabilization solution (eBioscience) for 45 min, and
permeabilized using Foxp3 Permeabilization Buffer (eBioscience). The PBMC were pre-
treated with Canine Fc Receptor Binding Inhibitor Polyclonal Antibody (eBioscience) and
incubated with anti-mouse/rat Foxp3 eF506-conjugate (clone FJK-16s, 69-5773-82,
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eBioscience), protected from light, for 30 min at room temperature. The PBMC were
transferred into cytometry tubes for data acquisition by flow cytometry with a LSR
Fortessa (BD Biosciences). UltraComp eBeads were used for antibody-fluorescence

compensation.

4.2.8 Fecal collection and analyses

Individual fresh feces were collected during two consecutive days at weeks 0, 4, 8, and
12. Fecal samples were pooled per dog per week and stored at -20 °C until further

analysis.

4.2.9 Fecal IgA extraction and determination

Fecal IgA extraction was performed based on Peters et al. (2004). Briefly, 1 g of thawed
and homogenized feces was diluted in 10 mL of extraction buffer (PBS with 0.5% Tween
20, Sigma-Aldrich) and centrifuged at 1500 x g at 5 °C for 20 min. Eighty pyL of a 25 x
concentrated solution of cOmplete EDTA-free Protease Inhibitor Cocktail (04693132001,
Roche Diagnostics) were added to 2 mL of supernatant, and centrifuged at 15000 x g at
5 °C for 15 min. Supernatant was stored at -20 °C until further analysis. Fecal IgA
concentration was assessed using a commercial canine IgA ELISA kit (Dog IgA ELISA
Quantitation Set, E44-104, Bethyl Laboratories Inc., Montgomery, TX, USA), following
manufacturer’s instructions. After optimal dilution determination, samples were diluted in
1:300 or 1:400 in dilution buffer. Absorbance was read in a Multiskan EX microplate
reader (Thermo Fisher Scientific), equipped with Ascent software (Thermo Fisher

Scientific). The analyses were performed in duplicate.

4.2.10 Fecal microbiota analyses

Fecal DNA was extracted with E.Z.N.A. Stool DNA Kit (Omega Bio-tek, Inc., Georgia,
GA, USA), following manufacturer’s instructions. Primers targeting the V4 region of the
16S rRNA gene (forward: GTGYCAGCMGCCGCGGTAA, reverse:
GGACTACNVGGGTWTCTAAT) with attached adapters and barcodes were then used
for amplification. The produced sequences were purified, quantified, and homogenized.
Qualified libraries were sequenced on an lllumina Novaseq 6000 sequencer.
Bioinformatic analyses of microbial data were performed using the Qiime2 pipeline
(Bolyen et al., 2019). Primers and adapters were removed from the sequences by the
cutadapt (Martin, 2011). After trimming, reads were denoised and merged by the dada2
(Callahan et al., 2016). Resulted amplicon sequence variants were classified by
VSEARCH-based consensus (Rognes et al., 2016) and pre-fitted sklearn-based
classifiers (Pedregosa et al., 2012) against the Silva database (v138.1, 16S 99%) (Quast
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et al., 2013). The reference reads were preprocessed by RESCRIPt (Robeson et al.,
2021).

4.2.11 Calculations and statistical analysis

The CD4*/CD8" ratio was calculated from the percentage of CD4* and CD8* T cells. Data
on blood parameters and fecal IgA were analyzed according to a mixed model with
repeated measurements, including diet, week, and the interaction between diet and week
as fixed effects, block as a random effect, and week in the subject dog as a repeated
measure, using the SAS software (2022, release 3.81., SAS Institute Inc., Cary, NC,
USA). Means were compared by the Least Significant Difference post hoc test. The
statistical level of significance was considered for P < 0.05. For alpha diversity estimation
of fecal microbiota, Shannon’s entropy (Shannon, 1948) and Faith’s phylogenetic
diversity (Faith, 1992) indices were calculated, and for beta diversity, Compositional
Tensor Factorization (CTF) (Martino et al., 2021) distances were used. Alpha diversity
metrics were compared by the Wilcoxon test for dependent and the Kruskal-Wallis test
for independent samples. Shannon differences were calculated as longitudinal
differences of Shannon entropy at weeks 4, 8 and 12 to week 0, which served as
baseline. For beta diversity, log ratios of features that contributed to the separation of
subjects based on the CTF Principal coordinate analysis plot were extracted by Qurro
(Fedarko et al., 2020). Shannon differences and log ratios were then analyzed with linear
mixed-effects models (LME) (Seabold and Perktold, 2010). Differentially abundant
genera (only for counts of genera with relative abundance = 0.1% and prevalence = 10%)
were detected by Ancom-BC (Lin and Peddada, 2020).

4.3 Results

4.3.1 Hematological and biochemical blood profile

The inclusion of shrimp hydrolysate led to a decrease in the percentage of eosinophils
(4.50% vs. 5.51%, P = 0.017) and in the levels of glucose (86.4 mg dL™ vs. 92.8 mg
dL", P = 0.023), and increased the concentration of white blood cells (7.67 x 103 uL-
Tvs. 6.71 x 10° L', P = 0.002), platelets (300 x 10° uL" vs. 274 x 10° L', P = 0.038),
and the percentage of neutrophils (56.8% vs. 56.8%, P = 0.036; Table 4.1 and Table S2).
Greater percentage of eosinophils in the blood (P = 0.003), and greater concentrations
of total protein (P = 0.001), glucose (P < 0.001), and hemoglobin (P = 0.013) were
observed in week 8. Platelet concentration (P = 0.040) and mean platelet volume (P =
0.004) were greater in week 4, whereas albumin concentration was lower (P < 0.001).

Concentration of IgE in plasma was lower in week 12 (P < 0.001). The interaction
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between week and diet affected the concentrations of the red blood cells, ranging from
7.10 x 10% yL"in week 4, to 7.49 x 10° uL" in week 12 in dogs fed the control diet (P =
0.044), and the hemoglobulin levels that varied from 16.6 g dL™" in week 4 to 17.7 g dL"'
in week 12 in dogs fed the control diet (P = 0.037).

4.3.2 Serum cytokine, chemokine, and growth factor concentrations

Concentrations of IFN-y, IL-10, IL-6, NGF-3, and TNF-a were below the detection limits
(8.42 pg mL™, 6.47 pg mL™", 16 pg mL", 4.98 pg mL" and 5.22 pg mL"", respectively).
Diet and week did not affect the production of the different cytokines, chemokine, and
growth factors in serum (Table 4.2 and Table S3). The interaction between diet and week
affected the production of IL-8 (P = 0.038), ranging from 539 pg mL" in week 8 to
964 pg mL" in week 12 in dogs fed the control diet. The interaction between diet and
week also affected the production of SCF (P = 0.027), from 29.6 pg mL™" in week 4 to
50.6 pg mL" in week 12 in dogs fed the control diet.
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4.3.3 Reactive oxygen species production

Cells of both control and experimental diets groups produced greater amounts of total
ROS after 30 min of PMA stimulation than after 60 min (Figure 4.1A and Table S4).
Conversely, superoxide production was lower after 30 min than after 60 min, with the
control diet showing greater levels of production of superoxide after 60 min of PMA
stimulation compared to the experimental diet (P = 0.002; Figure 4.1B). The interaction
between diet and week affected the production of total ROS after 60 min of PMA
stimulation with higher fold increases in week 12 in the control and experimental diets
(P = 0.030), and the production of superoxide after 60 min of PMA stimulation with

greater fold increase in week 12 with the control diet (P = 0.030).
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Figure 4.1. Reactive oxygen species (ROS) production evaluated by flow cytometry.
A) Fold increase in the production of total ROS; B) Fold increase in the production of
superoxide in cells stimulated with phorbol myristate acetate for 30 and 60 min over the
basal production (non-stimulated) in control diet (round black dots) and experimental
diet (square orange dots). Bars correspond to mean plus standard error of the mean.
*P < 0.05.

