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ABSTRACT 

The fruit and vegetable sector in Spain constitutes an important activity, as our 

country is the leading European producer and the sixth worldwide. According to Food 

and Agriculture Organization of the United Nations estimations, about half of the initial 

production of vegetables and fruits is lost or wasted at different stages of the food chain 

supply (cultivation, harvest, distribution, marketing and consumption). Besides that, the 

new presentation formats of vegetables (ready to eat, bagged, canned, frozen, 

lyophilized, …) that are progressively present in the market contribute to increase the 

amount of wastes due to the discarded fractions (i.e. leaves, stems) generated in these 

marketing processes. Both wastes and discarded vegetables may be used in animal 

feeding, but the knowledge on their nutritional value is still limited in some cases. In 

addition, consumers increasingly demand safe and healthy animal products produced 

with minimal environmental impact, and the use of vegetable wastes and by-products in 

livestock feeding can contribute to this demand. The general objective of this Doctoral 

Thesis is to obtain information on the nutritional value for sheep of wastes from 

different Brassica vegetables and the effects of including some agroindustrial by-

products (dehydrated citrus pulp (DCP), corn distillers dried grains with solubles 

(DDGS) and exhausted olive cake (EOC)) in the diet of fattening light lambs. Three in 

vitro experiments (Experiments 1, 2 and 3) were conducted to assess the nutritive value 

of wastes from Brassica vegetables, and the effects of the selected agroindustrial by-

products on growth performance and meat quality of fattening light lambs were 

analyzed in Experiment 4. 

The first objective of this Doctoral Thesis was to analyze the variability in chemical 

composition, in vitro ruminal fermentation and in vitro intestinal digestibility of 

discarded pieces and different fractions of Brassica vegetables produced in Spain. A 

total of 12 different samples (3 replicates per each) were analyzed: four leave cabbages 

(Brussels sprouts (BS), white cabbage, savoy cabbage, and red cabbage), three fractions 

(leaves, stems and florets) of both cauliflower (CAU) and romanesco (ROM), and two 

fractions (stems and florets) of broccoli (BRO). In vitro incubations were carried out by 

using batch cultures of ruminal microorganisms from sheep to measure the gas 

production kinetics (144 h incubations) and the main ruminal fermentation parameters 

(24 h incubations). One sample of each barley grains, sugar beet pulp and wheat DDGS 

was included to serve as reference. All samples had low dry matter (DM) content, which 

ranged from 5.64 for white cabbage to 16.3 % for BS. The DM was rich in crude 

protein (CP; 15.0 – 30.0 %) and sugars (16.3 – 41.4 %), had medium values of neutral 

detergent fiber (NDF; 17.5 - 32.3 %), and low lignin content (< 4.1 %). Within the 

group of leave cabbages, BS had the greatest DM content (16.3 %), as well as the 

lowest NDF (17.4 % of DM) and the greatest sugars levels (41.4 % DM). For CAU and 

ROM, the leaves contained more (P < 0.05) NDF and less (P < 0.05) sugars than stems 



 
 

and florets. Compared to florets, the stems had lower CP (P < 0.05; 22.2 vs. 29.6 % of 

DM; values averaged for CAU, ROM and BRO) and greater sugars content (P < 0.05; 

20.6 vs. 30.1 % of DM).  

All samples were rapidly and extensively fermented in vitro by ruminal 

microorganisms. Within the leave vegetables, BS was the most extensively fermented. 

Stems and florets of CAU and ROM were more quickly fermented than leaves, but there 

were only minor differences in fermentation profiles of both vegetables. In general, 

stems and florets had similar fermentation patterns. With the exception of CAU and 

ROM leaves, all tested samples had DM effective degradability values similar or even 

greater to that of barley grains. The 12-h in situ degradability of CP was high for all 

samples, and ranged from 80.9 % (ROM florets) to 95.1 % for (BRO florets) indicating 

a low by-pass CP fraction. The in vitro intestinal digestibility of CP ranged from 61.4 % 

for red cabbage to 93.2 % for ROM florets. The estimated metabolizable energy (ME) 

content varied from 9.4 (CAU leaves) to 11.8 (ROM florets) MJ / kg DM. The ME 

content in BS, white cabbage, and CAU and ROM leaves was similar to that for sugar 

beet pulp and wheat DDGS, whereas all florets had ME content close to that of barley 

grains. Altogether, these results indicate that Brassica vegetables can be a good source 

of energy for ruminants, but their high moisture content could limit their use in practical 

feeding. 

The objective of Experiment 2 was to assess the in vitro fermentation of diets 

containing increasing amounts of dried BS, CAU or BRO. A mixed diet composed of 

40 % alfalfa hay and 60 % of a high-cereal concentrate was used as control, and all 

experimental diets were formulated to have similar CP and NDF content. Each 

vegetable was included at 0, 8, 16 and 24 % of the concentrate (4.8, 9.6 and 14.4 % of 

total diet) replacing cereals and protein feeds. In addition, the in situ ruminal 

degradation kinetics of DM and N was determined for the diets containing BS and 

BRO. A similar response was observed for the three vegetables, and increasing their 

inclusion level in the diet augmented both potential gas production and total volatile 

fatty acid (VFA) production, indicating that the diets including BS, CAU or BRO were 

more extensively fermented than the control diet. There were differences among 

vegetables in their effects on VFA profile, as the inclusion of BS in the diet resulted in 

greater (P < 0.05) proportions of propionate and less (P < 0.05) of butyrate compared 

with the control diet, whereas CAU and BRO increased (P < 0.05) molar proportions of 

acetate and decreased (P < 0.05) those of propionate and butyrate. Concentrations of 

NH3-N after 24 h of in vitro fermentation were only increased for BRO diets, which is 

in accordance with the greater rumen degradability of BRO-CP observed in Experiment 

1. No differences (P > 0.05) among diets were detected in CH4 production, indicating a 

lack of antimethanogenic compounds in the studied vegetables. The measurement of the 

in situ degradability of BS and BRO diets confirmed the in vitro results. The inclusion 

of increasing amounts of BS or BRO in the diets resulted in significantly augmented 



 
 

values of the soluble fraction (a) of both DM and CP, and decreased the non-soluble but 

potentially degradable fraction (b), with the total potentially degradable fraction (a + b) 

remaining unchanged. The results from Experiments 1 and 2 are included in the 

Scientific papers 1, 2 and 3 of this Doctoral Thesis. 

The objective of Experiment 3 (Scientific paper 6) was to assess the effects of 

replacing 14.8 % of conventional feed ingredients in a mixed diet for dairy sheep 

(control diet) with dried discarded pieces of either BS (BS15 diet) or BRO (BRO15 

diet) on ruminal fermentation and microbial protein synthesis (MPS) in Rusitec 

fermenters. All experimental diets were composed of alfalfa hay and concentrate in 1:1 

ratio, and were formulated to have similar CP and NDF content. Six Rusitec fermenters 

received the diets (30 g DM / d) in two 14-d incubation periods. The MPS was 

determined using 15N as a microbial marker. Fermenters fed the BRO15 diet had greater 

pH values (P < 0.05; 6.19) than those receiving the control diet (6.10), but similar to 

BS15-fermenters (6.15). There were no differences among diets in total VFA 

production, but VFA profile was markedly affected. Compared with the fermenters fed 

the control diet, those fed the BS15 and BRO15 diets had greater (P < 0.05) molar 

proportions of acetate and valerate and lower (P < 0.05) of propionate, resulting in 

greater (P < 0.05) acetate:propionate ratios for BS15 and BRO15 diets. The BRO15 diet 

promoted the greatest (P < 0.05) NH3–N concentrations, which was in accordance with 

the greatest (P < 0.05) CP degradability observed for this diet (0.616, 0.639 and 0.673 g 

/ g for control, BS15 and BRO15, respectively). Digestibility of DM was unaffected by 

the diet (P = 0.109), but BS15 showed greater (P < 0.05) NDF digestibility than the 

control diet. Neither daily CH4 production nor the CH4 / total VFA ratio differed among 

diets (P ≥ 0.134), confirming the lack of antimethanogenic compounds in the tested 

vegetables observed in Experiment 2. There were no differences (P = 0.312) among 

diets in MPS in the solid phase of fermenters, but BRO15 promoted greater (P < 0.05) 

MPS in the liquid phase compared with control and BS15 diets. Efficiency of microbial 

growth ranged from 29.4 to 32.2 g microbial N / kg organic matter fermented, and did 

not differ (P = 0.253) among diets. Altogether, the results indicate that replacing 14.8 % 

of highly degradable conventional feed ingredients in mixed diets with dried BS or 

BRO can increase the degradability of some dietary fractions without reducing 

microbial growth in the rumen. These results encourage further investigations to assess 

the influence of both vegetables on ruminant performance, animal health and products 

quality. 

Finally, the objective of Experiment 4 (Scientific papers 4 and 5) was to evaluate 

the effect of replacing cereals and protein concentrates in a high-cereal concentrate 

(control) for fattening light lambs with DCP (18 %), corn DDGS (18 %), and EOC (8 

%) in a BYP concentrate on growth performance, digestibility, ruminal fermentation, 

plasma metabolites, and meat characteristics and fatty acid (FA) profile. Two 

homogeneous groups of Lacaune lambs (13.8  0.25 kg) were fed one of each 



 
 

concentrates and barley straw ad libitum until reaching about 26 kg body weight. There 

were no differences between groups on feed intake, average daily gain, or feed 

conversion ratio, but control diet had greater (P < 0.001) DM digestibility. The type of 

concentrate had no effect on post-mortem ruminal pH and total VFA concentrations and 

profile, but NH3-N concentrations were lower (P = 0.003) for the BYP-fed lambs 

compared with the control ones. However, plasma concentrations of amino acids, total 

proteins, urea and hepatic enzymes were not affected by the concentrate. In addition, 

there were no differences (P ≥ 0.130) between groups in the pH, chemical composition, 

color, and texture parameters in the Longissimus dorsi. Feeding the BYP concentrate 

reduced the concentration of thiobarbituric acid reactive substances (TBARS) in the 

meat after 6 days of refrigerated storage (unmodified atmosphere), probably due to the 

greater polyphenol content in this concentrate. Compared with control lambs, the meat 

and the subcutaneous fat from BYP-fed lambs had lower saturated and greater 

polyunsaturated FA content as well as greater n-6/n-3 FA. In conclusion, replacing 44 

% of feed ingredients in the concentrate for fattening light lambs with a blend of DCP, 

corn DDGS and EOC can improve the antioxidant status and FA profile of meat without 

affecting negatively growing performance, animal health or meat composition. 



 
 

RESUMEN 

El sector hortofrutícola en España constituye una actividad de gran importancia, ya 

que nuestro país es el primer productor europeo y el sexto a nivel mundial. Según 

estimaciones de la Organización de las Naciones Unidas para la Agricultura y la 

Alimentación, aproximadamente la mitad de la producción inicial de verduras y frutas 

se pierde o desperdicia en diferentes etapas de la cadena alimentaria (cultivo, cosecha, 

distribución y consumo). Además, los nuevos formatos de presentación de verduras 

(listas para consumir, embolsadas, enlatadas, congeladas, liofilizadas, …) que están 

apareciendo en el mercado, contribuyen a aumentar la cantidad de residuos generados 

por las fracciones descartadas (hojas, tallos) durante su procesado. Los desechos y 

subproductos de las verduras se podrían utilizar en la alimentación animal, pero el 

conocimiento sobre su valor nutritivo aún es limitado en algunos casos. Además, los 

consumidores demandan, cada vez más, productos animales seguros y saludables 

producidos con un impacto ambiental mínimo. El uso de desechos y subproductos 

vegetales en la alimentación animal puede contribuir a satisfacer esta demanda. El 

objetivo general de esta Tesis Doctoral es obtener información sobre el valor nutritivo 

para el ganado ovino de desechos de diferentes vegetales del género Brassica y analizar 

los efectos de la inclusión de algunos subproductos agroindustriales (pulpa de cítricos 

deshidratada (DCP), granos secos de destilería de maíz con solubles (DDGS) y orujo de 

aceituna extractado (EOC)) en dietas para corderos de cebo. Para alcanzar este objetivo 

se realizaron tres experimentos in vitro (Experimentos 1, 2 y 3) en los que se evaluó el 

valor nutritivo de los desechos de las verduras crucíferas, mientras que los efectos de la 

inclusión de los subproductos agroindustriales seleccionados en la dieta de corderos de 

cebo sobre los parámetros productivos y la calidad de la carne se analizaron en el 

Experimento 4. 

El objetivo del Experimento 1 fue evaluar la variabilidad en la composición 

química, la fermentación ruminal in vitro y la digestibilidad intestinal in vitro de 

algunas crucíferas producidas en España y de sus fracciones. Se evaluaron 12 muestras 

diferentes (3 réplicas por muestra): cuatro coles de hoja (coles de Bruselas (BS), col 

blanca, col rizada y lombarda), tres fracciones (hojas, tallos y floretes) de coliflor 

(CAU) y romanesco (ROM), y dos fracciones (tallos y floretes) de brócoli (BRO). Las 

incubaciones in vitro se realizaron utilizando cultivos no renovados de microorganismos 

ruminales procedentes de ovejas para medir la cinética de producción de gas 

(incubaciones de 144 h) y los principales parámetros de fermentación (incubaciones de 

24 h). En ambas incubaciones se incluyó una muestra de granos de cebada, pulpa de 

remolacha azucarera y DDGS de trigo como materias primas de referencia. Todas las 

muestras analizadas tuvieron un bajo contenido en materia seca, que varió entre 5,64 % 

para la col blanca y 16,3 % para las BS. La materia seca tenía un alto contenido (% de la 

materia seca) en proteína bruta (15,0 – 30,0 %) y azúcares (16,3 – 41,4 %), valores 



 
 

medios de fibra neutro-detergente (17,5 – 32,3 %), y bajo contenido en lignina (< 4,1 

%). Dentro del grupo de coles de hoja, las BS presentaron el mayor contenido en 

materia seca (16,3 %), así como la menor proporción (% de la materia seca) de fibra 

neutro-detergente (17,4 %) y los mayores niveles de azúcares (41,4 %). Para CAU y 

ROM, las hojas tuvieron más fibra neutro-detergente (P < 0,05) y menos azúcares (P < 

0,05) que los tallos y floretes. En comparación con los floretes, los tallos presentaron 

menor contenido (% de la materia seca) en proteína (P < 0,05; 22,2 vs. 29,6 %; valores 

medios para CAU, ROM y BRO) y mayor contenido en azúcares (P < 0,05; 20,6 vs. 