4.3.4 Lymphocyte proliferation and cytokine production

The percentages of proliferation of CD3*CD4* and CD3*CD8* cells stimulated with ConA
were not affected by the diet. The experimental diet induced more extensive proliferation
of CD3*CD4" cells in response to LipL32, when compared to the control diet (10.8% vs.
2.07%, respectively, P = 0.020), and no diet effects were observed in the proliferation of
CD3*CD8" cells stimulated with this antigen (Figure 4.2).
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Figure 4.2. T lymphocyte proliferation evaluated by flow cytometry. A) Percentage of
CD3*CD4" cells; B) Percentage of CD3*CD8" cells, from dogs fed control diet (black
columns) and experimental diet (orange columns), that proliferated at least once when
non-stimulated (None) or in response to recombinant antigen from Leptospira
interrogans (LipL32) and concanavalin A (ConA). Bars correspond to mean plus

standard error of the mean. * P < 0.05.

The levels of IL-17, IFN-y, TNF-a and IL-10 in culture supernatants of non-stimulated
PBMC or stimulated with LipL32 were below the detection limits (62.5 pg mL",
31.3 pg mL", 31.3 pg mL" and 15.6 pg mL™, respectively). In week 12, the PBMC
stimulated with ConA produced increased levels (P < 0.05) of IL-17, TNF-a, and IL-10,
and decreased levels of IFN-y (P = 0.011; Table S5). No effect of diet and of interaction
between diet and week were found in the production of IL-17, IFN-y, TNF-a and IL-10 in
cells stimulated with ConA (Table 4.3).

155 | CHAPTER 4 - Unraveling the role of shrimp hydrolysate as a food supplement in the immune function
and fecal microbiota of Beagle dogs



"eydie Jojoe} SIS0I08U Jowny :0-4N L ‘Unapaul ‘| ‘ewweb-uosapaiul :A-N4| :SuonelInaIqqy

"ueslW 8y} Jo Jols plepuels (NIS;

‘usin|b Jeaym Jo %G Jo Juswaoe|dal Ul sesAjoipAy dwLYs JO %G YNM JBIp [0JJU09 :[ejusadx] ‘sjesAjolpAy dwlys Jo uoisnjoul sy} INoym }aip 839|dwod :joauo),

62,0 Z00°0 vZLo 1T Y Le 8yl 12l 682 961 Gel 1w Bd QL)
L1€0 ¥00°0 ¥6G°0 06'S £6e L6l ¥'6¢ g'ly 9'8l z'se 1w Bd ‘o-4NL
zzLo LLO0 rATA0) VLY G/8 €881 9z9l 80€l 9861 29.2 w6 A-N4|
280 1200 Sov'0 €605 zzvl zozl vEE 112 ¥zl 0Ly 1w Bd 2171
NELTVWETTe! NEET 1810 < ZL YoM 8 %o ¥ Yoo ZL oo EREEIY ¥ 188 o
w
aneA —4 4 E| leyuswiiadx3 .louoD _
‘sjalp |ejuswiiadxa
pue |0u0d 8y} pa} sBop JO ZL pUB g ‘¢ SHYOOM Ul Y UIlBABUBOUOD UM uonenwis ajfooydwA| Jaje saupoifo Jo uoiesjuasuo) "¢y a|qel

156 | CHAPTER 4 - Unraveling the role of shrimp hydrolysate as a food supplement in the immune function

and fecal microbiota of Beagle dogs



4.3.5 Production of IFN-y and TNF-a by CD4* and CD8* T cells and Foxp3 in
CD4*

The inclusion of shrimp hydrolysate did not influence the percentage of CD4* and CD8*
T cells single IFN-y producers (Figure 4.3A), IFN-y and TNF-a double producers
(Figure 4.3B), and the CD4*/CD8* T cell ratio (Figure 4.3C). However, it positively
influenced the CD4" TNF-a T cells single producers (from 13.1%, in dogs fed the control
diet, to 20.2%, in those fed the experimental diet, P < 0.001), and the CD8* TNF-a T cells
single producers (3.78% and 7.09% for dogs fed the control and the experimental diet,
respectively, P < 0.001; Figure 4.3A; 4.3B). The percentage of CD4* T cells was greatest
in week 4 (63.9%, P = 0.050; Table S6). The CD4" T cells double producers of IFN-y and
TNF-a and single producers of TNF-a presented the greatest values in week 12 (15.2%,
P =0.002, and 20.3%, P < 0.001, respectively), while CD4"* T cells single producers of
IFN-y presented the greatest value in week 8 (8.62%, P < 0.001). CD8* T cells double
producers of IFN-y and TNF-a presented the greatest value in week 12 (32.7%,
P < 0.001). No differences were found in the percentage of CD4*CD25*Foxp3* T cells

between diets (Figure 4.3D), over time and in the interaction of diet and week.
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Figure 4.3. Intracellular cytokine measurement by flow cytometry. A) Percentage of
CD3*CD4" cells expressing interferon-gamma (IFN-y), tumor necrosis factor-alpha
(TNF-a) and both cytokines; B) Percentage of CD3*CD8" cells expressing IFN-y, TNF-a
and both cytokines; C) Ratio of CD3*CD4* and CD3*CD8* cells calculated from the
percentage of CD4* and CD8" T cells; D) Percentage of CD3"CD4*CD25" cells
expressing Foxp3 from dogs fed control diet (black columns) and experimental diet

(orange columns). Bars correspond to mean plus standard error of the mean. ** P < 0.01.

4.3.6 Fecal IgA and microbiota

Fecal IgA concentration was not affected by diet, week, and their interaction (Figure 4.4).
Regardless of the diet, Fusobacterium was the most abundant genus, followed by genus
pertaining to Muribaculaceae and genus Bacteroides (Figure 4.5A). Beta diversity
metrics indicate a clear separation of bacterial communities between diets, by using CTF
distance (Figure 4.5B). Linear mixed-effects analysis performed on log-ratios of feature
loadings of abundances that contributed to diets separation confirmed a separation
between control and experimental diets (Figure 4.5C). Regarding alpha diversity, no

differences were observed between diets on Shannon entropy and Faith’s phylogenetic
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diversity through Kruskal-Wallis and Wilcoxon tests between diets within weeks (Figure
4.5D). The experimental diet led to an increased abundance of genera pertaining to
Oscillospiracea and Clostridia, while abundance of Sellimonas decreased (P < 0.05;
Figure 4.5E).

Fecal IgA
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Figure 4.4. Fecal immunoglobulin A (IgA) concentrations in weeks 4, 8 and 12 in dogs
fed control diet (black columns) and experimental diet (orange columns). Bars

correspond to mean plus standard error of the mean.

159 | CHAPTER 4 - Unraveling the role of shrimp hydrolysate as a food supplement in the immune function
and fecal microbiota of Beagle dogs



B Fusobacterium

100, B Muribaculaceae = .

A Bacteroides B ® T CTF
_ N Prevotella h Diet:
o N Parasutterella “

] N Alloprevotella @ Contr.
g M Phascolarctobacterium @ Exp.
J B Faecalibacterium [
B unc. Erysipelotrichaceae N
N Anaerobiospirillum P . ST --,.,__;__.»_“ .
B Sutterella : o “\ T .
Lachnospiraceae V@ ® ® A
© B Lachnospira [ ]
< B Allobaculum L ® ®
[ Megamonas
£ B Cetobacterium P ™
= Prevotellaceae (GabAl)
8 B Peptostreptococcaceae [~ T o
x Buncultured | Tl [ ] .
w lleibacterium ~PC193.82%
others
C LME
Diet: B Control EEE Experimental
@ Contr. .
@ Exp. [o3
O 6.0
2 P =0.033 ]
=] 8 c
C-18 ] ]
5.5
o c
s ® ® G
— 20 c
® % 5.0
e
-2.2 ® W 0 4 8 12
16 f
[ )
-2.4 [a]
0 4 \Week 8 12 a4
° w
° o® Nl
0.2 L ©
® se &L
e ° 8 ,
° 10 .
_ oo ! . 0 a 8 2
©
2 e ® e ¢ .%
v 02 b E Il Control M Experimental
: :
.4 ° unc. Oscillospiraceae I
unc. Clostridia I
0.6 ™ Sellimonas § i
‘ b -10 -05 0.0 05 L0
-1.80 -1.75 -1.70 -1.65 -1.60