30,1 %). 

Todas las muestras fueron rápida y extensamente degradadas in vitro por los 

microorganismos ruminales. Entre las verduras de hoja, las BS fueron las que se 

degradaron más ampliamente. Los tallos y floretes de CAU y ROM se degradaron más 

rápidamente que las hojas, pero solo hubo pequeñas diferencias en los perfiles de 

fermentación de ambas verduras. En general, los tallos y floretes tuvieron patrones de 

fermentación similares. Excepto las hojas de CAU y ROM, todas las muestras 

analizadas tuvieron valores de degradabilidad efectiva de la materia seca similares o 

incluso mayores a los determinados para los granos de cebada. La degradabilidad in situ 

de la proteína a las 12 h de incubación fue alta para todas las muestras, y varió entre 

80,9 % (floretes de ROM) y 95,1 % (floretes de BRO), lo que indica una baja fracción 

de proteína by-pass. La digestibilidad intestinal in vitro de la proteína osciló entre 61,4 

% para la col lombarda y 93,2 % para los floretes de ROM. El contenido estimado de 

energía metabolizable varió entre 9,4 y 11,8  MJ / kg materia seca (valores para las 

hojas de CAU y floretes de ROM, respectivamente). El contenido en energía 

metabolizable en las BS, la col blanca y las hojas de CAU y ROM fue similar al de la 

pulpa de remolacha azucarera y los DDGS de trigo, mientras que todos los floretes 

tuvieron un contenido en energía metabolizable cercano al de la cebada. En conjunto, 

estos resultados indican que las verduras crucíferas pueden ser una buena fuente de 

energía para los rumiantes, pero su alto contenido en humedad podría limitar su uso en 

la alimentación práctica. 

El objetivo del Experimento 2 fue evaluar in vitro la fermentación de dietas que 

contenían cantidades crecientes de BS, CAU o BRO secas. Se utilizó como control una 

dieta mixta compuesta por 40 % de heno de alfalfa y 60 % de un concentrado con un 

alto contenido en cereales, y todas las dietas experimentales se formularon para tener 

contenidos similares en proteína y fibra neutro-detergente. Cada vegetal se incluyó al 0, 

8, 16 y 24 % del concentrado (equivalente a 4,8, 9,6 y 14,4 % de la dieta, 

respectivamente) sustituyendo a cereales y alimentos proteicos. Además, se determinó 

in situ la cinética de degradación ruminal de la materia seca y la proteína para las dietas 

que contenían BS o BRO. Se observó una respuesta similar para las tres verduras, y el 

incremento de su nivel de inclusión en la dieta aumentó tanto la producción potencial de 

gas como la producción total de ácidos grasos volátiles, lo que indica que las dietas que 



 
 

incluían BS, CAU o BRO fermentaron más extensamente que la dieta control. Sin 

embargo, hubo diferencias entre vegetales en cuanto a sus efectos sobre el perfil de 

ácidos grasos volátiles, ya que la inclusión de BS resultó en mayores (P <0,05) 

proporciones molares de propionato y menores (P <0,05) de butirato en comparación 

con la dieta control, mientras que CAU y BRO aumentaron (P <0,05) las proporciones 

molares de acetato y disminuyeron (P <0,05) las de propionato y butirato. Las 

concentraciones de NH3-N tras 24 h de incubación in vitro solo aumentaron con las 

dietas que incluían BRO, lo que concuerda con la mayor degradabilidad ruminal de la 

proteína del BRO observada en el Experimento 1. No se detectaron diferencias (P > 

0,05) entre dietas en la producción de CH4, lo que indica una falta de compuestos 

antimetanogénicos en los vegetales estudiados. La medida de la degradabilidad in situ 

de las dietas que incluían BS o BRO confirmó los resultados in vitro. La inclusión de 

cantidades crecientes de estas verduras en las dieta aumentó (P < 0,05) la fracción 

soluble (a) de la materia seca y la proteína y redujo (P < 0,05) la fracción no soluble 

pero potencialmente degradable (b), sin modificar el total potencialmente degradable (a 

+ b). Los resultados de los Experimentos 1 y 2 se recogen en los Artículos científicos 1, 

2 y 3 de esta Tesis Doctoral. 

El objetivo del Experimento 3 (Artículo científico 6) fue evaluar los efectos de la 

sustitución del 14,8 % de los ingredientes convencionales en una dieta mixta para 

ovejas lecheras (dieta control) por BS (dieta BS15) o BRO (dieta BRO15) sobre la 

fermentación ruminal y síntesis de proteína microbiana en fermentadores tipo Rusitec. 

Las verduras se secaron antes de su inclusión en la dieta. Todas las dietas 

experimentales estaban compuestas por heno de alfalfa y concentrado en proporción 

1:1, y se formularon para tener un contenido similar de proteína y fibra neutro-

detergente. Las dietas se administraron a seis fermentadores Rusitec (30 g materia seca 

por día y fermentador) en dos períodos de incubación de 14 días de duración cada uno. 

La síntesis de proteína microbiana se determinó utilizando 15N como marcador 

microbiano. Los fermentadores que recibieron la dieta BRO15 tuvieron valores mayores 

de pH (P < 0,05; 6,19) que los que recibieron la dieta control (6,10), pero similares a los 

fermentadores que recibían la dieta BS15 (6,15). No hubo diferencias entre dietas en la 

producción total de ácidos grasos volátiles (P = 0,183), pero sí en su perfil. En 

comparación con los fermentadores control, los que recibieron las dietas BS15 y 

BRO15 tuvieron proporciones molares mayores (P < 0,05) de acetato y valerato, y 

menores (P < 0,05) de propionato, lo que resultó en una mayor (P < 0,05) relación 

acético:propiónico para las dietas BS15 y BRO15. La dieta BRO15 mostró las mayores 

(P < 0,05) concentraciones de NH3–N, lo que concuerda con la mayor (P < 0,05) 

degradabilidad de su proteína (0,616, 0,639 y 0,673 g / g para las dietas control, BS15 y 

BRO15, respectivamente). La degradabilidad de la materia seca no se vio afectada por 

la dieta (P = 0,109), pero la dieta BS15 mostró una mayor (P < 0,05) degradabilidad de 

la fibra neutro-detergente comparada con la dieta control. Ni la producción diaria de 



 
 

CH4 ni la relación CH4 / ácidos grasos volátiles totales difirieron entre dietas (P ≥ 

0,134), lo que confirma la falta de compuestos antimetanogénicos observada en las 

verduras analizadas en el Experimento 2. No hubo diferencias (P = 0,312) entre dietas 

en la síntesis de proteína microbiana en la fase sólida de los fermentadores, pero la dieta 

BRO15 promovió una mayor (P < 0,05) síntesis de proteína microbiana en la fase 

líquida en comparación con las dietas control y BS15. La eficiencia del crecimiento 

microbiano osciló entre 29,4 y 32,2 g de N microbiano / kg de materia orgánica 

fermentada y no difirió (P = 0,253) entre dietas. En conjunto, los resultados indican que 

la sustitución del 14,8 % de materias primas convencionales altamente degradables por 

BS o BRO secos, en dietas mixtas, puede aumentar la degradabilidad de algunas 

fracciones de la dieta, sin reducir el crecimiento microbiano en el rumen. Estos 

resultados impulsan la realización de estudios para evaluar la influencia de ambos 

vegetales en el rendimiento productivo, la salud animal y la calidad de los productos de 

los rumiantes. 

Finalmente, el objetivo del Experimento 4 (Artículos científicos 4 y 5) fue evaluar 

el efecto de la sustitución parcial de los cereales y alimentos proteicos en un 

concentrado rico en cereales (concentrado control) para corderos de engorde por DCP 

(18 %), DDGS de maíz (18 %) y EOC (8 %) (concentrado BYP) sobre el crecimiento, 

digestibilidad, fermentación ruminal, metabolitos plasmáticos y características y perfil 

de ácidos grasos de la carne. Se utilizaron dos grupos homogéneos de corderos Lacaune 

(13,8 ± 0,25 kg), cada uno de los cuales recibió un concentrado y paja de cebada ad 

libitum hasta alcanzar unos 26 kg de peso corporal. No hubo diferencias (P ≥ 0,341) 

entre los grupos en la ingestión de alimento, la ganancia media diaria de peso o el índice 

de conversión alimenticia, pero la dieta control tuvo una mayor (P < 0,001) 

digestibilidad de la materia seca. El tipo de concentrado no tuvo ningún efecto sobre el 

pH ruminal post-mortem ni sobre las concentraciones y el perfil de los ácidos grasos 

volátiles, pero las concentraciones de NH3-N fueron menores (P = 0,003) para los 

corderos alimentados con el concentrado BYP en comparación con los animales que 

recibieron el concentrado control. Sin embargo, las concentraciones plasmáticas de 

aminoácidos, proteínas totales, urea y enzimas hepáticas no se vieron afectadas por el 

tipo de concentrado. Además, tampoco hubo diferencias (P ≥ 0,130) entre los grupos en 

el pH, la composición química, el color y la textura del Longissimus dorsi. En los 

corderos alimentados con el concentrado BYP se redujo la concentración de sustancias 

reactivas del ácido tiobarbitúrico (TBARS) en la carne después de 6 días de 

almacenamiento en refrigeración (atmósfera sin modificar), probablemente debido al 

mayor contenido de polifenoles en este concentrado con respecto al control. La carne y 

la grasa subcutánea de los corderos alimentados con BYP tuvieron un menor contenido 

en ácidos grasos saturados y mayor contenido en ácidos grasos poliinsaturados, así 

como una mayor relación ácidos grasos n-6 / n-3, que la carne de los corderos control. 

En conclusión, la sustitución del 44 % de los ingredientes del concentrado para corderos 



 
 

en cebo por una mezcla de DCP, DDGS de maíz y EOC puede mejorar la capacidad 

antioxidante y el perfil de ácidos grasos de la carne, sin afectar negativamente a los 

parámetros de crecimiento, la salud animal o la composición de la carne. 
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1.1. Introduction 

The Spanish and European agricultural and livestock sector is based on the 

Common Agricultural Policy (CAP) of the European Commission. According to the 

reform proposal of June 2018 (Europarl, 2020), this policy is aimed to achieve concrete 

results that are linked to three general objectives: 

- The promotion of a smart, resilient, and diversified agricultural sector that 

guarantees food safety. 

- The intensification of the environment protection and actions for climate, 

helping to achieve the climate and environmental objectives of the European 

Union (EU). 

- Strengthening the socio-economic fabric of rural areas (MAPA, 2020a). 

These proposals have conditioned the evolution of the agricultural and livestock 

sectors in recent decades, and triggered changes in the diet of food-producing animals 

both in Spain and in the rest of Europe (MAPA, 2020b). Animal feeding constitutes the 

main production cost of livestock farms, ranging from 50 to 70 % of total costs, and 

therefore a rational use of feeds and raw materials could improve production efficiency 

and reduce production costs (Gasa and Castrillo, 1992). For this reason, more 

economically profitable alternatives to conventional feed ingredients are being explored 

and the agroindustrial wastes and by-products are feasible alternatives. The use of 

vegetable wastes and by-products in livestock feeding is a common practice, and many 

conventional by-products are commonly used as feed ingredients. However, 

unconventional wastes and by-products have recently gained interest due to the scarcity 

of feed resources at certain times of the year and the high and volatile prices of 

conventional feeds, among other reasons. Some of these materials are relatively new 

and information available on their nutritional value and practical use in animal feed is 

limited (Bernard, 2017). 

The fruit and vegetable sector in Spain constitutes an economic activity with a 

strong relevance in production, export, and agricultural employment. Spain is the 

leading EU producer of fruits and vegetables, accounting for more than 25 % of total 

European production, and is the sixth producer worldwide. This sector contributes to 55 

% of total Plant Production and its value reached 17,723 million euros in 2018. The 

sector represents 33 % of Final Agricultural Production in Spain, being the most 

important sector in the entire agricultural sector (FEPEX, 2020a). Furthermore, Spain is 

the leading exporter in the EU and one of the top three world exporters, after China and 

the USA. Exports of fruits and vegetables account for about 50 % of total production, 

and this sector is the most important subsector within exports of the agri-food sector, 

accounting for more than 13.5 million tons and 13,542 million euros in the 2019 

campaign. The sector has experienced a growing evolution in recent years, with 
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increases of 8.8 % in volume and 5.5 % in value compared to the 2018 campaign 

(FEPEX, 2020b). 

The fruit and vegetable sector has also a powerful processing industry that annually 

generates nearly 9 million tons of by-products (skins, bones, pulps, stems, discarded 

fruits and vegetables, etc.). The percentage of wastes generated can range from 12 to 63 

% of the original material processed, depending on the original material and the 

transformation process (Alfonso et al., 2010). According to FAO estimations (FAO, 

2011) about 30 % of the food produced worldwide is lost or wasted each year. This can 

be considered as a rough estimate, but the figures increased consumer awareness on the 

subject. The latest records reveal that the fruit and vegetable sector generates 21.6 % of 

wastes from post-harvest to the retail level (FAO, 2019). Other sources (Agritotal, 

2018) indicate that more than 50 million tons of fruits and vegetables are discarded each 

year in Europe before reaching the market. The main reasons for the generation of 

wastes are a combination of the high quality standards required by the markets, the strict 

governmental regulations, and the high expectations of consumers at buying these foods 

in terms of size, shape and color. The wastes are often high in moisture, organic matter 

(OM) and nutrients, and they deteriorate easily causing environmental pollution 

problems. In addition, the increasing awareness of consumers about the importance of a 

healthy diet to reduce the incidence of numerous dietary illnesses (i.e. obesity, type 2 

diabetes, heart disease, …) have increased the consumption of vegetables and fruits. In 

order to promote the intake of vegetables, new forms of packaging and presentation 

have appeared in the market (i.e. frozen, bagged, canned, lyophilized, …). These new 

marketing process often generates high amounts of vegetable wastes, as some fractions 

of the fruits and vegetables, or even the whole piece, are discarded for not meeting the 

required standards.  