Predicted log ratio Log fold change (LFC)

Figure 4.5. Bacterial relative abundances, composition and diversity. A) Taxonomy
barplots at the genus level of dogs fed control and experimental diets in weeks 0, 4, 8,
and 12. If genus level was not assigned, the last available taxonomy rank was used for
the label; B) Beta diversity metrics. Compositional Tensor Factorization (CTF) distance
of fecal bacteria of dogs fed control and experimental diets. Each dot represents one dog
fed on either diet; C) Linear mixed-effects analysis based on log-ratios of fecal bacteria
of dogs fed control and experimental diets; D) Alpha diversity metrics. Bloxplots of
Shannon entropy and Faith’s PD indices of fecal bacteria of dogs fed control and
experimental diets; E) Differentially abundant genera (P-adj < 0.05), according to
ANCOM-BC. The fecal bacteria of dogs fed the experimental diet were compared to

those of the control diet.
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4.4 Discussion

The incorporation of animal by-products in pet nutrition has been a subject of growing
interest due to its potential impact on animal health and industry sustainability (Acuff et
al., 2021). From a nutritional standpoint, hydrolyzed protein from animal by-products,
which comprise smaller peptides and amino acids, may offer essential nutrients and
functional properties that can benefit dogs' health (Vasconcellos et al., 2024). This study
aimed to evaluate the effects of the dietary inclusion of 5% shrimp hydrolysate on
hematological, serum chemistry, immunological parameters, and fecal microbiota of

healthy adult Beagle dogs.

Overall, the blood profiles of dogs showed values within the established reference ranges
for healthy adult dogs (Kahn, 2005; Kaneko et al., 2008). The dietary inclusion of shrimp
hydrolysate led to an increase in neutrophils, platelets and white blood cells, suggesting
that shrimp hydrolysate might play a role in modulating the immune function and
supporting a healthy bone marrow function (Nothdurft and Kreja, 1998). Furthermore,
the inclusion of shrimp hydrolysate led to a decrease in eosinophils concentration, but
no variations in IgE were observed among diets. Eosinophils are known to play a role in
allergic reactions and combating certain infections. Their differentiation and activation
can be mediated by cytokines, such as IL-5 and IL-3, chemokines, prostaglandin D2,
and indirectly be influenced by the IgE pathway (Matucci et al., 2018). The levels of
eosinophils observed in the present study were within the normal range values for dogs
(0-9%; Kahn, 2005), likewise the levels of IgE in blood (25-410 ug mL™"; Wilkie et al.,
1990). Nevertheless, a reduction in the concentration of eosinophils suggests that shrimp
hydrolysate may modulate the immune system, potentially decreasing inflammation or
allergic responses. This is consistent with the finding that shrimp hydrolysate did not
affect IgE-mediated allergic responses in the dogs. Previous research has shown that
the dietary inclusion of chicken liver hydrolysate induced a decrease in the levels of
eosinophils and IgE in the plasma of dogs over a 45-day feeding trial (Pinto et al., 2022).
The IgE levels decreased in week 12 in dogs fed either diet, whereas the eosinophils

levels were lower in weeks 4 and 12.

The inclusion of shrimp hydrolysate led to a significant decrease in glucose levels in the
blood compared to the control diet, despite all values remaining within the normal range
for healthy dogs (76-119 mg dL'; Kahn, 2005). Fish hydrolysates have been
demonstrated to lower glucose levels and regulate hyperglycemia in vitro, in murine
models, and in human subjects (Sharkey et al., 2020). Furthermore, reduced glucose

levels were observed in red seabream fed diets containing shrimp hydrolysate from L.
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vannamei (Khosravi et al., 2015). Little is known on the effect of hydrolyzed proteins in
blood glucose levels in dogs. In a study using an in vitro gastrointestinal digestion model
for dogs, it was observed that, compared to raw tilapia, its hydrolysate enhanced the
secretion of active glucagon-like peptide-1 (GLP-1), a hormone involved in blood glucose
regulation, and improved the inhibition of dipeptidyl peptidase-IV enzymatic activity in
Caco-2 cells, crucial in degrading GLP-1 (Theysgeur et al., 2020). Moreover, diets
containing hydrolyzed yeast S. cerevisiae have been shown to increase blood
glutathione concentration, an antioxidant which may protect cells from oxidative damage
caused by ROS (Kim et al., 2012). The excessive production of superoxide radicals is
considered the main mechanism responsible for tissue damage in diabetes mellitus
(Brownlee, 2005), and superoxide production may stimulate insulin release through the
metabolism of branched-chain keto-acids in mitochondria (Plecita-Hlavata et al., 2020).
Additionally, high blood glucose levels increase the generation of ROS in both
mitochondria and cytosol, which contributes to the development of various diabetes-
related pathologies (Gonzélez et al., 2023). Therefore, the decreased levels of blood
glucose herein observed might be associated with the decreased production of
superoxide compared to dogs fed the control diet, suggesting that lowering superoxide
production could have led to upregulation of glucose metabolism. These results agree
with the reported in vitro antioxidant activity of shrimp hydrolysate (Guilherme-Fernandes
et al., 2024a), which possibly helped reduce superoxide production by neutralizing free
radicals. However, no differences were found in total ROS production between the

control and experimental groups.

The interaction between diet and week affected serum concentrations of IL-8 and SCF,
with the lowest and greatest values observed in weeks 8 and 12 in dogs fed the control
diet. In dogs fed the experimental diet, the concentrations remained unaltered over time.
IL-8 is a chemokine produced by various immune cells and it plays important roles in a
wide variety of functions, such as recruiting neutrophils, basophils and T cells during
immune responses to infection, inflammation, and white blood cells activation (Brennan
and Zheng, 2007). Stem cell factor is a cytokine that binds to the c-kit, a tyrosine kinase
receptor, and interacts with other cytokines, protecting the viability of hematopoietic cells,
while also inducing their proliferation and differentiation (Hassan and Zander, 1996). The
increase of both IL-8 and SCF could be linked, as previously demonstrated (Gooya et
al., 1996), potentially resulting from the production of IL-8 by hematopoietic progenitors

cells (Laterveer et al., 1995).

No differences were found between control and experimental groups in the production

of cytokines by lymphocytes stimulated with ConA. Similarly, gene expression of IL-10
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and IFN-y in dogs were not affected by the dietary inclusion of pink salmon hydrolysate
(Zinn et al., 2009). Additionally, dog diets including black soldier fly larvae hydrolysate
and Schizochytrium sp. did not affect the production of TNF-a in non-stimulated cells,
while the levels of IL-8 in plasma decreased (Wei et al., 2024). Although the levels of
IL-8 in serum were similar between diets, the inclusion of shrimp hydrolysate tended to
result in decreased IL-8 levels, suggesting a possible anti-inflammatory effect.
Lymphocytes stimulated with ConA produced increased levels of IL-17, TNF-a and IL-10
over time, whereas the production of IFN-y decreased. The levels of IL-17 and IFN-y can
exhibit inverse or corresponding patterns in immune responses due to complex
regulatory networks (Belpaire et al., 2022; Shao et al., 2022), and diet might influence
their regulation with important effects in autoimmune diseases (Zhang et al., 2024).
Moreover, TNF-a can promote a reduction of Th1 cells producing IFN-y and an increase
of Th17 cells secreting IL-17 (Pesce et al., 2022), and an increment of the anti-
inflammatory cytokine IL-10 (Mitoma et al., 2005). IL-10 can inhibit pro-inflammatory
responses of innate and adaptive immune cells by suppressing the production of various
cytokines, such as IFN-y and TNF-a (de Waal Malefyt et al., 1991). It has also been
shown to play an important role in the homeostasis of intestinal mucosal (Shouval et al.,
2014).