The use of fruit and vegetable wastes and by-products in animal feeding would 

contribute to achieve the general objectives of the CAP. On one hand, the costs of 

livestock production are reduced, and agroindustrial wastes, whose accumulation 

represents an environmental pollution problem, are recycled. In addition, the socio-

economic fabric of rural areas is strengthened, and climate change is being fought. The 

utilization of vegetable wastes in livestock feeding would also reduce the direct 

competition for human-edible feeds (Gerber et al., 2014). Moreover, the use of locally 

produced wastes would reduce the carbon footprint of animal products (Salami et al., 

2019), and wastes or by-products containing bioactive compounds can improve animal 

health and the quality of animal products (Vasta et al., 2008). Furthermore, under 

current market conditions, meeting the nutritional needs of the animals, maintaining 

productivity, and obtaining good profitability seems to be only possible if alternative 

feeds are produced with more affordable prices (Almarcha, 2016). These 

unconventional resources can be an excellent source of nutrients, and can help to bridge 

the gap that sometimes exists between the demand and supply of raw materials for 
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livestock feeding, thus generating greater benefits to farmers (Wadhwa and Bakshi, 

2013). 

The optimal use of any raw material for animal feeding requires specific knowledge 

of its characteristics and nutritional value. A frequent problem with the use of by-

products in animal feeding is the high variability in their chemical composition (Serena 

and Knudsen, 2007), and therefore a correct nutritional assessment is necessary before 

including them in the diet of the animals. However, the information available on the 

nutritional value of some horticultural wastes and by-products is very limited, especially 

for those from Brassica vegetables. 

The next section analyzes the state of the art on the production of Brassica 

vegetables and the nutritive value of their wastes. It also includes a brief review on the 

production and use in meat ruminant feeding of other agroindustrial by-products highly 

produced in the Mediterranean area (citrus pulp, DDGS (dried distillers grains with 

solubles) and olive cake), as they were used in one experimental trial of this Doctoral 

Thesis. Finally, the importance of the sheep meat sector in Spain is briefly addressed. 

1.2. Agroindustrial wastes and by-products 

This section analyzes firstly the characteristics of different vegetables of the 

Brassicaceae family. Within this family, the genus Brassica stands out because of its 

economic importance, as it includes many cultivated species that are used as vegetables 

for human consumption, as condiments, oilseeds and as forage. Their production and 

consumption are also important in developed countries, after potatoes and tomatoes. 

This genus comprises about 37 species, which are distributed worldwide due to their 

high capacity of adaptation to a wide range of climatic conditions. Brassica vegetables 

are of great importance, as their production accounts for about 12 % of world total plant 

production (Neugart et al., 2018)  There are currently six species that have outstanding 

agricultural use: Brassica oleracea, Brassica rapa, Brassica nigra, Brassica juncea, 

Brassica napus and Brassica carinata (Cartea et al., 2008). 

1.2.1. Cabbages and Brussels sprouts 

1.2.1.1. Characteristics and production  

The wild species of the Brassica oleracea group are mostly found in small, isolated 

areas, and form very different phenotypes. Within Europe, they grow in the coasts of 

northern Spain, western France, and southern and southwestern Great Britain. They are 

perennial species with a strong vegetative stock, which is developed over several years 

before beginning to bloom. The cultivable forms of Brassica oleracea have been 

developed from wild Western European species that can be subdivided into six groups: 

kale (var. acephala); cabbages (var. capitata, var. sabauda, var. bullata); kohlrabi (var. 
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gongylodes); inflorescence kales (var. botrytis, var. italica); branched shrub kales (var. 

fruticosa); and Chinese kale (B. alboglabra) that is used as a leafy vegetable. All 

species of Brassica genus can be easily crossbred to produce fertile hybrids, which is a 

clear indication of their close genetic relationship (Rakow 2004). These vegetables have 

great economic importance worldwide. Although much of the production is consumed 

locally, there are also large production centers in certain places, as southern California 

and Brittany (France), where is located the European Center for Production and 

Research of Brassica vegetables. The genetic improvement of these vegetables focuses 

especially on the uniformity and productivity of the crops as the main objectives, 

followed by the development of varieties resistant to diseases and pests (Rakow, 2004). 

Cabbage (Brassica oleracea L. var. capitata) is an annual crop, with spreading 

basal leaves that can easily be 25 cm long. When the crop reaches maturity, a head 

consisting of densely packed leaves around the terminal stem is formed and that 

constitutes the edible part of the vegetable. At harvesting, the thicker leaves surrounding 

the head are usually removed. The size of the heads varies from 10 to 30 cm, or even 

more, in diameter and their shape can be either round or conical. There is a great variety 

of cabbages having different characteristics, such as the white cabbage (f. alba) has a 

dense head of light green, almost white, leaves; the red cabbage (f. rubra) has a red - 

purple color; and the Milan cabbage (var. sabauda) that has light to dark green leaves 

and oval shape head, among others (Baixauli and Maroto, 2014; Yara, 2020a). 

Brussels sprouts (BS; Brassica oleracea L. var. gemmifera) are plants that can 

reach up to one-meter height. The edible parts are small and very compact shoots, with 

2 to 5 cm diameter, that emerge in the axils of the leaves along the entire stem. Once 

harvested, they are like small cabbages with leaves compacted around a central terminal 

stem. The plant has high frost resistance, and after overcoming frosts even has a sweeter 

and milder taste (Baixauli and Maroto, 2014; YARA, 2020a). European countries are 

major exporters of BS, accounting for 50 % of total world exports. Spain is the eighth 

world exporter and is the country that has experienced the greatest production increase 

in the last 5 years, which augmented by 631.6 % from 2015 to 2019 (Workman, 2020). 

In the year 2018, Navarra and Madrid produced 49.0 and 28.3 %, respectively, of the 

total production of Brussels sprouts in Spain (MAPA, 2020c). 

The trend to healthier diets observed during the last years has caused a growing 

demand of vegetables, and cabbage production had considerably increased (YARA, 

2020b). In the 2018 campaign, approximately 70 million tons of cabbages and other 

Brassica vegetables were produced worldwide, on an area of 2.4 million hectares. In 

Europe, the production rose up to 4.6 million tons cultivated on 157,000 hectares. Spain 

is the sixth producer in the European Union after Romania, Poland, Germany, Italy and 

the United Kingdom, and produces more than 213,000 tons on an area of 6,550 hectares 

(FAOSTAT, 2020). Several types of cabbages are produced in Spain. Thus, in the 2018 
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campaign, the production raised up to more than 80,000 tons of white cabbage, more 

than 73,000 tons of savoy cabbage, and 1,984 tons of BS, that were produced using a 

total of 4,500 hectares (MAPA, 2020c). In the production of white cabbage, Galicia, 

Valencian Community and Andalusia stand out with 34.8, 27.3 and 13.0 % of total 

production, respectively. Galicia, Valencian Community and Catalonia are the main 

producers of savoy cabbage, with 36.9, 22.0 and 11.1 % of the total production, whereas 

Navarra and Madrid contribute to 49.0 and 28.3 % of total BS production, respectively 

(MAPA, 2020c). 

1.2.1.2. Chemical composition 

Nutritional content of Brassica oleracea vegetables is variable and depends on the 

environmental conditions, soil type, age of the plant, plant phenotypes, and the methods 

of conservation, processing and preparation. In general, Brassica oleracea vegetables 

are characterized by a high content of water and fiber, but they are low in fat and 

carbohydrates, being a good source of proteins and soluble sugars (Wadhwa and 

Bakshi, 2013). In addition, they have a greater proportion of easily fermentable 

carbohydrates than forages with similar crude protein content (CP; Barry, 2013), and 

their content in vitamins (vitamin C, E, and K) and minerals (potassium and calcium) is 

high (Neugart et al., 2018). Their CP is rich in methionine and cysteine, being the 

Brussels sprouts those with the greatest content (Rosa, 1999). 

In addition, Brassica oleracea vegetables have a high antioxidant capacity and 

contain a large number of phytochemicals, including folates, carotenoids and 

chlorophyll. They are characterized by the presence of glucosinolates, which are sulfur-

glycosides products of the secondary metabolism that are a defense mechanism of the 

plant (Cartea et al., 2008). The glucosinolates and their breakdown products determine 

the typical, sometimes bitter, taste and spiciness of these vegetables. Furthermore, these 

compounds are of special interest due to their health-promoting properties, as they have 

anti-inflammatory and antidiabetic effects, and in particular, their cancer-preventive 

properties (Neugart et al., 2018). However, these compounds are also responsible for the 

reduction of voluntary ingestion observed in some studies, and they can be metabolized 

to compounds with variable toxic potential (Duncan and Milne, 1992). 

The use of BS and their wastes in animal feeding has been little studied, and data 

on chemical composition and nutritional value are very scarce. Cabbages have received 

more attention and Table 1.2.1 shows available information on chemical composition of 

these vegetables and their wastes obtained by different authors. The wastes generated 

during trade, the outer leaves that are not suitable for human consumption, or even the 

complete vegetables have been analyzed in different studies. In general, they are raw 

materials with high moisture content, as their dry matter (DM) content usually ranges 

from 5.3 to 15.4 %. This indicates that a high level of consumption would be necessary 

to provide substantial amounts of nutrients, unless cabbages would be dried before 
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being fed (Davis et al., 2015). Their ether extract (EE) content is low (0.5 - 3.8 % DM), 

but they are a good source of CP (10.4 - 28 % DM) and fiber, with considerable values 

of low-lignified neutral detergent fiber (NDF; 19.6 to 35.2 % DM) and acid detergent 

fiber (ADF; 14.0 to 23.6 % DM; Nkosi et al., 2016). Although the sugar content has 

been analyzed in few studies, the available reports indicate that they have high sugar 

levels (Wadhwa and Bakshi, 2013). All these characteristics determine that these 

vegetables are rapidly fermented and decomposed when they accumulate, having 

therefore a high polluting potential. 

1.2.1.3. Ruminal fermentation and digestibility 

Wastes and by-products of cabbages are used in practical feeding of ruminants in 

developing countries to overcome feed deficiencies at certain times, but their use in 

other countries can help to mitigate the environmental problems that cause their 

accumulation and decomposition. However, the available information on their ruminal 

fermentation and digestibility is still scarce, and most of them has been obtained in in 

vitro studies. Marino et al. (2010) analyzed the in vitro fermentation of several leafy 

vegetables, including discarded cabbages obtained from supermarkets, and observed 

that cabbages were those producing the greatest amount of gas, followed by leek, 

lettuce, celery and spinach samples. In addition, cabbages had greater fractional rate of 

gas production compared with the rest of vegetables. These results would indicate that 

cabbages are rapidly and extensively fermented by ruminal microorganisms, as the 

amount of gas produced is positively related to the amount of OM fermented (Menke et 

al., 1979). In the same study, samples of other Brassica vegetables such as broccoli 

(BRO) and cauliflower (CAU) were incubated, and they had lower values of gas 

production and fractional gas production rates than cabbages. 

Lamba et al. (2016) used in vitro and in situ techniques to determine the ruminal 

degradation kinetics and fermentation parameters of wastes from different vegetables, 

including cabbage leaves. The results showed that cabbage leaves and CAU leaves 

produced lower amounts of CH4 in vitro compared to pea pods, sarson saag waste, and 

fruit juice residues. On the contrary, the NH3-N production of cabbage leaves was high, 

only surpassed by that of CAU leaves, which also showed high CP degradability. In 

addition, cabbage leaves had the greatest true digestibility of OM with an average value 

of 94.8 %, followed by fruit juice wastes (94.3 %) and CAU leaves (92.3 %). However, 

cabbage leaves had lower metabolizable energy content (ME; 8.91 MJ / kg DM) 

compared to pea pods and fruit juice wastes (9.95 and 11.7 MJ / kg DM, respectively). 

The total amount of volatile fatty acids (VFA) produced by cabbage leaves was greater 

than that of pea pods, but lower than the rest of wastes and by-products tested. The VFA 

profile of the cabbage leaves was characterized by a high proportion of acetate and 

propionate (71.3 and 21.7 %, respectively), and it was the waste with the lowest 

butyrate proportion (7.0 %). 
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Table 1.2.1. Chemical composition (g/100 dry matter (DM) unless otherwise stated) of cabbage wastes reported in the literature. 

Reference Vegetable Fraction 
DM 

(g/100 g) 
Ash 

Crude 

protein 

Ether 

extract 

Crude 

fiber 
NDF1 ADF1 Lignin Sugars 

Gupta et al., 1993 Cabbage Leaves (outer) 8.62  28.0 3.40 18.6     

Gupta et al., 1993 Cabbage Stems 9.02  20.5 1.20 16.4     

Mekasha et al., 2002 Cabbage Wastes 14.0 12.0 14.4 1.50  27.2 22.9   

Ngu and Ledin, 2005 Cabbage Wastes 5.3 13.7 23.3   27.9 23.6   

Wadhwa et al., 2006 Cabbage Leaves wastes  17.2 20.4   34.0 23.0 4.22 20.6 

Marino et al.,2010 Cabbage Wastes 10.2 10.0 18.7 0.5  20.9    

Wadhwa and Bakshi, 2013 Cabbage Leaves 10.0 15.8 19.9 2.6  33.7 22.6  20.6 

Davis et al., 2015 Cabbage Wastes 9.0  24.0 4.2 24.0     

Lamba et al., 2016 Cabbage Leaves  15.5 20.0 2.3  32.2 21.9 4.7  

Nkosi et al., 2016 Cabbage Discarded pieces 14.7 16.8 18.4 1.5  35.2 23.6 5.5  

Kazemi et al., 2016 Red cabbage Leaves 15.4 11.5 14.1 3.8  22.0 15.4   

.Mahgoub et al., 2018 Green cabbage Wastes 11.0 8.75 11.9 1.89  25.6 23.1   

Mahgoub et al., 2018 Red cabbage Wastes 10.9 7.04 10.4 0.48  19.6 16.1   

1 NDF: neutral detergent fiber; ADF: acid detergent fiber. 
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Other studies have compared wastes from different Brassica vegetables. Kazemi et 

al. (2016) observed that red cabbage leaves produced less gas in in vitro incubations 

than CAU leaves, also had lower OM digestibility (46.9 vs 51.7 % for red cabbage and 

cauliflower, respectively) and ME content (6.82 vs 7.54 MJ / kg DM, respectively). 

There is limited information on the potential intake of these vegetables by 

ruminants. Wadhwa et al. (2006) compared the intake by goat bucks of cabbage leaves, 

CAU leaves, pea pods, and pea vines with that of green oats forage, which is commonly 

used in ruminant diets. The intake level, expressed as percentage of body weight (BW), 

of cabbage leaves was lower than that of pea pods, but greater than that of CAU leaves 

and pea vines. The intake of cabbage leaves was 12.7 % higher than that for green oats 

forage, which indicates the high palatability of this waste. The digestibility of DM, OM, 

CP, NDF and ADF of cabbage leaves was significantly greater than that of pea by-

products and green oats forage, and similar to the values of CAU leaves. The DM 

digestibility was 14.6 % greater in cabbage leaves than in green oats forage, whereas the 

digestibility coefficients of ADF and CP were 24.4 and 14.1 % greater, respectively. 

These results indicate that cabbage leaves could be a good source of nutrients for goats 

and that their nutritive value might be even better than that of some conventional 

forages. However, it should be taking into account that the presence of sulfur 

compounds may increase the risk of sulfur toxicity and modify the flavor of animal 

products.  

To our best knowledge, there is no published information on ruminal degradability 

and fermentation of either BS or their wastes. Nevertheless, as their chemical 

composition is similar to that of other cabbages, high ruminal degradability could be 

expected.  

1.2.1.4. Effects on production performance 

The information on the use of discarded cabbages or their wastes on ruminant 

performance is scarce. Nkosi et al. (2016) studied the effects of including increasing 

amounts of discarded cabbages in the diet of fattening lambs on feed intake and 

productive parameters. A control diet and three additional diets containing 10, 15 and 

20 % of discard cabbages were formulated to be isonitrogenous (14.6 - 14.9 % CP). 

Final BW, daily feed intake and average daily gain (ADG) were negatively influenced 

as the inclusion level of discarded cabbage in the diet increased, resulting in greater feed 

conversion rates for the diets including cabbage compared to control diet. This might be 

attributed to the presence of S-methyl-cysteine sulfoxides in the cabbage, which is 

fermented in the rumen to dimethyl disulfide, causing hemolytic anemia and reducing 

feed intake, and to the presence of glucosinolates, which also depress feed intake due to 

the formation of isothiocyanate and nitriles (Barry 2013). Nkosi et al. (2016) also 

observed an adverse effect of discarded cabbages on N metabolism, as the lambs fed 

cabbage diets had a significantly greater excretion of N, and therefore lower N 
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retention. These results were attributed to the presence of the above mentioned 

compounds and to the greater intake of fiber in the cabbage-fed group. These negative 

results are in agreement with those reported by Partridge et al. (1985), who studied the 

effects of including cabbage in rabbit diets. In contrast, the use of cabbage (10 and 20 % 

of the concentrate) in the diet of 3-month-old goats, mixed with paragrass and soybean 

wastes, numerically improved the final BW of the animals compared to a diet based on 

paragrass and soybean wastes, although the differences did not reach the significance 

level (Ngu and Ledin, 2005). In addition, the ADG was significantly greater and the 

feed conversion rate was decreased. The authors of this study concluded that the use of 

cabbage wastes can be potentially useful in the feeding of goats, especially because of 

its continuous availability throughout the year. Due to the negative results observed in 

some studies, it seems that the amount of cabbage in the diet has to be limited to avoid 

negative effects on production and to prevent the reduction in feed intake caused by the 

sulfoxides and glucosinolates. To our knowledge, there is no available information on 

the use of BS in ruminant feeding.  

1.2.2. Cauliflower, romanesco and broccoli 

1.2.2.1. Characteristics and production  

Cauliflower (Brassica oleracea L. var. botrytis), romanesco (ROM; Brassica 

oleracea var. botrytis cultivar group), and broccoli (Brassica oleracea L. var. italica) 

belong to the Brassica genus. Cauliflower is an annual crop whose edible part is the 

terminal fraction of the stem, that develops as a flower head. It has large basal leaves 

that partially surround and cover the head. The basal leaves protect the edible part and 

are intended to be large to obtain heads with a pure white color. Harvesting should be 

done when the heads are still compact, white and with a firm texture (Yara, 2020a). 

Although consumers tend to prefer the traditional white CAU, varieties with different 

colors (purple, green and orange) have been developed, as well as the ROM variety, 

whose head has pyramidal inflorescences of lime green color and a unique flavor. 

Despite that ROM has been commercialized quite recently, it is becoming highly 

appreciated by consumers (Valette et al., 2003; Dixon, 2007). In addition, this variety 

has greater storage capacity than the traditional white cauliflower (Cebula et al., 2006). 

Broccoli is an annual growing variety, and the plant can be up to 1 meter tall with 

large spreading leaves. The edible part is the stem with the inflorescences, which are 

green and of small size. The central head measures from 7 to 20 cm in diameter and it is 

usually marketed with a 15 - 20 cm stem (Yara, 2020a). 

According to FAO (FAOSTAT, 2020), a total of 26 million tons of CAU and BRO 

were produced in the world in 2017, whereas in 2018 they exceeded 26.5 million tons 

which were cultivated on a surface of 1.4 million hectares. In these campaigns, Europe 

produced around 2.4 million tons of CAU and BRO per year on an area of 138,000 
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hectares and accounted for 9 % of total world production. In Spain, 688,778 tons were 

produced in the 2017 campaign, while production in 2018 increased to 725,261 tons in 

an area of about 40,000 hectares. These data indicate that the production of CAU and 

BRO in Spain represented 28.6 and 30 % of the European production in 2017 and 2018, 

respectively (FAOSTAT, 2020), and highlights the continuous increasing of the 

production. Data provided by the Spanish Ministry of Agriculture, Fisheries and Food 

(MAPA, 2020c), which offers individualized data for each type of vegetable, show that 

CAU production was 163,868 tons, whereas BRO production was 561,393 tons in 2018. 

Spain is one of the main producers of CAU and BRO worldwide, ranking fifth in the 

2018 campaign, behind China, India, the United States and Mexico (FAOSTAT, 2020), 

although the three leading countries account for 78 % of total world production. In 

addition, Spain is the first producer in Europe, almost doubling the production of Italy, 

the second producer. Spain also stands out as BRO exporter, being the United Kingdom 

the main destination. 

1.2.2.2. Chemical composition 

Cauliflower, ROM and BRO are vegetables with high moisture content, but they 

are good sources of protein, fiber, and sugars. In addition, they are rich in phenolic 

compounds, glucosinolates, minerals and vitamins. Published data on chemical 

composition of cauliflower and its fractions are shown in Table 1.2.2. Cauliflower 

contains high moisture (> 85 %), important amounts of CP (15.2 – 41 % DM), moderate 

amounts of NDF (18.8 - 29 % DM) and low levels of EE (< 5 % DM). Therefore, it has 

been suggested that CAU could be used either fresh as forage or after drying or ensiling 

with other raw materials such as cereal straw (Wadhwa and Bakshi, 2013). Romanesco 

is a more recent and less widespread crop, and therefore information on its chemical 

composition is still limited. Cebula et al. (2006) studied the changes in quality during 

storage of white and green CAU and ROM and observed that ROM had the greatest 

content of DM, sugars and minerals of the three vegetables. In a recent study, Mahgoub 

et al. (2018) analyzed the chemical composition of different vegetable wastes (green 

cabbage, red cabbage and CAU), and observed that CAU had lower DM content (7.07, 

11.0 and 10.9 % for CAU, green and red cabbage, respectively), but greater content of 

CP (23.1, 11.9 and 11.4 % DM, respectively), NDF and ADF. These data agree with 

those reported by Marino et al. (2010), who observed that compared with BRO, CAU 

had lower DM (12.6 vs. 5.6 %), and EE (3.8 vs. 1.2 % DM) content, but greater levels 

of CP (34.0 vs. 41.4 % DM) and NDF (20.5 vs. 23.5 % DM). 

Different studies have analyzed the chemical composition of BRO and its wastes, 

and some of the obtained values are shown in Table 1.2.3. In general, it was observed 

that BRO has low DM content (6.8 – 15 %) and the moisture content can even exceed 

93 %. Some studies have reported data on dried and pelleted BRO by-products, whose 

DM content can be over 85 % (Ibrahim et al., 2011; Yi et al., 2015; Durmic et al., 2016; 
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Mahmoud, 2016). The content (all fractions expressed on DM basis) in ash can vary 

from 0.6 % in cooked by-products to 17.3 % in leaves and stems, while that of CP 

ranges between 8.76 % in stems to 34.0 % in broccoli by-products. Campas-Boypoli et 

al. (2009) analyzed individually the different BRO fractions and observed that florets 

had greater CP content than stems. Similarly, Alpuche-Solis and Paredes-López (1992) 

determined chemical composition of four BRO crops, and reported that florets had more 

CP than the stems (36.6 and 18.6 % of DM, respectively). The mean CP values in the 

four BRO crops (whole vegetable pieces) ranged from 23.2 to 32.0 % DM. The EE 

content varied between 0.38 and 6.72 %, being adequate for ruminant feeding as high 

fat levels can negatively affect ruminal fermentation. Broccoli is rich in low-lignified 

fiber (1.8 – 8.8 % DM of lignin), with NDF levels ranging from 17.8 to 55.6 % DM, 

and those of ADF from 10.9 to 38.3 % DM. Campas-Boypoli et al. (2009) observed that 

stems were the most fibrous fraction in BRO (15.7 % crude fiber), followed by leaves 

(12.8 % crude fiber) and finally florets (11.7 % crude fiber). 

Recently Liu et al. (2018) analyzed the concentration of different phytonutrients in 

BRO fractions (florets, stems and leaves) to evaluate the potential of its by-products as a 

source of bioactive compounds. These authors observed that florets had the greatest 

concentrations of amino acids and some glucosinolates (glucoraphanin and 

neoglucobrassicin), whereas the leaves had the greatest concentrations of carotenoids, 

chlorophylls, vitamin E and K, phenolic compounds, and antioxidant activity, being also 

a rich source of Ca and Mn. These results suggest that BRO by-products are a good 

source of bioactive compounds. 

Megías et al. (2002) analyzed the chemical composition of different agroindustrial 

by-products produced in the same area, including BRO stems, citrus peels, red pepper, 

artichoke by-products, melon, brewer’s grains, and giant pumpkin. All the by-products 

had low DM content, but BRO stems had the lowest content (6.8 %), which indicates 

the need of using preservation methods to avoid deterioration. The BRO stems 

presented high CP content (18.2 %), and only red pepper and brewer’s grains had 

greater levels (20.1 and 29.9 %, respectively). Furthermore, the percentage of CP 

insoluble in neutral detergent (NDICP) was lower (2.6 %) compared to red pepper (4.1 

%) and brewer’s grains (15.1 %). Broccoli stems were also the least fibrous by-product 

and the one with the lowest lignin content (2.3 %). In agreement with their chemical 

composition, BRO stems were, together with citrus peels and melon by-products, the 

samples with the greatest OM digestibility values (OMD; > 73.5 %). 
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Table 1.2.2. Chemical composition (g/100 dry matter (DM) unless otherwise stated) of cauliflower wastes reported in the literature. 

Reference Fraction DM 

g/100 g 

Ash Crude 

protein 

Ether 

extract 

Crude 

fiber 

NDF1 ADF1 Lignin Sugars  

Gupta et al., 1993 Leaves 10.1  20.8 5.02 11.9     

Gupta et al., 1993 Wastes 9.12  17.3 1.93 18.8     

Ngu and Ledin, 2005 Wastes 10.2 14.1 29.7   27.6 21.0   

Wadhwa et al., 2006 Leaves  14.0 16.1   28.0 20.0 3.68 18.6 

Almaraz et al., 2012 Wastes 10.1 14.4 18.4   22.9 16.5 2.62  

Wadhwa and Bakshi, 2013 Leaves 13.0 13.7 17.0 4.2  27.5 19.4  18.6 

Davis et al., 2015 Wastes 9  30 2.2 11.1     

Kazemi et al., 2016 Leaves 13.8 10.8 16.2 3.5  18.8 14.0   

Lamba et al., 2016 Leaves  14.5 15.2 2.2  26.5 19.6 3.9  

Mahgoub et al., 2018 Wastes 7.07 13.67 23.1 2.32  29.0 29.3   

Marino et al., 2010 Wastes 5.6 8.7 41.4 0.12  23.5    

1 NDF: neutral detergent fiber; ADF: acid detergent fiber. 
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Table 1.2.3. Chemical composition (g/100 dry matter (DM) unless otherwise stated) of broccoli wastes reported in the literature. 

Reference Fraction DM 

g/100 g 

Ash Crude 

protein 

Ether 

extract 

Crude 

fiber 

NDF1 ADF1 Lignin 

Madrid et al., 2002; Megías et al., 2002 Stems 6.8 11.7 18.2  35 24.2 21.2 2.3 

Campas-Baypoli et al., 2009 Florets 13 7.9 22.4 4.59 11.7    

Campas-Baypoli et al., 2009 Leaves 15 14.7 12.1 6.72 12.8    

Campas-Baypoli et al., 2009 Stalks 10 9.2 8.76 6.58 15.7    

Marino et al.,2010 Wastes 12.6 8.8 34.0 0.38  20.5   

Ibrahim, et al., 2011 By-product 91.7 13.7 14.3 2.35 23.9 37.1 21.1 8.85 

Yi et al., 2015 Pelletized by-products 85.0  21.6   47.1 38.3  

Durmic et al., 2016 Leaf and stem 92.5 17.3 15.1   17.8 10.9  

Mahmoud et al., 2016 By-products 92.5 16.2 24.9 1.16 13.0    

Panwar et al., 2017 Crop residue 12.1 5.8 27.2 5.12 7.99 24.3 21.9 3.3 

García-Rodríguez et al., 2019 Stalk hay  11.1 15.5 6.6  55.6 34.9 5.4 

Meneses et al., 2020 Boiled by-products 11.2 0.6 31.1 3.1  20.4 13.1 1.8 

1 NDF: neutral detergent fiber; ADF: acid detergent fiber. 



 

14 
 

1.2.2.3. Ruminal fermentation and digestibility 

Chemical composition values indicate that CAU, ROM and BRO might be suitable 

as ruminant feeds, but they deteriorate very quickly due to their high moisture content. 