Diet did not influence lymphocyte proliferation, except for the greater proliferation of
CD4* T cells stimulated with LipL32 from dogs fed shrimp hydrolysate compared to the
control diet. LipL32 is a protein present in outer membrane of leptospires that may induce
a proliferative response by memory CD4" T cells (Teixeira et al., 2022). Dogs that
participated in the study were annually vaccinated for leptospires. Recently, it has been
shown that the percentage of central memory CD4* T cells and proliferation of CD4* T
cells in response to different Leptospira serovars increased in dogs after vaccination
(Novak et al., 2023). Diet plays an important role in the regulation of memory T cells,
opening the possibility of developing and implementing diet-based therapies that can be
used to attain more effective vaccination strategies (Collins, 2020). Therefore, the results
might indicate a positive effect of shrimp hydrolysate in the generation of memory CD4*
T cells, which could lead to a more effective immune response against leptospiral
infections in dogs. Furthermore, lymphocyte proliferation has been observed in PBMC
isolated from blood of dogs with suspected food hypersensitivity when cultured with
extracts of commercially hydrolyzed canine diets (Masuda et al., 2020). Despite no
research on lymphocyte proliferation of healthy dogs fed protein hydrolysates has been

conducted, hydrolysates from Alaska pollock frame, oyster and Paphia undulata were
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shown to enhance lymphocyte proliferation of cells isolated from mouse spleens (Wang
et al., 2010; Hou et al., 2012; Cai et al., 2013; He et al., 2015).

No differences between control and experimental groups were found in the percentage
of CD4* and CD8" T cells, and in their ratio. Similar results were observed in dogs fed
diets with hydrolyzed yeast inclusion (Strompfova et al., 2021). Dietary inclusion of
shrimp hydrolysate promoted the increment in CD4* and CD8" T cells single producers
of TNF-a. While TNF-a plays an important role in the defense against pathogens
(Zannoni et al., 2020), high circulating levels in blood have been associated with the
development of insulin resistance, diabetes and cardiovascular disease (Vykoukal and
Davies, 2011). However, experiments conducted in ob/ob mice and TNFR1/R2 double
knockout mice have demonstrated that increasing TNF-a levels can enhance glucose
homeostasis (Wu et al., 2018). The authors suggest that TNF-a plays a more complex
role in glucose regulation than previously assumed, through an alternative receptor-
independent mechanism that positively influences glucose homeostasis. Therefore,
further research is needed to understand whether the increase of CD4" and CD8" T cells
single producers of TNF-a in dogs fed shrimp hydrolysate may be beneficial to
dogs’ health. The levels of CD4*CD25*Foxp3* regulatory T cells remained similar among
diets, which indicates no alterations in the general immune homeostasis of both groups
of dogs, probably influenced by a healthy gut environment with either diet (Arroyo
Hornero et al., 2020).

Immunoglobulin A is a secretory immunoglobulin present, among others, in the intestinal
mucosa, protecting it from pathogens that can be used as an inflammatory biomarker
(Alhalwani et al., 2023). The levels of IgA might be influenced by diet (Maria et al., 2017;
Hiney et al., 2024). Supplementing the diet with shrimp hydrolysate did not affect fecal
IgA levels. There is a lack of research studying the effects of dietary inclusion of protein
hydrolysates in IgA levels in dog feces. Studies on the effects of marine protein
hydrolysates on intestinal IgA levels in other animal species have generated conflicting
results. The IgA levels in the middle and distal intestine of turbot were not influenced by
the inclusion of fish protein hydrolysate in diets (Wei et al., 2023), whereas feeding mice
with fish protein hydrolysate led to an increase in IgA concentrations in the small intestine
(Duarte et al., 2006). Additionally, IgA helps to regulate the intestinal microbiota, such as
their colonization, invasion, growth, and motility (Takeuchi and Ohno, 2022). In turn, the
microbiota stimulates the production of IgA, and, unlike classical immunological memory
responses, the immune system produces IgA antibodies that are specific for gut microbial

species (Hapfelmeier et al., 2010). Furthermore, similar to human patients, also higher
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concentrations of IgA™ bacteria, which specifically bound to IgA, were observed in dogs

with inflammatory bowel disease compared to healthy dogs (Soontararak et al., 2019).

The greatest relative abundance of genus found in both diets pertained to phyla
Bacteroidota, previously called Bacteroidetes, and Fusobacteria. These phyla
abundance is in accordance with data reported in dog feces (Hand et al.,, 2013;
Alessandri et al., 2019). The four most predominant genera found (Fusobacterium,
Muribaculaceae, Bacteroides, Prevotella) were previously observed in Beagle dogs fed
diets with comparable macronutrients composition (Pereira et al., 2021), suggesting that
microbiota composition is mainly a consequence of the amount of macronutrients that
comprise diets than of the ingredients (Pinto et al., 2022). Fusobacterium was the most
predominant genera found in both diets, agreeing with a previous study in which dogs
fed diets without and with chicken liver hydrolysate (Pinto et al., 2022). According to our
previous findings (Guilherme-Fernandes et al.,, 2024a), the inclusion of shrimp
hydrolysate led to an increment in the abundance of genus belonging to
Oscillospiraceae. Oscillospira, a genus from Oscillospiraceae, has been suggested to be
a great probiotic candidate in future treatments, such as in obesity and chronic
inflammation (Yang et al., 2021). Increased production of volatile fatty acids beneficial to
animal health (Tremaroli and Backhed, 2012; Sridharan et al., 2014; Silva et al., 2020),
such as acetate, butyrate, propionate and valerate have been associated with the
presence of Oscillospira in the gut (Yang et al., 2021; Ecklu-Mensah et al., 2023).
However, a decrease in fecal butyrate levels was observed in dogs fed shrimp
hydrolysate, compared to a diet without hydrolysate inclusion (Guilherme-Fernandes et
al., 2024b). Clostridia, a class of Firmicutes, was also increased in feces of dogs fed
diets supplemented with shrimp hydrolysate. Different species of this class have been
associated with various disorders of the gastrointestinal tract of dogs (Mentula et al.,
2005). Previous research has suggested an association between improved digestibility
of protein and increased abundance of Clostridiaceae in dogs (Bermingham et al., 2017),
being bacteria of the Clostridium genus crucial in the fermentation of amino acids, such
as lysine and proline (Lin et al., 2017). Although digestibility of amino acids was not
analyzed in the current trial, no alterations in the digestibility of protein were observed
among control and experimental diets (Guilherme-Fernandes et al.,, 2024b).
Nevertheless, because the hydrolysis process breaks down proteins into small peptides,
bacteria from Clostridia might be able to metabolize these peptides in the intestinal tract,
prompting their growth. Sellimonas decreased in dogs fed the experimental diet. Higher
abundances of Sellimonas and lower abundances of Oscillospiraceae have been

observed in human patients with inflammatory bowel disease, compared to healthy
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humans (Vestergaard et al., 2024). However, in dogs diagnosed with inflammatory bowel
disease, a decrease in the relative abundance of Sellimonas and Oscillospiraceae
UCG-005 has been observed (Diaz-Regandn et al., 2023). Further studies are needed

to understand the role of Sellimonas in dog gut.

Overall, the current study has shown the potential of shrimp hydrolysate to be included
in dog diets, by maintaining the general health of dogs, namely their immune function
and fecal microbiota, while promoting the sustainability of the pet food industry. The
findings suggest that it has an immunomodulatory role, evidenced by increased
neutrophils, white blood cells, and platelets, alongside decreased eosinophil levels,
indicating its potential for inclusion in hypoallergenic diets. The observed reduction in
blood glucose levels and superoxide production in PBMCs suggests its potential as a
supplement in diets for diabetic dogs. Furthermore, the increased proliferation of CD4*
T cells in response to LipL32 indicates a potential benefit in vaccination. Additionally,
shrimp hydrolysate positively impacted the relative abundance of genera pertaining to
Oscillospiraceae and Clostridia, suggesting it could function as a prebiotic and enhance
amino acid digestibility, suggesting its potential in gastrointestinal diets. Future studies
are needed to explore the underlying mechanisms responsible for these outcomes.
Understanding these mechanisms will provide further insights into the role of shrimp
hydrolysate in promoting health and its potential applications in hypoallergenic and

gastrointestinal diets, diets for diabetic dogs, and immunomodulatory therapies.
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Table S1. Chemical composition of the control and experimental diets.

item Diet’

Control Experimental
Dry matter, DM, g kg™ 942 957
Ash, g kg DM 7.7 79.9
Crude protein, g kg DM 293 293
Ether extract, g kg DM’ 136 131
Neutral detergent fiber, g kg DM 146 143
Starch, g kg DM 330 319
Gross energy, MJ kg DM 19.2 19.2

Data reported in Guilherme-Fernandes et al. (2024b).