Bakshi et al. (2006) assessed the nutritional value of both fresh and ensiled CAU leaves, 

either ensiled alone or with low-quality forages. The silage of CAU leaves showed 

lower values of in vitro gas production and OMD and NDF digestibility (NDFD) than 

fresh CAU leaves. When CAU leaves were ensiled with straw, gas production and 

OMD decreased compared to fresh and alone-ensiled CAU leaves, but NDFD increased 

reaching similar values to that for fresh cauliflower. These results indicate that silage 

can extend the shelf life of CAU wastes and by-products, but their nutritional value 

could be reduced. Similarly, Meneses et al. (2020) and Monllor et al. (2020) studied the 

ensilability of BRO and artichoke by-products, and both concluded that they have good 

ensilability and their nutritional value made them suitable for ruminant feeding. 

Meneses et al. (2020) observed that the content in soluble carbohydrates of BRO by-

products decreased from 15 to 4.3 % DM after 24 days of ensiling, whereas CP content 

increased from 31.1 to 34.7 % DM and that of EE from 3.1 to 6.4 % DM. Monllor et al. 

(2020) also analyzed the changes in chemical composition during the ensiling of a 50:50 

mixture of BRO and artichoke by-products, and observed reductions in CP and 

increases in NDF and ADF content. Silage can be a means of conserving high-moisture 

wastes and by-products, and it should be considered as a feasible alternative to extend 

their useful life. 

Mahgoub et al. (2018) incubated in vitro samples of CAU, green cabbage, red 

cabbage and lettuce with ruminal fluid for 96 h to determine their potential use in 

ruminant feeding. Cauliflower produced the lowest volume of gas and showed the 

lowest DMD and OMD values, whereas cabbages (green and red) showed the greatest 

values, followed by lettuce. These results agree well with those obtained by Marino et 

al. (2010), who incubated in vitro a large number of vegetables with ruminal fluid from 

sheep for 96 h and observed that CAU produced less gas than cabbage and lettuce. 

Marino et al. (2010) also reported similar gas production for BRO and CAU (47.0 and 

47.4 mL / 200 mg OM after 96 h of incubation, respectively). 

Lamba et al. (2016) analyzed the in vitro fermentation of CAU leaves and other by-

products, and observed that CAU had the lowest gas production at 24 h of incubation 

(168.7 mL / g DM), followed by cabbage leaves, sarson saag waste, pea pods and fruit 

juice waste (204.4, 210.3, 235.1 and 325.1 mL / g DM, respectively). In addition, CAU 

leaves had lower CH4 production compared to pea pods and sarson saag waste, but 

values were similar to those for cabbage leaves and fruit juices waste. Cauliflower 

leaves had high OMD (> 92.3 %) and NDFD (> 74.6 %), but they had the lowest ME 

content (7.73 MJ / kg DM). The fermentation of CAU leaves resulted in the greatest 

concentrations of NH3-N (37.4 mg / dL) of all wastes tested. Concentrations of NH3-N 
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were considerably greater than those for cabbage leaves (21.2 mg / dL), which indicates 

a high ruminal degradability of CAU-CP. 

García-Rodríguez et al. (2019) analyzed the in vitro fermentation of 26 by-products 

produced in Spain in order to classify them according to their potential use in ruminant 

feeding. The BRO by-product (BRO stalk hay) was classified in the group of CP-rich 

by-products, and had intermediate in vitro DM digestibility (IVDMD; 76.4 %). After 

144 h of incubation, BRO stalk hay produced 202 mL of gas per g incubated DM (151 

mL / g DM incubated in the first 24 h of incubation), being this value lower than that 

observed for other highly digestible by-products such as orange pulp or dehydrated 

sugar beet pulp (374 and 340 mL / g incubated DM, respectively). The Lag value (time 

until gas production begins) of BRO stalk hay was low (0.27 h), that was only lower for 

grape seeds, indicating that it contains rapidly fermentable components. Furthermore, 

the DM disappearance after 144 h of incubation was over 68 % and the IVDMD and in 

vitro NDF digestibility (IVNDFD) values were 76.4 and 57.5 %, respectively. These 

data show that BRO stalk hay has acceptable digestibility and nutritional value, and it is 

a good CP source. Durmic et al. (2016) incubated in vitro samples of BRO (whole 

plant) and other Brassica vegetables, and compared their fermentation with that of 

arrowleaf clover grass (Trifolium vesiculosum Savi). Gas production of BRO at 24 h of 

incubation was greater than that reported by García-Rodríguez et al. (2019) and reached 

438 mL / g DM, a similar value to that observed for clover grass. However, the high gas 

production was not reflected in the production of VFA, which was lower than the 

amount generated by the fermentation of other vegetables.  

Madrid et al. (2002) observed that the IVDMD of BRO stems after 12 h of 

incubation with ruminal fluid was 50 %, but increased up to 86 % after 48 h of 

incubation; these values were similar to those measured for highly-fermentable wastes 

such as orange and lemon peels (89.8 and 86.0 %, respectively). Similarly, the IVNDFD 

was high (70.9 %) and comparable to that of orange and lemon peels (79.2 and 70.1 %, 

respectively), which indicates that BRO stems are sources of high-degradable fiber. The 

VFA production for BRO stems was similar to that for orange peels (86.0 and 88.7 mM, 

respectively), and for both wastes a high proportion of acetate was produced (78.3 and 

74.7 % for BRO stems and orange peels, respectively). 

1.2.2.4. Effects on production performance 

There is no information on the effects of using ROM in animal feeding and the use 

of CAU has been little studied. Ngu and Ledin (2015) fed to 3-month old goats a diet 

based on paragrass and soybean waste and including high proportions (66 %) of CAU. 

These authors observed significant increases in final BW and ADG in the animals fed 

CAU compared to those receiving either the control diet or diets including Chinese 

cabbage (Brassica campestris subp. pekinensis) or cabbage (Brassica oleracea var. 

capitata). The results could be due to the greater DM, OM and CP intake observed in 
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the animals that received the CAU diet. Wadhwa et al. (2006) offered fresh CAU leaves 

to 6-year-old male goats, and compared the results with those obtained when feeding 

other wastes (cabbage leaves, pea pods and pea vines) and with green oats. Voluntary 

DM intake (kg / day) of CAU leaves was similar to that observed for cabbage leaves 

and green oats, with values being greater than those for pea vines and lower than those 

for pea pods. The digestibility of DM, OM, CP, NDF and ADF of CAU leaves was 

above 71 %, being the waste with the greatest values together with cabbage leaves. In 

addition, the synthesis of microbial protein was greatest in the animals fed CAU leaves, 

and that the amount of N retained and the ME intake was significantly greater than 

those in the goats fed green oats. The authors of this study concluded that CAU leaves 

might replace green forages, such as green oats, in ruminant diets. 

Mahmoud (2016) supplied BRO by-products to fattening lambs, replacing 20 or 40 

% of clover hay in a forage-based diet, and observed an increase in CP digestibility as 

the amount of BRO in the diet augmented. In addition, the animals fed BRO had greater 

DM intake and total digestible nutrients intake, which was reflected in a significant 

increase in their final BW and ADG. The best productive results were obtained with 40 

% of BRO by-products in the diet. 

In dairy cows, the administration of pelletized BRO by-products replacing 20 % of 

the concentrate had no effect on ruminal fermentation, but numerically increased milk 

production (23.5 vs. 24.2 kg / d) and significantly increased milk fat content (3.16 vs. 

3.56 %) without other changes in milk composition (Yi et al., 2015). The increase in 

milk fat content was attributed to high content of NDF and ADF in the BRO by-

products, which caused an increase in the proportion of acetate. Acetate and butyrate are 

precursors for the synthesis of fatty acids (FA) for milk fat, and their increase in the 

rumen can result in greater milk fat content (Yi et al., 2015). In addition, BRO 

palatability was reported to be high in goats (Yadav et al., 2005). Yadav et al. (2005) 

determined digestibility values greater than 80 % for DM, OM, CP and EE for BRO by-

products in goats. The goats fed the BRO by-products also presented a positive balance 

of N, Ca and P, and Yi et al. (2015) concluded that BRO by-products (generated by 

removing the edible part for human consumption) could be used as forage for these 

animals. 

1.2.3. Other agroindustrial by-products  

A large quantity of agroindustrial by-products of diverse origin is generated in 

Spain. The citrus fruits, olive oil and cereals industries are some of the strongest ones in 

the agricultural sector in our country, and therefore three by-products from these sectors 

(citrus pulp, DDGS and olive cake) were selected to study their effects on growth 

performance and meat quality of fattening light lambs. The production, chemical 
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composition and use of these by-products in the feeding of meat ruminants are briefly 

analyzed below. 

1.2.3.1. Citrus pulp  

Citrus is one of the main crops worldwide, and citrus fruits are the most 

commercialized horticultural product due to their fresh taste and juiciness. Although 

their origin is controversial, recent genomic analyzes support the idea that numerous 

species of the Citrus genus arose from the southeastern Himalayas and were then 

distributed to other regions of the world, where they are currently cultivated (Talon et 

al., 2020). 

In Spain, the citrus sector is the second largest one within the fruit and vegetable 

sector (after vegetables), in terms of both cultivated area and production (MAPA, 

2020d). According to data from the 2018 campaign, Spain is the leading citrus producer 

in the European Union, accounting for 60 % of European production, followed by Italy 

(10.5 %). Globally, China, Brazil and India are the greatest citrus producers, with 

almost 50 % of total production, followed by Mexico, United States of America and 

Spain, which ranks sixth worldwide (FAOSTAT, 2020). According to data from the 

Spanish MAPA (MAPA, 2020c), total citrus production in Spain in 2018 (including 

losses), exceeded 7.5 million tons, of which more than 3 million tons were exported, 

about 2.7 million tons were for domestic consumption (fresh), and 1.3 million tons were 

destined to the processing industry. The types of citrus cultivated in Spain are, in order 

of importance, sweet orange (C. sinensis), mandarin (C. reticulate), lemon (C. limon), 

grapefruit (C. paradisi), and other citrus of less importance (Figure 1.2.1). Sweet orange 

represents 51.9 % of total production, mandarin 31.9 %, lemon 15 %, and grapefruit and 

other citrus fruits below 2 % as a whole. The Valencian Community and Andalusia are 

the main Autonomous Communities producing sweet orange and mandarin, whereas 

Murcia is the largest lemon producer (MAPA, 2020c) 

 

Figure 1.2.1. Annual citrus production in 2018 in Spain (MAPA, 2020c). 
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Citrus fruits have high nutritional value, and are characterized by high content in 

vitamin C, a powerful antioxidant that prevents the formation of free radicals causing 

cellular deterioration. They are also rich in folic acid, carotenoids and phytochemical 

compounds as limonoids or flavonoids, which can prevent cardiovascular diseases and 

have anticarcinogenic activity (Matheyambath et al., 2016).  

The citrus sector involves a powerful processing industry manufacturing conserves, 

jams, juices or oils and essences, among other products. During the transformation 

process, a large amount of wastes and by-products are generated, being the citrus pulp 

(CiP), the most abundant by-product generated in the juice industry. Citrus pulp can 

account for 50 to 70 % of the fresh fruit weight processed, depending on the fruit 

variety, the environmental and soil conditions during cultivation, and the processing 

methods. Citrus pulp is composed of skin (60 – 65 %), residual fruit pulp (30 – 35 %) 

and seeds (0 – 10 %) from the processed fruits mixed in different proportions (Martínez 

Pascual and Fernández Carmona, 1980; Alnaimy et al., 2017). 

Citrus pulp has a high moisture content, causing environmental problems due to its 

rapid fermentation, and its elimination represents an economic cost for the processing 

industries (Tripodo et al., 2004). Therefore, numerous studies had analyzed its 

nutritional value for ruminants in the process of looking for a recycling alternative. The 

high moisture content of fresh CiP makes difficult its storage and transport, and 

therefore it is only used in farms close to the production centers (de Blas et al., 2019). 

However, CiP can be preserved, usually dehydrated or ensiled, to extend its useful life. 

In order to dehydrate the CiP, lime is usually added to the fresh pulp to neutralize the 

acids and help to bind the pectins of the fruit, which facilitates the moisture elimination 

in the subsequent pressing (Wing 2003; Tripodo et al., 2004). The pressing process 

generates a liquid rich in soluble sugars, which can be concentrated and mixed with the 

pulp, thus improving its nutritional value. Finally, the CiP is dried and granulated for 

being used in animal feeding (Grant, 2007). 

Chemical composition of fresh CiP is highly variable, and it depends mainly on the 

proportion of pulp, skins and seeds. In general, it has high moisture content (80 – 90 %) 

and high levels (on DM basis) of soluble fiber (10 – 40 %) and soluble sugars (20 – 54 

%), whereas the content in CP (5 – 10 %) and EE (2 – 6 %) is usually low (Wadhwa and 

Bakshi, 2013; de Blas et al., 2019). In addition, CiP is rich in Ca (1 – 2 %), but it 

contains low P levels (0.1 %) (Arthington et al., 2002; Wadhwa and Bakshi, 2013; 

Alnaimy et al., 2017; Tayengwa and Mapiye, 2018; de Blas et al., 2019). Due to its high 

levels of soluble carbohydrates and high-degradable low-lignified fiber, CiP can have 

greater energy content than sugar beet pulp (FEDNA, 2019). 

Citrus pulp is very palatable, has high OMD (80 – 85 %), and its energy value is 

similar to that of barley grains, being therefore used in high-production ruminants as 

cereal replacer. In addition, CiP is rapidly degraded in the rumen and therefore it can 
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help to increase feed intake (de Blas et al., 2019). The energy from CiP is provided from 

the degradation of soluble carbohydrates and digestible fiber, whereas that from cereals 

comes mainly from starch. Thus, ruminal fermentation of CiP generates greater 

proportions of acetate and lower of lactate than starch fermentation, decreasing the risk 

of abrupt reductions in ruminal pH and the appearance of acidosis (Wing, 2003). This 

makes CiP a safer feed than cereals when high-concentrate diets are fed to high-

producing ruminants (Wing 2003; Alnaimy et al., 2017). Furthermore, in high-forage or 

only-forage diets of low digestibility, CiP can have a positive effect on fiber 

digestibility (Barrios-Urdaneta et al., 2003). It must be taken into account that both 

peels and seeds of citrus fruits contain essential oils, such as limonin, and that gives a 

bitter taste to CiP. This, together with the acidity of some citrus fruits (i.e. lemon, 

grapefruit) can cause a decrease in palatability and CiP intake, and therefore an 

adaptation period is usually recommended (Zema et al., 2018).  