'"Complete diets included, in descending order, poultry by-product meal, corn, wheat, broken rice, pea
starch, wheat gluten, poultry and mammal fat, pea protein concentrate, autolyzed brewers' yeast, beet
pulp, lucerne, fish oil; Control diet: complete diet without the inclusion of shrimp hydrolysate; Experimental
diet: control diet with 5% of shrimp hydrolysate in replacement of wheat gluten.
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Figure S1. Representative example of flow cytometry gating strategy used to define the
production of total reactive oxygen species (ROS) and superoxide in non-stimulated cells
(basal ROS production) and in cells stimulated with phorbol myristate acetate for 30 and
60 min. Cells were gated based on side scatter (SSC) and forward scatter (FSC)
parameters and doublets were excluded (Single cells) in FSC versus FSC plots. Mean

fluorescence intensity was used to quantify total ROS and superoxide production.
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Figure S2. Representative example of flow cytometry gating strategy used to define
lymphocyte proliferation of non-stimulated CD3*CD4" cells or in response to recombinant
antigen from Leptospira interrogans and concanavalin A. Lymphocytes were gated
based on side scatter (SSC) and forward scatter (FSC) parameters and doublets were
excluded (Single cells) in FSC versus FSC plots. Viable cells (Live cells) were defined
as propidium iodide (PI) negative cells. CD3*CD8* cells and CD3*CD4" cells were set in
contour plots, based on fluorescence minus one (FMO) staining.
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Figure S3. Representative example of flow cytometry gating strategy used to define
lymphocyte intracellular cytokines tumor necrosis factor-alpha (TNF-a) and interferon-
gamma (IFN-y). Lymphocytes were gated based on side scatter (SSC) and forward
scatter (FSC) parameters and doublets were excluded (Single cells) in FSC versus FSC
plots. Viable cells (Live cells) were defined as Fixable Viability Dye (FVD) negative cells.
CD3*CD8" cells and CD3*CD4" cells expressing TNF-a and/or IFN-y were set in contour

plots, based on fluorescence minus one (FMO) staining.
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Figure S4. Representative example of flow cytometry gating strategy used to define
lymphocyte intracellular cytokine Foxp3. Lymphocytes were gated based on side scatter
(SSC) and forward scatter (FSC) parameters and doublets were excluded (Single cells)
in FSC versus FSC plots. Viable cells (Live cells) were defined as Fixable Viability Dye
(FVD) negative cells. CD4*CD25* expressing Foxp3 were set in contour plots, based on
fluorescence minus one (FMO) staining.
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5.1 General discussion

Dogs have been human companions for thousands of years, and today they live as
integral members of the family, especially in urban areas. As a result, dog owners are
increasingly motivated to provide high-quality and nutritionally balanced diets that
support the health, longevity, and quality of life of their dogs. This has driven demand for
pet food that aims to meet specific nutritional needs and to promote health benefits, such
as improved digestion, gut health, and immune support. As the global dog population
grows, so does the pet food industry, raising concerns about its sustainability and
environmental impact. Therefore, there is a need to find nutritious and functional
ingredients, through more sustainable practices, to promote canine health and protect
the environment. Regarding protein sources, fundamental to supply amino acids (AA)
crucial for maintenance, growth, and reproduction of dogs, there is a undeniable need to
find more sustainable ingredients than those conventionally used in pet food. With the
growth of aquaculture in recent decades, integrating circular economy strategies into the
sector can enhance resource efficiency and reduce waste, while contributing to the

sustainability of pet food by supplying the industry with valuable by-products.

The present thesis aimed to evaluate the potential of underexploited aquatic animal by-
products for inclusion in canine diets. In Chapter 1, in vivo effects of dietary inclusion of
aquatic animal by-products, such as fish, mollusks, and crustaceans on various species,
including livestock, poultry and aquaculture species, were reviewed, showing general
improvements in growth, feed efficiency, immune function and gut health, depending on
the species and dietary inclusion levels. Fish hydrolysates have been shown to benefit
dogs in a variety of pathologies and diseases, stress and behavior. However, there is a
lack of knowledge on the effects of dietary inclusion of mollusks and crustaceans’ by-
products in dogs. In this context, two commercially available aquatic animal by-products,
squid meal and shrimp hydrolysate, were chosen for a detailed chemical composition
and in vivo assessment. This work is the first to explore aquatic invertebrate by-products
within the context of canine nutrition, contributing to both improved dog health and the

sustainability of pet food production.

5.1.1 Squid meal and shrimp hydrolysate chemical characterization

In Chapter 2, the chemical characterization of squid meal and shrimp hydrolysate
highlighted their potential as protein sources. Squid meal showed greater levels of crude
protein (CP, 810 g kg™ dry matter, DM, basis) compared to most conventional protein
sources used in dog food (Table 5.1), but similar to wheat gluten (815 g kg’ DM). Shrimp

hydrolysate contained a CP content of 658 g kg”' DM, which is comparable to fish meal
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(580-740 g kg™ DM) poultry meal (473-781 g kg™' DM), and corn gluten meal (545-779 g
kg’ DM), but greater than meat and bone meal (509 g kg’ DM).

Moreover, squid meal and shrimp hydrolysate showed to be good sources of essential
AA, particularly of methionine, arginine, lysine, and leucine. Squid meal had the greatest
content of methionine (29.7 g kg DM), while shrimp hydrolysate (16.3 g kg™' DM)
presented a methionine content comparable to corn gluten meal (10.6-23.1 g kg™' DM),
and fish meal (8.30-28.7 g kg™' DM), but greater than wheat gluten (12.1 g kg™’ DM),
soybean meal (5.20-7.70 g kg™' DM), poultry meal (3.40-15.0 g kg™' DM), and meat and
bone meal (7.30 g kg' DM). Squid meal (57.9 g kg™' DM) contained arginine content
comparable to fish meal (19.5-72.0 g kg™' DM), while shrimp hydrolysate (31.6 g kg™’ DM)
showed arginine content comparable to poultry meal (28.4-55.1 g kg™' DM), lower than
meat and bone meal (35.3 g kg”' DM) and soybean meal (32.2-42.4 g kg™' DM), but
higher than wheat gluten (30.2 g kg”' DM), and corn gluten meal (14.1-27.3 g kg”' DM).
Squid meal contained the greatest lysine content (54.4 g kg”' DM), while shrimp
hydrolysate (38.5 g kg”' DM) had comparable levels to fish meal (26.8-69.0 g kg™' DM)
and poultry meal (18.7-44.1 g kg”' DM), but surpassing wheat gluten (13.9 g kg' DM),
corn gluten meal (7.80-15.0 g kg™' DM), soybean meal (26.9-35.9 g kg™ DM) and meat
and bone meal (29.3 g kg' DM). Both squid meal (45.7 g kg”' DM) and shrimp
hydrolysate (30.3 g kg™' DM) had leucine content lower than wheat gluten (54.9 g kg™
DM) and corn gluten meal (85.9-135 g kg™' DM), but squid meal showed similar levels to
fish meal (32.0-63.6 g kg' DM) and poultry meal (29.1-50.7 g kg' DM), and above
soybean meal (33.7-43.4 g kg™’ DM), followed by shrimp hydrolysate and meat and bone
(32.9 g kg™ DM). While most dog breeds can synthetize taurine when fed adequate
amounts of methionine and cysteine, insufficient methionine intake may lead to the
development of pathologies, such as dilated cardiomyopathy (Li and Wu, 2023).
Deficient intake of arginine may result in decreased feed intake, hyperammonemia,
emesis, frothing at the mouth, and muscle tremors (NRC, 2006). Lysine is the first limiting
AA in most plant-based sources, and it is crucial in muscle development, tissue repair,
and the production enzymes, while its deficiency can limit body protein synthesis (Ball et
al., 2007). Also, leucine is involved in protein synthesis pathways, particularly important
in maintaining muscle tissue (Li and Wu, 2023). As a result, squid meal and shrimp
hydrolysate may offer great nutritional value in terms of protein and essential AA, making

them attractive options for high-quality dog food formulations.

Shrimp hydrolysate extracts demonstrated higher antioxidant activity compared to squid
meal extracts, and while antioxidant activity of squid meal extracts was assessed for the

first time, the in vitro antioxidant properties of shrimp hydrolysate extracts are
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acknowledged (Latorres et al., 2018; Nikoo et al., 2021). Differences in the antioxidant
properties of body components, processing methods such as hydrolysis, and the assays
used to measure antioxidant potential, among other factors, make it challenging to
compare the present data with published results. Nevertheless, the greater antioxidant
activity of shrimp hydrolysate compared to squid meal observed in the present work
might be due to the size of peptides that is consequent of the hydrolysis process, as
smaller peptides have been shown to have greater antioxidant activity (Zhao et al., 2011;
Djellouli et al., 2020). Additionally, the AA sequence in peptides, particularly those
containing valine, leucine, proline, histidine, tyrosine, tryptophan, methionine, and
cysteine, may be associated with high antioxidant activity (Li et al., 2022). However,
further research is needed to identify the compounds that were extracted and responsible
for the levels of antioxidant activity found. Moreover, also the evaluation of how dog food
processing affects the antioxidant potential of these novel protein sources should be

performed.
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5.1.2 Dogs’ preference of diets

Dietary inclusion of shrimp hydrolysate or squid meal at 15% negatively impacted the
consumption ratio compared to the basal diet, but no differences were observed in the
first approach and first taste (Chapter 2). Both ingredients presented high levels of
glutamic and aspartic acids, which are AA associated with the umami taste and typically
appealing to dogs (Kurihara and Kashiwayanagi, 1998; Tanase et al., 2022). Previous
studies reported either no adverse effects or improved palatability with fish meals and
fish hydrolysates at 10% inclusion level (Folador et al., 2006; Poppi et al., 2023). Among
the factors that could influence dogs’ choice are taste, texture and odor (Thombre, 2004;
Pétel et al., 2018), highlighting the importance of understanding how these sensory
attributes are impacted during the development of attractive dog food. The lack of
differences in the first approach and first taste may indicate that odor of squid meal and
shrimp meal was attractive to dogs. Therefore, in this case, the reduced palatability might
be attributed to the texture, as the protein sources were mixed with the basal diet just
before feeding, as shown in studies with microalgae supplementation at a level of 5%
(Cabrita et al., 2023), rather than being incorporated into the extruded kibble. When 5%
of shrimp hydrolysate was included in the extruded diet (Chapter 3), neither enhanced
nor reduced effects of the ingredient on palatability were observed. This may also be due
to the texture, which is equal between control and experimental diets, though the impact

of the inclusion level should not be dismissed as a contributing factor.

Nevertheless, no food refusal was observed throughout the feeding trials, and food was
consumed immediately. This suggests that diets containing squid meal and shrimp
hydrolysate are well accepted by dogs. Further research is needed to assess the
palatability of extruded diets with different dietary inclusion levels of squid meal and
shrimp hydrolysate. Additionally, palatability assays should be performed with larger
sample sizes (> 20 dogs) as recommended by Aldrich and Koppel (2015). Smaller
sample sizes, such as the 12 dogs used in two-bowl tests, may limit the ability to detect
subtle differences in preferences and could lead to results that are more prone to
variability. Larger sample sizes provide more robust and reliable data on palatability,

reducing the likelihood of sampling bias and improving the generalizability of the findings.

5.1.3 Impact of squid meal and shrimp hydrolysate on diet digestibility and

fecal characteristics

The findings of the present thesis highlight the complexities involved in understanding
the nutritional value of protein sources. In Chapter 2, squid meal and shrimp hydrolysate

diets (5%, 10%, and 15% inclusion levels), compared to the basal diet, increased
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digestibility of nutrients and energy, except for ether extract (EE), and the digestibility of
CP increased with the increased levels of inclusion of squid meal, whereas the increment
of inclusion levels of shrimp hydrolysate failed to improve CP digestibility. In Chapter 3,
shrimp hydrolysate had no effect on digestibility of nutrients and energy. This lack of
effect could be attributed to the fact that the ingredient it replaced in the experimental
diet, wheat gluten, is highly digestible. Additionally, the CP digestibility of diets containing
shrimp hydrolysate could have been compromised by molecular interactions between
ingredients or by processing factors such as extrusion and storage conditions, which can
alter protein structure and stability, potentially affecting their bioavailability (Schmid et al.,
2022; Gu et al., 2023; Orlien et al., 2023).

The inclusion of squid meal and shrimp hydrolysate in dog diets had minimal impact on
body weight (BW), nutrient intake, and fecal characteristics, with only slight adjustments
made to food amounts as needed to maintain optimal BW and body condition score
(BCS). This suggests that these novel protein sources can be incorporated into dog food
without adverse effects on these parameters. Dogs consistently presented ideal BCS,
mostly representative of palpable ribs covered with fat, a waist behind the ribs (viewed
from above) and an abdomen tucked up (viewed from the side). Additionally, the fecal
consistency scores observed mainly ranged from soft, shaped, and moist stools leaving
spots on the floor (3.0) and approximately firm, shaped, and dry stools (3.5), which is

considered the optimum (Hernot et al., 2005).

In Chapter 3, although diet digestibility was measured in week 12, the variations in the
number of defecations among weeks and the differences of DM fecal output between
diets support the importance of assessing digestibility over time, particularly considering

seasonal changes, such as the environmental conditions and dogs' physical activity.

5.1.4 The role of squid meal and shrimp hydrolysate in modulating fecal

microbiota composition and metabolites

Dietary changes, particularly in protein content and source, can rapidly alter the gut
microbiota and its metabolites (Pilla and Suchodolski, 2020; Lin et al., 2022). In Chapter
2, the fecal microbiota and metabolites were analyzed at the end of the 10-day periods
for each inclusion level of squid meal and shrimp hydrolysate, whereas in Chapters 3
and 4, the effects of 5% shrimp hydrolysate dietary inclusion on fecal microbiota, and

metabolites were evaluated every 4 weeks over a period of 12 weeks.

Squid meal and shrimp hydrolysate did not affect the alpha and beta diversity or the
relative abundance of bacteria, but different profiles were observed between studies

regarding shrimp hydrolysate diets. Both squid meal and shrimp hydrolysate dietary
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inclusion were associated with greatest relative abundances of Turicibacter,
Peptostreptococcaceae, and Blautia, members of the phylum Firmicutes, while the
greatest bacteria relative abundance observed with the shrimp inclusion in the extruded
diet were Fusobacterium, Muribaculaceae, Bacteroides, and Prevotella, pertained to
phyla Bacteroidota and Fusobacteria. Overall, the genera found in the greatest
abundance in the diets described in Chapters 2 and 4 were more prevalent in the feces
of healthy dogs compared to non-healthy dogs (Hand et al., 2013; Alessandri et al., 2019;
Félix et al., 2022). The differential prominence of bacteria described in Chapters 2 and 4
suggests that fecal microbiota profile may be influenced by the ingredients used and the

overall diet macronutrient content.

Nevertheless, the variations observed in genera in dogs fed the shrimp hydrolysate diets
compared to the basal and control diets in both Chapters 2 and 4, respectively, suggest
that this ingredient plays a role in modulating the gut microbiota. The inclusion of shrimp
hydrolysate at 10% in Chapter 2 led to a decrease in Lactobacillus, but, in Chapter 4 (5%
inclusion), no variations in this genus, known for its probiotic properties and its role in
producing beneficial metabolites, were observed. This difference could be due to the
inclusion level, the effects of the extrusion process, or the overall ingredients of basal
formulation. On the other hand, the inclusion of shrimp hydrolysate at 5% in extruded
diet resulted in an increase in genera from the Clostridia and a decrease in Sellimonas.
While Sellimonas role is poorly studied in dogs, some species pertaining to Clostridia
have been associated with canine disorders of the gastrointestinal tract (Mentula et al.,
2005), but also with improved AA digestibility (Lin et al., 2017). Therefore, it remains
unclear whether these variations are beneficial or detrimental to gut health.
Nevertheless, throughout the entirety of the feeding trials, no clinical signs of an

unhealthy gut were observed.