Sharif et al. (2018) analyzed the inclusion up to 40 % of dehydrated citrus pulp 

(DCP) in replacement of corn, wheat and rice in the concentrate of fattening lambs and 

observed no adverse effects on feed intake, nutrients digestibility, or productive 

parameters. Lanza et al. (2015) replaced either 24 or 35 % of barley and soybean meal 

with DCP in the diet of 3-month-old lambs and observed no changed in final BW, ADG 

or feed intake. In buffalo calves, Javed et al. (2016) observed that the inclusion of 20 % 

of DCP in the diet did not produce changes on productive parameters. Similarly, 

Caparra et al. (2007) substituted corn, barley and wheat for DCP in the diet of fattening 

lambs by DCP and concluded that up to 30 % of cereals in the diet could be replaced by 

DCP without negatively affecting the productive parameters of lambs. However, by 

increasing the inclusion level of DCP up to 45 % of the diet, the productive efficiency 

was reduced. These data agree with those observed by Bueno et al. (2002), who 

replaced corn with DCP in a concentrate for growing kids, and observed that up to 40 % 

of inclusion DCP increased the ADG of the animals, but above this level the absorption 

of certain minerals was reduced, causing metabolic disorders.  

Scerra et al. (2001) replaced oat hay with a CiP and wheat straw silage (80:20) in a 

30:70 forage:concentrate diet, and observed no changes in productive parameters of 

growing lambs. Most of the previously cited studies indicated that the inclusion of CiP 

in the diet lowered the cost of the diet. Regarding the quality of animal products, Inserra 

et al. (2013) and Gravador et al. (2014) replaced barley with DCP in the diet of fattening 

lambs and observed an improvement in the oxidative stability of the meat, which was 

attributed to the presence of bioactive compounds in DCP, such as phenolic compounds. 

Feeding CiP to dairy ruminants has produced controversial results. Some studies 

have reported no significant effects on milk yield and composition in cows fed ensiled 

CiP compared to cows fed a conventional diet (Williams et al., 2018). However, other 

studies have shown increases in milk fat concentration in cows (Belibasakis and 
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Tsirgogianni, 1996) and sheep (Jaramillo et al., 2009) by feeding DCP or fresh citrus 

fruits. Jaramillo et al. (2009) observed in sheep that milk fat concentration was 

increased by including 20 % of fresh citrus fruits in the diet, but decreased when the 

inclusion level was augmented up to 30 %. It seems that the effect of CiP or fresh citrus 

fruits on milk fat concentration may depend on the amount included in the diet. In a 

recent review on the use of CiP in ruminant feeding, Tayengwa and Mapiye (2018) 

concluded that the dietary inclusion of this by-product up to 150 g / kg DM has the 

potential to improve feed intake, nutrient digestibility, rumen fermentation parameters, 

growth performance, and carcass and meat quality of ruminants. However, other studies 

(Caparra et al., 2007; Lanza et al., 2015; Sharif et al., 2018) have reported no negative 

effects of CiP at greater levels of inclusion. The composition and characteristics of the 

CiP and the replaced feed ingredients in the diet can help to explain these controversial 

results. 

1.2.3.2. Dried distillers grains with solubles (DDGS) 

In Spain, the cereals sector has a significant production value that amounted 4,278 

million euros in the 2018 campaign, and it is the sector with the greatest distribution 

throughout the entire country. According to the Spanish MAPA Statistics Yearbook 

(MAPA, 2020c), the cereal production in 2018 was over 24.5 million tons, being 44 % 

greater than the production in 2017 that was characterized by a strong drought. Spain is 

the fifth producer in Europe after France, Germany, Romania and Poland (FAOSTAT, 

2020), accounting for more than 8 % of total world production in the 2018 campaign. 

The main cereal crops in Spain are barley, wheat, corn and oats, representing 37.3, 32.6, 

15.7 and 6.1 % of total cereal production, respectively. About 117 thousand tons of 

these crops are destined for the biofuel industry. Sorghum could also be used, but in 

Spain its production is very small (about 0.1 % of total production) and it is not 

intended for this industry. The main Spanish territories producing cereals are Castilla y 

León (37.4 % of total production), Castilla la Mancha (19.5 %), Aragon (12.4 %) and 

Andalusia (11.7 %), although the most important Autonomous Communities in the 

biofuel sector are Castilla y León and Navarra, with 64.1 and 35.8 % of total 

production, respectively (MAPA, 2020c). 

The main by-product obtained in the biofuel industry from cereal grains is DDGS, 

which are the non-starch and sugar fraction of the grains, as starch and sugars are 

removed during the fermentation process to obtain ethanol. This process consists of 5 

phases (de Blas et al., 2019): 

- Selection, cleaning and grinding the grains 

- Transformation of starch and sugars to glucose by enzymatic processes 

- Yeast fermentation of glucose to ethanol 

- Distillation of ethanol by heating and vaporizing 

- Collection of the leftovers and drying 
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Two by-products are obtained during this process: the leftovers of the original 

unfermented grains (distiller grains; DG), and a mixture of soluble nutrients, fine grain 

particles, and yeasts (distiller solubles; DS). The DS only contain about 5 % DM, and 

they are usually mixed with the DG, dried and marketed together. The resulting product 

is called DDGS and it is usually composed of 75 % DG and 25 % DS. The 

characteristics of the final product are influenced by different factors, such as type of 

cereal, the efficiency of process to remove the starch, the processing conditions 

(temperature and time), the amount of yeast and additives used, the nature of the final 

product, and transport and storage conditions (de Blas et al., 2019). The DDGS are 

characterized by high content (on DM basis) in CP (27.1 - 38.3 %) and EE (6.5 - 13.5 

%), and medium NDF (27.3 - 39.7 %) and ADF (8.9 - 12.3 %) content (Pedersen et al., 

2014).  

Corn is one of the most important crops in the world, and in Spain it represents 

more than 64 % of the cereals processed in the biofuel industry. Corn DDGS are 

characterized by high levels of low-degradable CP, which provides between 47 and 63 

% of by-pass CP. The DDGS-CP has high nutritional value, as the presence of dead 

yeasts from the ethanol extraction process improves its amino acid profile. In addition, 

their NDF content might help to maintain the ruminal pH in physiological values, thus 

lowering the acidosis risk. However, this NDF has low efficacy as a source of effective 

fiber due to the great fragmentation produced during processing. Both fat and NDF are 

the main sources of energy in DDGS. The fat has an unsaturated FA profile (about 80 % 

of FA are unsaturated), which could improve the FA profile of animal products in 

ruminants fed DDGS (Pecka-Kielb et al., 2017). The DDGS are highly palatable for 

ruminants, but care must be taken with their level of inclusion in the diet because of 

their high unsaturated FA content that can affect negatively the ruminal degradation of 

fiber (de Blas et al., 2019). 

Walter et al. (2012) analyzed the ruminal fermentation and nutrient digestibility of 

diets based on barley and supplemented with either 20 or 40 % of corn or wheat DDGS 

in heifers. Including DDGS in the diet failed to increase the pH values and animals had 

mild or moderate acidosis. Wheat DDGS affected negatively DMD and OMD, although 

the values remained above 76 %, and they had no effect on energy digestibility. Corn 

DDGS increased the digestibility of CP, EE, NDF and ADF, leading to greater 

digestible energy content in the DDGS-diets. However, the heifers fed the DDGS had 

greater excretions of N and P than those fed the control diet, which would imply an 

increase in environmental contamination. 

Felix et al. (2012) observed that replacing corn with increasing amounts of DDGS 

(0, 20, 40 and 60 %) in the diet of fattening lambs did not affect the DM intake, but had 

a quadratic effect on ADG, being the lambs fed 20 % of DDGS those with the greatest 

ADG. Both DMD and fat digestibility were significantly reduced as the amount of 
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DDGS in the diet increased, whereas NDF and ADF digestibility values were not 

affected. Both N intake and digestibility were increased, but there was also an increase 

in the urinary N excretion which caused lower N retention in the DDGS-fed lambs 

compared with those fed the control diet. This might explain the observed decrease in 

the growth performance of lambs fed 40 and 60 % of DDGS. On the contrary, 

Alshdaifat and Obeidat (2019) replaced 20 and 30 % of cereals with DDGS in the diet 

of fattening Awassi lambs and observed that nutrients digestibility increased 

significantly compared to that in the lambs fed the control diet, being 20 % of DDGS 

the level resulting in the greatest digestibility values. Other studies have shown that 

including 20 or 40 % (Curzaynz-Leyva et al., 2020) and 45 % of DDGS (Kawecka et 

al., 2018) in the diet of fattening lambs did not have any effect on final BW, ADG, feed 

intake, feed conversion rate, and meat composition.  

Kawecka et al. (2018) analyzed the effects of feeding to 6-month-old lambs a diet 

either based on cereals and soybean meal or containing 45 % corn DDGS in replacing 

partly soybean meal, barley and wheat. The experiment lasted for 2 months, and there 

were no differences between diets in carcass quality and meat composition, including its 

cholesterol content. However, the intramuscular fat of the DDGS-fed lambs had greater 

linoleic acid (C18: 2 n-6) and conjugated linoleic acid (CLA) levels and lower amounts 

of linolenic acid (C18: 3 n-3), resulting in an increase of polyunsaturated FA (PUFA) n-

6 / n-3 ratio compared with control lambs. Regarding the sensory properties, the meat of 

the lambs fed DDGS was more flavorful, tender, and delicate. 

Alshdaifat and Obeidat (2019) studied the influence of diets containing either 20 or 

30 % of DDGS on milk production and composition in dairy ewes, and observed a 

significant increase in milk production as the amount of DDGS in diet increased. Milk 

composition was unaffected, but feeding costs were reduced. Furthermore, Cais-

Sokolinska et al. (2019) observed that including 12 % corn DDGS in the diet of dairy 

goats improved the milk FA profile by increasing the proportion of unsaturated FA, as 

PUFA were augmented by 25 % and CLA by 30 %. These modifications resulted in 

more favorable atherogenic and thrombogenic indexes in the milk of the DDGS-fed 

goats. However, after the pasteurization the milk of these goats had a characteristic 

“animal smell” and a very strong flavor, and the authors suggested that new methods for 

processing PUFA-rich milk should be developed to prevent changes in aroma. As a 

summary of a review on the use of DDGS in dairy cattle diets, Schingoethe et al. (2009) 

pointed out that the use of up to 20 % of these by-products in balanced diets has no 

drawbacks, but above this level may have negative effects. In addition, it is necessary to 

include an adequate amount of effective fiber in the diet to avoid undesirable changes in 

milk composition (Schingoethe et al., 2009). 
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1.2.3.3. Olive cake 

Spain is the first country worldwide in terms of both cultivation area and olive oil 

production, with more than 9.8 million tons produced during the 2018 campaign. This 

amount represents 72.6 and 46.6 % of the European and total world production, 

respectively (FAOSTAT, 2020). The value of the olive oil and table olives sector 

reached 1,886 million euros in Spain in 2018. Olive oil production is typically 

Mediterranean, and countries as Italy, Morocco, Turkey and Greece are, together with 

Spain, the main world producers. The main products of the olive sector in Spain are 

olives for oil production (94 %) and table olives or olives for dressing (6 %), which had 

a production of 9.2 thousand tons and 604 million tons, respectively, in 2018. The 

production of table olives is concentrated in Andalusia (57 %) and Extremadura (41 %), 

whereas the cultivation of olives for oil production is concentrated mainly in Andalusia 

(62 %) and Castilla La Mancha (15 %) (MAPA, 2020c). 

The traditional oil extraction process used in the 70s and 80s was carried out by 

pressure methods, but today the processes have been modified and the extraction is 

carried out by centrifugation (Uceda et al., 2006). The centrifugation system can involve 

three or two phases. The three-phase system is older and used large amounts of water 

(100-130 L / kg olive). After centrifugation of olives, three phases are obtained: the 

cake or a solid phase formed by the skin, pulp, bones and a small amount of oil; an oily 

phase that needs a second centrifugation to eliminate the small amounts of water 

present; and the “alpechín”, which is an aqueous residue generated in large quantities 

and has a great polluting potential. The high environmental risk of “alpechín” and the 

strict environmental legislation in the EU promoted the development of more ecological 

systems, such as the two-phase system. This system uses smaller amounts of water and 

therefore a lesser amount of “alpechín” is generated compared with the three-phase 

system. The two-phase system represents significant savings in water and energy, but 

also reduces drastically the environmental impact generated by the “alpechín”. 

However, this system generates a high-moisture solid waste called “alperujo”. The 

alperujo is sent to “orujeras”, where is stored in large ponds before being further 

processed (Marcos et al., 2019b). The “alperujo” is usually destoned and dried to 

produce crude olive cake (COC), which can be treated to extract the residual oil and 

generates the exhausted olive cake (EOC) (CAR/PL, 2000). The pieces of olives bones 

present in these by-products reduce their nutritional value, and therefore they are 

usually separated by sieving or air currents. The bones are mostly used as biomass for 

domestic boilers (de Blas et al., 2019). In the 2018-2019 campaign, the proportions of 

olive products and by-products in Spain were: COC (64 %), virgin olive oil (25 %), 

seasoned olives (9 %), pomace oil (1 %) and turbid (1 %) (MAPA, 2020c).  

The COC is the main by-product obtained from oil extraction and can account for 

50 to 80 % of the weight of processed olives, depending on the system used for oil 
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extraction. The system also influences the chemical composition of COC, but in general 

it is a by-product with low content (7 – 8 % of DM) in CP, which has low ruminal 

degradability and intestinal digestibility (Molina-Alcaide and Yañez-Ruiz, 2008). The 

ash content usually ranges from 5 to 10% (de Blas et al. 2019; Marcos et al., 2019b). In 

addition, COC has high EE content (7.3 - 20.0 % DM; Marcos et al., 2019b), with high 

proportion of oleic acid. In contrast, the EOC has low EE content (0.4 - 3.2 % DM) due 

to the second extraction of the oil (Molina-Alcaide and Yañez-Ruiz, 2008; Marcos et 

al., 2019b). The NDF and ADF content of COC is high (55 to 67 % DM, and 40 to 54 

% DM, respectively). The NDF is highly lignified (17 – 29 % DM of lignin) and 

therefore is a by-product with low ruminal degradability and intestinal digestibility, but 

this can be partly compensated by its high fat content (Molina-Alcaide and Yañez-Ruiz, 

2008; de Blas et al., 2019; Marcos et al., 2019b). Marcos et al. (2019b) analyzed the 

variability in chemical composition and in vitro ruminal fermentation of different types 

of olive cake: COC, EOC, and cyclon olive cake, which is obtained after cyclonic 

decantation during COC drying. All of them had low nutritional value, but the cyclon 

olive cake was the most degradable in the rumen. Different methods have been tried to 

improve the nutritional quality of COC, such as silage, pelleting, and the use of 

exogenous enzymes and chemical treatments (Obeidat 2017; Awawdeh and Obeidat, 

2013).  