Moreover, shrimp hydrolysate inclusion at 5% (Chapter 4) and at 15% (Chapter 2)
consistently led to an increment in the abundance of bacteria from the Oscillospiraceae
family. Oscillospira, a genus from this family, has been associated with increased
production of volatile fatty acids (VFA) that are beneficial to gut health, such as acetate,
butyrate, propionate, and valerate, suggesting the potential prebiotic effects of shrimp
hydrolysate (Yang et al., 2021; Ecklu-Mensah et al., 2023). Despite this promising
association, while the beneficial VFA increased with the dietary inclusion of shrimp
hydrolysate (5%-15%) in Chapter 2, it did not result in an expected increase in butyrate
levels and, in fact, it decreased butyrate at 5% inclusion level in Chapter 3. Additionally,
even though decreased levels of butyrate were observed in feces of dogs fed diets with

squid meal inclusion, no variations were observed in differentially abundant genera.
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These results underscore the complexity of gut microbiota and its metabolites,
highlighting the multifaceted interactions within the gut microbiota, such as other
microbiota dynamics or metabolic pathways (Liu et al., 2022). While increases in genera
associated with butyrate production do not always correlate with higher fecal butyrate
levels, a decrease in butyrate may not be solely attributed to the microbiota profile. Other
factors such as butyrate absorption or utilization, substrate availability impacting
microbial production, and alterations in hydrogen-consuming bacteria or the presence of
inorganic electron acceptors, can also play a role in influencing butyrate levels (Vital et
al., 2014; Louis and Flint, 2017; Singh et al., 2022).

Therefore, the effects of dietary inclusion of squid meal and shrimp hydrolysate on the
fecal microbiota and gut health of dogs warrants further investigation. Understanding

these effects is crucial for optimizing dietary interventions aimed at improving gut health.

5.1.5 Shrimp hydrolysate enhanced immune function

The dietary inclusion of 5% shrimp hydrolysate in extruded diets demonstrated promising
findings regarding immune function. The fact that blood profiles remained within
reference ranges for healthy dogs indicates that shrimp hydrolysate is a safe and
beneficial ingredient for dogs. Moreover, the increased concentrations of neutrophils,
platelets, and white blood cells observed with shrimp hydrolysate inclusion suggest an
enhancement in the dogs' immune system. Neutrophils are the first line of defense
against infections of bacteria and fungi, and they play a predominant role in shaping the
host response to infection and immune system homeostasis (Malech et al., 2014). An
elevation in neutrophil levels could indicate an improved capacity to respond to
pathogens, potentially enhancing the overall condition of the immune system. Platelets
are crucial for promoting tissue health, regeneration, and repair, being natural sources
of growth factors and substances, such as fibronectin, vitronectin, and sphingosine 1-
phosphate that help to maintain homeostasis (Locatelli et al., 2021). Their elevated levels
may indicate a more responsive and prepared immune system. The rise in white blood
cells also supports that shrimp hydrolysate may boost immune health, as these cells are
vital for identifying and combating infections (Tizard, 2018). Additionally, the lack of
differences in the IgE levels, couple with the reduced blood eosinophil levels in dogs fed
5% shrimp hydrolysate diet, may indicate a reduction in inflammation or allergic
responses (Lombardi et al., 2022). Since hydrolyzed proteins are commonly used in
hypoallergenic dog diets to prevent allergic reactions and manage food sensitivities,
these results further support the beneficial role of shrimp hydrolysate in maintaining the

immune system and reducing potential allergic responses.
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Furthermore, lowered blood glucose levels with 5% shrimp hydrolysate inclusion, while
keeping levels within the normal range for healthy dogs, highlights the potential of this
ingredient to support metabolic health. This observation is consistent with existing
research demonstrating that hydrolyzed proteins can positively impact glucose
regulation (Khosravi et al., 2015). One of the mechanisms by which shrimp hydrolysate
may exert this effect is by reducing superoxide production. By mitigating the production
of superoxide, shrimp hydrolysate may help alleviate oxidative stress, which is often
linked to various metabolic disorders, including insulin resistance and diabetes
(Gonzaélez et al., 2023). Although the antioxidant potential of diets studied in Chapters 3
and 4 was not evaluated, in Chapter 2, extracts of shrimp hydrolysate showed its
antioxidant properties, which may play a critical role in shrimp hydrolysate ability to
enhance glucose metabolism. Additionally, the observed increased levels of CD4* and
CD8* T cells producing TNF-a observed in dogs fed shrimp hydrolysate could potentially
be linked to the lowered glucose levels in these animals. Although elevated TNF-a levels
are commonly associated with insulin resistance and metabolic disorders, such as
diabetes and cardiovascular disease (Vykoukal and Davies, 2011), recent findings
suggest that TNF-a plays a more complex role in glucose regulation possibly due to a
receptor-independent mechanism that positively influences glucose homeostasis (Wu et
al., 2018). Therefore, future research should further explore the specific mechanisms by
which shrimp hydrolysate affects glucose metabolism and investigate its broader
implications for canine health and dietary strategies, especially in managing conditions

associated with glucose dysregulation, such as diabetes.

Moreover, a significant increase in CD4* T cells proliferation was observed in response
to LipL32 in dogs fed shrimp hydrolysate. Given that dogs used in the study were
vaccinated annually for leptospirosis, LipL32, a protein found in the outer membrane of
leptospiral bacteria, may have stimulated memory CD4* T cells, potentially enhancing
immune responses. This suggests that shrimp hydrolysate might improve memory T cell
generation and support more effective vaccination against leptospiral infections, with
potential for the development of diets that could be strategically used to improve the

effectiveness of vaccinations, particularly for diseases like leptospirosis.

Overall, these findings indicate that incorporating shrimp hydrolysate into canine diets
could enhance immune function, improve metabolic health, and increase the efficacy of

vaccinations, ultimately promoting canine well-being.
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5.1.6 Coat quality variations with shrimp hydrolysate diets

The inclusion of 5% shrimp hydrolysate in extruded diets decreased coat gloss and
general evaluation only in week 4, with no significant changes observed thereafter. This
early variation could suggest that initial responses to shrimp hydrolysate dietary inclusion
may manifest quickly but stabilize over time. However, the scores observed indicate an
optimal coat quality with both control and 5% shrimp hydrolysate diets. Longer studies
should be conducted, as coat quality may require a period longer than 12 weeks to fully

stabilize and reveal any long-term effects of dietary interventions (Geary et al., 2022).

Moreover, the shrimp hydrolysate inclusion reduced coat scale (in weeks 4 and 12), an
indicator of unhealthy skin, characterized by excessive renewal of the epidermis and
increased shedding of dead skin cells. This improvement in skin condition may be linked
to the observed decrease in eosinophil levels (Chapter 4), which possibly contributed to
a reduction in the inflammatory response in the skin. In fact, eosinophils contain granules
loaded with toxic proteins, cytokines and chemokines that can be released, amplifying
the inflammatory response (Tizard, 2018). Furthermore, eosinophils infiltration in the
dermis is a prevalent histopathological characteristic observed across diverse
dermatological disorders in humans (Radonjic-Hoesli et al., 2021) and pets (Bloom,
2006), and lower eosinophil levels might benefit the reduction in inflammation and the
improvement of skin barrier function (Naidoo et al., 2018). Therefore, the present work
suggests that the reduction in eosinophil levels may have not only diminished
inflammation but also supported improved skin barrier function, further contributing to a
healthier coat. Future research should focus on understanding how shrimp hydrolysate
affects eosinophil activity and skin health, exploring its potential as a dietary intervention

for skin disorders such as atopic dermatitis.

5.2 Conclusions

This thesis highlights the potential of underexploited aquatic animal by-products, squid
meal and shrimp hydrolysate, as sustainable and functional ingredients in canine diets.
The integration of circular economy strategies in aquaculture and pet food industries
offers a promising approach to enhance resource efficiency and reduce the

environmental impact, while promoting health and performance of dogs.

A) Squid meal and shrimp hydrolysate as novel protein sources for pet food: This
thesis demonstrated that both aquatic invertebrate by-products are rich in protein and
essential AA, such as methionine, arginine, lysine, and leucine, offering diverse

nutritional benefits. Shrimp hydrolysate extracts exhibited greater antioxidant activity
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than squid meal extracts. Dogs preferred the basal diet over squid meal and shrimp
hydrolysate added on top at moderate inclusion levels (15%), but shrimp hydrolysate
proved to be equally palatable at lower levels (5%) in extruded diet compared to the
control diet.

B) Shrimp hydrolysate modulates fecal microbiota: Shrimp hydrolysate altered the
microbiota profile, and consistently increased the abundance of bacteria from the
Oscillospiraceae family, which is associated with prebiotic effects and the production
of beneficial VFA like acetate and propionate.

C) Shrimp hydrolysate supports immune function: Shrimp hydrolysate at 5% dietary
inclusion helped to maintain healthy blood levels and boosted immune cells,
suggesting it plays a role in supporting the immune system. It also lowered blood
glucose levels, which could help with managing insulin resistance. Additionally, shrimp
hydrolysate reduced coat scale, probably by decreasing inflammation. However, the

mechanisms that lead to these outcomes are unknown.

The present work was the first to approach the value of aquatic invertebrate by-products
and highlighted the potential of squid meal and shrimp hydrolysate to be included in
canine diets. Shrimp hydrolysate further suggested potential to be included in
hypoallergenic and gastrointestinal diets, diets for diabetic dogs, and immunomodulatory
therapies. Overall, the results demonstrated the complexity of interactions between diets,
their ingredients and nutrients, and how these factors impact a wide variety of
physiological responses in dogs. Ongoing research is therefore crucial to optimize the
use of these novel protein sources in dog diets. By continuing to explore their functional
benefits and understanding the mechanisms behind their effects, it will be possible to
develop more sustainable and health-promoting nutritious diets for dogs, contributing to

pet welfare and sustainability of the pet food industry.

Moreover, this thesis makes a significant contribution to the One Health concept by
exploring dietary interventions that promote both canine health and broader
environmental and human health benefits (Figure 5.1). Incorporating ingredients into
canine diets that can significantly enhance dogs’ health by improving immune function,
gut microbiota, coat health, and overall welfare, contribute to reduce the need for
veterinary interventions and medications. Healthier pets can lead to healthier human-pet
interactions, reducing the risk of zoonotic diseases and improving the quality of life for
pet owners. Additionally, utilizing by-products supports sustainable practices by reducing
waste and promoting the efficient use of natural resources. This approach not only

contributes to environmental sustainability but is also consistent with global efforts to
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ensure the health of ecosystems, animals, and humans, supporting the

interconnectedness emphasized by the One Health concept.
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Figure 5.1 Integration of squid meal and shrimp hydrolysate into dog food in the One

Health approach.

5.3 Future directions

For future research, it would be interesting to assess the effects of incorporating squid
meal and shrimp hydrolysate in extruded diets at higher inclusion levels. There is
potential for including these by-products in canine diets at significant levels or as the sole
protein source, such as in hypoallergenic diets, which could promote the sustainability in
both aquaculture and pet food industries. As a result, a comprehensive and holistic
evaluation of dog performance and health across a broad range of physiological
responses will be necessary. Longer-term studies (> 12 weeks) are particularly crucial,
as they allow the observation of sustained physiological effects and potential long-term
health benefits, which may not be apparent in shorter trials. Additionally, other crucial
criteria for the success of pet food, such as palatability of these ingredients at higher
inclusion levels when incorporated into extruded diets needs further investigation, since

they must be generally well-accepted and appealing to dogs.

Key findings of the present work include the antioxidant properties of squid meal and
shrimp hydrolysate, with the latter showing particularly high activity. However, further
research is needed to identify the compounds responsible for these effects and to

determine how food processing might influence their activity. Additionally, interactions
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between nutrients or ingredients can affect nutrient bioavailability and the expected high
digestibility of shrimp hydrolysate, as well as the extrusion process, by exposing
ingredients to high heat, pressure, and moisture. Exploring the bioavailability of AA,
bioactive peptides, and antioxidant compounds from squid meal and shrimp hydrolysate
in dogs, could provide valuable insights into how effectively these components are
absorbed and utilized, offering important considerations into their practical benefits and

implementation.

The impact of squid meal and shrimp hydrolysate on fecal microbiota and metabolites
also requires further exploration. Although squid meal did not alter the microbiota profile,
shrimp hydrolysate influenced the abundance of certain beneficial bacteria, though
results varied between studies. Additionally, the effect of squid meal on fecal butyrate
levels was negative, while the impact of shrimp hydrolysate was either neutral or
negative. These findings suggest that the overall effects of these protein sources on fecal
microbiota and their metabolites are complex. Therefore, more research is needed to
fully understand how nutrients from squid meal and shrimp hydrolysate are absorbed in
the gut, how they interact with the microbiota, and in what manner these interactions lead

to variations in bacterial composition and in metabolites production.

Similarly, while shrimp hydrolysate was found to enhance immune function - evidenced
by increased levels of neutrophils, platelets, and white blood cells, along with decreased
eosinophils - it also showed potential improvements in glucose metabolism. However,
the precise mechanisms underlying these beneficial effects are not yet identified. Further
research is needed to clarify how shrimp hydrolysate influences immune cell activity and
glucose regulation at a molecular level. Investigating these mechanisms could provide
deeper insights into the specific pathways through which shrimp hydrolysate exerts its
effects, ultimately leading to a better understanding of its role in supporting immune
health and metabolic function. Additionally, understanding the correlation between these
immune effects and improvements in coat quality, such as by assessing skin
inflammation and eosinophil levels through biopsies or additional diagnostic methods, is
important. This could lead to the development of targeted dietary treatments for dogs

with dermatological conditions, improving both their health and quality of life.

Moreover, the findings indicating that CD4"* T cell proliferation was stimulated by Lilp32
suggest that shrimp hydrolysate could potentially enhance the effectiveness of
vaccinations. Further research is needed to confirm these effects and to understand the
underlying mechanisms. Specifically, studies should evaluate how shrimp hydrolysate

influences T cell activity, particularly memory CD4* T cells, and vaccine-induced immune
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responses. Such insights could help in the development of dietary strategies to boost
immune function and vaccination outcomes, offering a valuable tool for improving health

and disease prevention in dogs.

The beneficial effects of incorporating squid meal and shrimp hydrolysate into diets for
dogs with specific health issues, such as overweight or diabetic, and those suffering from
adverse food reactions or gastrointestinal disorders could be investigated. The
exploration of these dietary interventions could provide valuable insights into how these
by-products can effectively support the health and well-being of these vulnerable dog

populations.

Other key areas requiring investigation include dog owners’ acceptance, concerns, and
motivations regarding the purchase of products containing aquatic invertebrate by-
products. While some owners may be driven to purchase these by-products for their
nutritional and health benefits, and sustainability, others may have reservations.
Concerns regarding potential allergies, sensitivities, and safety might impact
acceptance. This complex interplay of acceptance, concerns, and motivations highlights
the need for targeted communication to address dog owners' apprehensions and

promote informed decision-making.

A life cycle assessment could provide valuable insights into the environmental impacts
of these by-products throughout their life cycle, from aquaculture production to
processing and use in pet food. Developing strategies to enhance the circular economy
within the involved industries and to improve the feasibility of incorporating these by-
products into pet food need to be developed. Research should focus on understanding
market demand, assessing cost-effectiveness, and identifying potential barriers to
adoption, ultimately helping to design effective strategies for integrating sustainable and

functional ingredients into the pet food industry.

Finally, evaluating the potential of the inclusion of other aquatic invertebrate by-products
in pet food could provide valuable opportunities to improve the sustainability and
nutritional value of dog diets, thereby enhancing the industry’s capacity to meet the

needs of both pets and their owners.
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