Several studies have investigated the effects of feeding COC to ruminants. Obeidat 

(2017) replaced 15 % of feed ingredients in a diet for lambs with COC and observed a 

reduction in nutrients digestibility, excepting EE digestibility that was augmented, but 

the productive parameters were not affected. In contrast, Hamdi et al. (2016) observed a 

slight improvement in the productive parameters of Barbarine lambs when COC was 

included in the diet, although there were no changes in the carcass quality. The 

inclusion of 0.5 % of COC in the diet of beef cattle for 60 or 90 days showed that the 

polyphenols contained in this by-product increased the shelf-life of the meat by 

delaying lipid oxidation and preserving color stability (Branciari et al., 2015). Awawdeh 

et al. (2019) replaced 25 and 50 % of feed ingredients in a conventional diet for lambs 

with a mixture of different by-products: dry bread, carob pods, olive cake and sesame 

meal, and observed a reduction in nutrient intake, diet digestibility and carcass weight in 

the lambs fed the by-products. However, no differences among experimental groups 

were observed in carcass composition and meat quality.  

Feeding COC to dairy ruminants can have a positive effect on milk production and 

fat content (Molina-Alcaide and Yáñez-Ruiz, 2008). In addition, feeding diets with 

COC can modify the milk FA profile by increasing the content of oleic acid (C18: 1 n-

9) and total monounsaturated FA (MUFA) in sheep milk, giving rise to healthier 

products (Molina -Alcaide and Yáñez-Ruiz, 2008; Molina et al., 2010). 
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1.3. Production of sheep meat in Spain  

The sheep and goat sector represents 12 % of Final Livestock Production in Spain, 

considering both the meat and dairy subsectors. The meat production accounted for 57 

%, sheep milk production for 23.6 %, and goat milk for 19.4 % of the total final 

production in 2019. The economic value of sheep and goat dairy production has 

increased compared to the previous decade. In contrast, the meat sector has suffered 

great fluctuations over the last years, and its economic value decreased to reach 

minimum values in 2010 (798.4 million of euros), although in recent years it has slowly 

recovered up to a current value of 1,174 million euros. Compared to the previous 

decade, sheep census has suffered a marked reduction, decreasing from 23.0 million 

animals in 2007 to 16.1 million animals in 2020. The most affected animals were the 

breeding females, and lamb census has been maintained or even slightly increased 

(Figure 1.3.1). The Autonomous Communities with greater sheep census are 

Extremadura (23.3 % of total), Castilla y León (16.7 %), Castilla la Mancha (15.8 %) 

and Andalusia (15.3 %), accounting for more than 70 % of total Spanish sheep census in 

2020 (MAPA, 2020e). 

In Europe, the sheep census exceeds 83.7 million heads, being Spain currently the 

second country (18 % of the European census and total; 15.5 million heads) after the 

United Kingdom (27 % of the European census and 22.7 million heads). After the 

withdrawal of the United Kingdom from the EU, Spain will be the first European 

country in terms of sheep census (MAPA, 2020e). 

 

Figure 1.3.1. Evolution of sheep census in Spain by categories (MAPA 2020e). 
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Despite of the slight increase observed in lamb census in Spain in the last years, 

both lamb slaughter and lamb meat production have decreased in the same period. The 

figures have decreased from 18 million lambs slaughtered and 214 thousand tons of 

meat in 2006 to less than 10 million lambs and 119 thousand tons of meat in 2018 

(MAPA, 2020e). This can be explained by the increase in the exportations of live lamb 

to non-European countries, mainly Libya, Jordan, and Saudi Arabia, registered in the 

last years. The annual exports to these countries reaches currently 600,000 animals per 

year, and total exports are over 700,000 heads (MINECO, 2020). 

In Spain, lambs are slaughtered at different weights and they are classified 

according to carcass weight into different categories: "Lechal" (< 7 kg), "Light" (7 - 10 

kg), "Recental" (10 -13 kg) and "Pascual" (> 13 kg). Of the total lambs slaughtered in 

Spain in 2019, 20 % were "Lechal" lamb, which is highly appreciated in our country, 

and "Light", "Recental" and "Pascual" lambs accounted for 15, 38 and 26 % of the total 

slaughtered lambs, respectively. 

1.4. Objectives and working hypothesis 

The general objective of this Doctoral Thesis is to obtain information on nutritive 

value for sheep of wastes from different vegetables of Brassica genus (cabbages, 

Brussels sprouts, cauliflower, romanesco and broccoli) and other agroindustrial by-

products (DCP, corn DDGS and EOC). The first underlying hypothesis is that chemical 

composition and nutritional value of Brassica vegetables would differ among 

vegetables, but also among different fractions of the same vegetable. In addition, it was 

hypothesized that these wastes might partly replace conventional feeds in dairy sheep 

diets. The second hypothesis was that the inclusion of DCP, corn DDGS and EOC in the 

diet of fattening light lambs might maintain the animal growth performance and 

improve meat quality. The general objective was divided in three partial objectives: 

Objective 1. To analyze the variability in chemical composition and in vitro 

ruminal fermentation of wastes of different fractions of vegetables of Brassica genus 

produced in Spain.  

Objective 2. To determine the in vitro ruminal fermentation and in situ ruminal 

degradation kinetics of dairy sheep diets including different levels (0, 8, 16 and 24 % of 

the concentrate) of three wastes of the Spanish horticultural industry: Brussels sprouts, 

cauliflower and broccoli. 

Objective 3. To assess the influence of feeding a diet containing DCP, corn DDGS 

and EOC to fattening light lambs on productive performance, carcass characteristics and 

meat quality. 

Three experiments were conducted using different in vitro techniques to fulfil 

objectives 1 and 2. Thus, Experiments 1 and 2 were conducted with batch cultures of 
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ruminal microorganisms, and Experiment 3 was conducted with Rusitec fermenters. 

The results of these studies have been already published in three peer-reviewed articles, 

and one additional paper is currently in preparation. 

Scientific paper 1. De Evan T.; Vintimilla, A.; Marcos, C.N.; Ranilla, M.J.; Carro, 

M.D. Evaluation of Brassica Vegetables as Potential Feed for Ruminants. 

Animals. 2019, 9, 588; doi:10.3390/ani9090588.  

Scientific paper 2. De Evan, T.; Vintimilla, A.; Molina-Alcaide, E.; Ranilla, M.J.; 

Carro, M.D. Potential of Recycling Cauliflower and Romanesco Wastes in 

Ruminant Feeding: In Vitro Studies. Animals. 2020, 10, 1247; doi: 

10.3390/ani10081247. 

Scientific paper 3. De Evan, T.; Marcos, C.N; Ranilla, M.J.; Carro, M.D. In Vitro and 

In Situ Evaluation of Broccoli Wastes as Potential Feed for Ruminants. Animals. 

2020, 10(11), 1989; doi: 10.3390/ani10111989. 

Scientific paper 6. A scientific paper with the results of the experiment conducted 

with Rusitec fermenters is currently under preparation, and the draft version is 

included the Appendix of this Doctoral Thesis. 

The Objective 3 was addressed in a study with fattening light lambs and their 

results have been published in two peer-reviewed scientific articles: 

Scientific paper 4. De Evan, T.; Cabezas, A.; de la Fuente, J.; Carro, M.D. Feeding 

agroindustrial by-products to light lambs: influence on growth performance, diet 

digestibility, nitrogen balance, ruminal fermentation and plasma metabolites. 

Animals. 2020, 10(4), 600; doi: 10.3390/ani10040600. 

Scientific paper 5. De Evan, T.; Cabezas, A.; de la Fuente, J.; Carro, M.D. Feeding 

Agro-Industrial By-Products to Light Lambs: Influence on Meat Characteristics, 

Lipid Oxidation, and Fatty Acid Profile. Animals. 2020, 10(9), 572; doi: 

10.3390/ani10091572. 

  

https://doi.org/10.3390/ani10040600
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The description of this chapter is divided in two sections: in vitro and in situ studies 

(Experiments 1, 2 and 3; Scientific papers 1, 2, 3 and 6) and in vivo study with fattening 

light lambs (Experiment 4; Scientific papers 4 and 5).  

All animals used in this Doctoral Thesis were cared for and handled according to 

the Spanish guidelines for experimental animal protection (Royal Decree 53/2013 of 1st 

February on the protection of animals used for experimentation or other scientific 

purposes). The Institutional Animal Care and Use Committee of the Comunidad 

Autónoma de Madrid approved all the experimental procedures conducted at the 

Technical University of Madrid (Approval code: PROEX 035/17). The experimental 

protocol of the in vitro trial with Rusitec fermenters conducted at the Animal Production 

Department of the University of León was approved by the León University 

Institutional Animal Care and Use Committee (approval number ULE_014_2016). 

2.1. In vitro and in situ trials (Experiments 1, 2 and 3)  

2.1.1. Animals and feeding  

Four adult Lacaune sheep with an initial body weight (BW) of 64.3 ± 2.11 kg, each 

provided with a permanent rumen cannula, were used as rumen fluid donors for the in 

vitro with batch cultures and the in situ incubations performed at the Technical 

University of Madrid (Experiments 1 and 2). Sheep were individually housed in floor 

pens, had free access to fresh water, and were fed twice daily (9:00 and 18:00) a 2:1 

grass hay:concentrate diet at a rate of 45 g dry matter (DM) / kg BW0.75. The diet was 

formulated in accordance with the maintenance requirements of the experimental 

animals (NRC, 2007), and contained 114, 365 and 160 g of crude protein (CP), neutral 

detergent fiber (NDF) and acid detergent fiber (ADF) per kg DM, respectively.  

Four rumen-cannulated Assaf sheep (53.2 ± 2.15 kg of BW) were used as ruminal 

content donors to inoculate the Rusitec fermenters used in Experiment 3. Animals were 

fed a diet composed of 54 % forage and 46 % concentrate that contained 145, 402 and 

118 g of CP, NDF and ADF per kg DM, respectively. The diet was fed at a rate of 42 g 

DM / kg BW 0.75, and was distributed in two equal meals at 09:00 and 18:00 h for 4 

weeks before starting the trial. 

2.1.2. Vegetal wastes, feeds and diets 

In Experiment 1, samples of seven Brassica vegetables: Brussels sprouts (BS), red 

cabbage, white cabbage, savoy cabbage, cauliflower (CAU), romanesco (ROM) and 

broccoli (BRO), were tested. Three different samples of each vegetable (about 10 kg) 

were obtained from local markets on three different weeks between October and 

December 2017. Each sample of CAU and ROM was weighed and separated into 

leaves, stems and florets, whereas only stems and florets were obtained for BRO. Each 
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vegetable or fraction was weighed, cut into pieces, and dried at 40 °C until constant weight. 

Samples were then ground to pass a 2 mm sieve, and a subsample was further ground (1 

mm size) for chemical analyses and in vitro incubations. In addition, one sample of each 

barley grains, sugar beet pulp and wheat distillers dried grains with solubles (DDGS) 

were included in the incubations to be a reference for fermentation parameters and the 

estimation of metabolizable energy (ME) content. In total, 39 samples (36 samples of 

whole vegetables or their fractions and three conventional feeds) were available to carry 

out this study (Table 2.1.). 

Table 2.1. Vegetable wastes and feed samples evaluated in Experiment 1. 

Sample Vegetable fraction 
Nº of 

samples 

Brussel sprouts (Brassica oleracea var. gemmifera) Whole vegetable 3 

Red cabbage (Brassica oleracea var capitata f rubra) Whole vegetable 3 

White cabbage (Brassica oleracea var. capitata f alba) Whole vegetable 3 

Savoy cabbage (Brassica oleracea var capitata f sabauda) Whole vegetable 3 

Cauliflower (Brassica oleracea var. botrytis) Leaves, stems and florets 3 

Romanesco (Brassica oleracea var. botrytis) Leaves, stems and florets 3 

Broccoli (Brassica oleracea var. itálica) Stems and florets 3 

Feeds used as reference   

Barley grains (Hordeum vulgare) - 1 

Sugar beet pulp (Beta vulgaris) - 1 

Wheat DDGS (Triticum vulgare) - 1 

In Experiment 2, 10 mixed diets for dairy sheep were formulated to assess the 

effects of including increasing amounts of dried BS, CAU and BRO in the diet on their 

in vitro fermentation and in situ degradability. Whole vegetables pieces were obtained 

from local markets, cut, and dried as described previously. All feed ingredients were 

ground to 2 mm size before preparing the diets, and a subsample of each diet was 

ground to 1 mm size for chemical composition and in vitro incubations. The diets were 

formulated to have similar CP (16.1 %) and NDF (31.5 %) content, and all contained 40 

% of alfalfa hay and 60 % concentrate (fresh matter basis). A high-cereal concentrate 

(control) was formulated to be representative of those fed to dairy ruminants in the 

practice. Another nine concentrates containing 8, 16 or 24 g of one vegetable (BS, CAU 

or BRO) per 100 g of concentrate in substitution of different amounts of conventional 

feeds were formulated. The ingredients and chemical composition of the 10 

experimental diets is shown in Table 2.2. 
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Table 2.2. Ingredients and chemical composition of experimental diets containing increasing amounts of Brussels sprouts (BS), cauliflower 

(CAU) and broccoli (BRO) used in Experiment 2. 

Item Control BS8 BS16 BS24 CAU8 CAU16 CAU24 BRO8 BRO16 BRO24 

Diet ingredients (% as fed)            

Alfalfa hay 40.0 40.0 40.0 40.0 40.0 40.0 40.0 40.0 40.0 40.0 

Concentrate 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 

Concentrate ingredients (% as fed)         

Brussel sprouts - 8.0 16.0 24.0       

Cauliflower - - - - 8 16 24 - - - 

Broccoli - - - - - - - 8 16 24 

Corn 32.0 28.0 25.0 23.0 32.0 32.0 32.0 32.0 32.0 32.0 

Barley 30.0 28.8 26.5 23.0 30.0 30.0 30.0 30.0 30.0 30.0 

Wheat 15.0 15.0 15.0 15.0 11.0 7.5 4.0 12.0 10.0 7.5 

Soybean meal 46% 14.0 11.2 8.5 6.0 12.0 10.0 8.0 10.5 8.0 4.5 

Wheat bran 7.0 7.0 7.0 7.0 5.0 2.5 0.0 5.0 2.0 0.0 

Others 1 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 

Chemical composition 2           

Dry matter  89.7 89.7 89.7 89.7 89.7 89.7 89.7 91.0 91.0 91.0 

Organic matter  93.0 92.4 91.6 90.9 92.2 91.2 90.3 92.3 91.5 90.8 

Crude protein  16.1 16.1 16.1 16.1 16.1 16.1 16.1 16.1 16.1 16.1 

Neutral detergent fiber 31.5 31.6 31.7 31.6 31.7 31.7 31.8 31.6 31.6 31.7 

Acid detergent fiber 15.9 16.1 16.4 16.7 16.4 17.0 17.6 16.3 16.6 17.0 

Ether extract 4.19 4.13 4.08 4.03 4.28 4.37 4.46 4.29 4.37 4.47 
1 All concentrates contained calcium soap, calcium carbonate and mineral/vitamin premix in proportions of 1.0, 0.5 and 0.5 %, respectively 

(fresh matter basis); 2 Calculated from analyzed composition of individual feed ingredients and expressed as g/100 g dry matter, excepting dry 

matter (g/ 100 g fresh matter).
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In Experiment 3 (Rusitec trial), three experimental diets were formulated: a control diet 

and two diets containing 14.8 % of either BS (BS15) or BRO (BRO15) replacing sugar beet 

pulp, soybean meal and barley grains in the control diet. The ingredients and chemical 

composition of the diets is shown in Table 2.3. 

Table 2.3. Ingredients and chemical composition of the experimental diets incubated in the 

Rusitec system in Experiment 3. 

Item Control BS15 BRO15 

Ingredients (% as fed)    

Alfalfa hay 50.0 50.0 50.0 

Corn  25.0 25.0 25.0 

Brussels sprouts (BS) - 14.8 - 

Broccoli (BR) - - 14.8 

Sugar beet pulp 8.3 6.6 8.3 

Soybean meal 46% 8.3 1.7 - 

Barley  6.5 - - 

Calcium soap 0.9 0.9 0.9 

Vitamin-mineral premix 1.0 1.0 1.0 

Chemical composition (%, as-fed basis)    

  Dry matter (DM) 90.0 90.8 90.8 

  Organic matter (OM) 91.7 91.2 91.1 

  Crude protein (CP) 17.4 17.3 17.3 

  Ether extract (EE) 2.42 2.58 2.93 

  Neutral detergent fiber (NDF) 30.0 28.5 28.8 

  Acid detergent fiber (ADF) 13.4 14.2 14.7 

  Acid detergent lignin 2.85 2.77 3.00 

  Non-structural carbohydrates (NSC) 1 41.9 42.8 42.1 

1 Calculated as DM - ((100 – OM) + CP + EE + NDF). 

2.1.3. Experimental procedures 

2.1.3.1. In vitro incubations: gas production kinetics (Experiments 1 and 2) 

The gas production kinetics of the vegetables wastes, and the 10 experimental diets 

described before was assessed in in vitro ruminal incubations lasting for 144 h. Two 

hundred mg of DM of each sample were weighed into 60-mL vials in quadruplicate. The 

rumen content was collected from each sheep in the morning before feeding and filtered 

through four layers of cheesecloth to obtain the ruminal fluid that was immediately taken to 

the laboratory in pre-warmed thermal flasks. The ruminal fluids were mixed independently 
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with a culture medium in 1:4 ratio (vol:vol). The culture medium used was that described 

by Goering and Van Soest (1970), but no trypticase and NH4HCO3 were used. For the 

preparation of the culture medium the following solutions were added successively (per 

liter of medium): 475.0 mL of distilled water, 237.5 mL of mineral solution, 237.5 mL of 

buffer solution, 47.5 mL of reducing solution, 1.25 mL of trace elements solution and 1.25 

mL of resazurin solution. The composition of each solution was: Mineral solution (per L): 

5.7 g Na2HPO4, 6.2 g KH2PO4 and 0.6 g MgSO4 x 7 H2O; buffer solution (per L): 37.0 g 

NaHCO3; Reducing solution: 6.25 g cysteine-HCl, 40.0 ml NaOH (1N) and 6.25 g Na2S; 

Trace elements solution: 13.2 g CaCl2 x 2H2O, 10.0 g MnCl2 x 4 H2O, 1.0 g CoCl2 x 6H2O 

and 8.0 g FeCl3 x 6H2O; and Resazurin solution: 1.0 g resazurin. 

In each vial 20 mL of the mixture of rumen fluid and pre-warmed culture medium (39 

ºC) were dosed, under CO2 flushing, using a peristaltic pump (Watson-Marlow 520UIP31; 

Watson-Marlow Fluid Technology Group, Cornwall, United Kingdom). Vials were sealed 

with rubber stoppers and incubated at 39 °C (Incubat Series, J.P. Selecta S.A., Barcelona, 

Spain). During the incubations a pressure transducer (Delta Ohm DTP704-2BGI, Herter 

Instruments SL, Barcelona, Spain) and a plastic syringe were used to measure the gas 

production at 3, 6, 9, 12, 15, 22, 26, 31, 36, 48, 58, 72, 96, 120 and 144 h. Vials without 

substrate (blanks; two per inoculum) were included to correct the gas values for 

endogenous gas production.  

In addition, the potential in vitro degradability of DM (PDMD) of vegetables wastes 

and experimental diets were determined with an Ankom Daisy II incubator at 39 ºC under 

continuous rotation for 144 h. Samples (300 mg) were weighed in triplicate into Ankom 

Corp #57 bags (25 µm pore size; Ankom Technology Corp., Fairport, NY, United States of 

America). Bags were incubated in the mixture of the four ruminal fluids with the culture 

medium (1:4) previously described and after 144 h were washed with cold water, dried at 

60 ºC for 48 h, and weighed to calculate PDDM. 

2.1.3.2. In vitro incubations: fermentation parameters (Experiments 1 and 2) 

In order to determine the main fermentative parameters, the samples of vegetable 

wastes (Experiment 1) were fermented in vitro with ruminal liquid for 24 h using the 

methodology described before. Gas production was measured after 24 h, and then vials 

content was homogenized before uncapping the vials. The pH of the content was measured 

with a pH meter Crison GPL 21 (Crison Instruments, Barcelona, Spain), and 3 mL of the 

content of each vial was mixed with 3 mL of HCl 0.5 N, and frozen at −20 °C until 
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analyses of volatile fatty acid (VFA) and NH3–N.  

For the incubation of the 10 experimental diets formulated with increased amounts of 

BS, CAU or BRO (Experiment 2) the methodology used was similar to that described 

before, but the incubations were performed into 120-mL vials. The amount of sample was 

increased to 400 mg of DM and that of the mixture of ruminal fluid and culture medium 

mixture to 40 mL in order to get enough gas for CH4 analyses. At 8 h of incubation, gas 

production was measured, and a 10 mL sample of gas was collected into evacuated tubes 

(Terumo Europe N.V., Leuven, Belgium) for analysis of CH4 concentration. In addition, 1 

mL of each vial was taken with a syringe, mixed with 1 mL of 0.5 M HCl and frozen at -20 

ºC for VFA and NH3-N analyses. After 24 h of incubation, samples for CH4, VFA and 

NH3-N analyses were taken as before described, and the pH of the vials content was 

measured. 

2.1.3.3. In vitro intestinal digestibility (Experiment 1) 

The determination of the in vitro intestinal digestibility of all vegetal wastes tested in 

Experiment 1 (listed in Table 2.1) followed the three-step procedure described by Gargallo 

et al. (2006). The samples were first incubated in situ in the rumen of the four sheep 

described in section 2.1.1 for 12 h. Two g of each sample (2 mm particle size) were 

weighed into nylon bags (5 x 15 cm; 46 μm pore size) and the bags were placed in the 

rumen of each sheep in the morning before feeding. After 12 h, the bags were removed, 

rinsed to eliminate feed particles and frozen (-20 ºC) for one week. Finally, bags were 

thawed and washed 3 times (5 min each) with cold water in a turbine washing machine and 

frozen at -80 ºC before being lyophilized and weighed to determine the in situ DM 

degradability. The incubation residues were analyzed for N content to calculate the in situ 

degradability of N after 12 h incubation, and 0.3 g of each residue were weighed in 

duplicate into Ankom R510 bags cut in half (50 μm pore size; 5 x 5 cm). Bags were placed 

in the incubator DaisyII (Ankom Technology, Fairport, New York, United States of 

America) and incubated first at 39 °C for 1 h in a 0.1 N HCl solution (pH 1.9; 39 ºC) mixed 

with 1 g per L of pepsin (P-7000, Sigma, Saint Louis, Missouri, United States of America), 

Then, bags were washed with tap water, and immediately incubated in a pancreatin solution 

(0.5 M KH2PO4 buffer; pH 7.75; 50 ppm of thymol and 3 g per L of pancreatin; P-7545, 

Sigma, Saint Louis, Missouri, United States of America) at 39 °C for 24 h. Finally, the bags 

were washed with tap water, dried (40 °C, 72 h) and weighed to determine the in vitro 
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intestinal DM digestibility. The incubation residues were pooled by sample and sheep and 

analyzed for N concentration to calculate the in vitro intestinal digestibility of CP. 

2.1.3.4. In situ trial (Experiment 2) 

The in situ degradation of the experimental diets including BS and BRO (described in 

section 2.1.2) was assessed using three of the four sheep described in section 2.1.1. 

Housing and feeding conditions were as described before. Samples of each diet (3 g of 

fresh matter; 1.2 g of alfalfa hay and 1.8 g of concentrate; 2 mm size) were weighed into 

nylon bags (5 x 15 cm; inner dimensions) with a pore size of 46 μm. Bags were heat-sealed 

and incubated in the rumen of each sheep immediately before the morning feeding (9:00 h) 

for 2, 4, 8, 16, 24, 48 and 72 h. After being collected from the rumen, bags were washed 

with tap water to eliminate feed particles and immediately frozen (-20 ºC) for one week to 

facilitate the detachment of particle-associated bacteria. Incubations were repeated on two 

different days in each sheep for have two replicates for inoculum. Finally, bags were 

thawed, washed with cold water in a turbine washing machine (3 cycles of 5 min each), 

frozen again (−80 ºC), lyophilized, and weighed to calculate DM degradation at each 

incubation time. The same washing procedure was applied to two bags of each diet to 

obtain the washing loss value (0 h incubation), and the residue remaining into the bags was 

considered as the insoluble fraction. The incubation residues were pooled for sheep and 

incubation time, and analyzed for N content to calculate the in situ degradability of CP. 

2.1.3.5. In vitro trial with Rusitec fermenters (Experiment 3) 

This trial was conducted to assess the microbial protein synthesis (MPS) and ruminal 

fermentation of the diets containing 0, 15 % of BS, and 15 % of BRO (Control, BS15 and 

BRO15; Table 2.3). A Rusitec (Rumen Simulation Technique; Czerkawski and 

Breckenridge, 1977) unit composed of 8 fermenters submerged in a water bath at 39 °C 

(Figure 2.1) was used, but only 6 fermenters were utilized in this trial. Each fermenter 

consists of a rigid plastic cylinder of 600 mL of effective volume, which is closed with a lid 

with three holes. A buffer solution (artificial saliva) was continuously infused at a rate of 

600 mL / day (dilution rate 4.2 % / h) by a peristaltic pump (Gilson Minipuls 3; Gilson 

International, Middleton, Wisconsin, USA) through one of the holes. The second hole was 

connected to a flask for collecting the effluent that overflows from the fermenter by a gas-

tight tube. The collecting flask was connected to a hermetic bag (Tecobag, Tesseraux 

Container GMBH, Bürstadt, Germany) to collect the gases produced by the fermentation of 
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the diet. The third hole in the lid was provided with a valve for sampling the fermenters 

content. The diet (30 g / day) was provided into nylon bags (100 µm pore size) which were 

introduced into a perforated plastic cylinder. This cylinder is linked to an engine by a 

plunger, which maintains an ascending-descending cyclical movement (five cycles per 

minute) to simulate the rumen contractions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Semi-continuous fermenters used in Experiment 3 (Rusitec; Rumen Simulation 

Technique; Czerkawski and Breckenridge, 1977) 

Two identical 14-day incubation runs were carried out independently using 6 Rusitec 

fermenters, and each of the three diets was assigned randomly within each experimental run 

so that two fermenters received one of them. The only restriction was that in the second run 

each fermenter received a different diet than the one administered in the first incubation 

run. Therefore, each treatment was conducted in quadruplicate. Each experimental run 

comprised an 8-day adaptation period to achieve steady fermentation conditions within the 
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fermenters and 6 days for sampling, in which the main fermentation parameters and 

microbial growth were determined. The first day of the trial, ruminal contents of the donor 

sheep were obtained immediately before feeding, filtered through two layers of cheesecloth, 

and both fractions (solid and liquid) were taking to the laboratory into thermal flasks. Each 

fermenter was filled with 250 mL of ruminal fluid and 200 mL of artificial saliva 

(McDougall, 1948), a nylon bag (100 μm pore diameter) containing 80 g of ruminal solid 

digesta, and one bag containing 30 g of the corresponding diet. Bags were impregnated 

with the liquid content of the fermenters before being incubated in order to eliminate the air 

and to facilitate the colonization of feed particles by ruminal microorganisms. The 

fermenters were closed, placed inside the water bath, and the artificial saliva and effluent 

tubes were connected. In each flask for effluent collection, 20 mL of H2SO4 (20 %; vol:vol) 

were added daily to stop microbial fermentation. Each fermenter was then gassed with 2 L 

of CO2 to facilitate anaerobic conditions, and the tubes for gas collection were connected to 

the gas-collection bags before starting the engine of the system. The duration of the 

fermenters inoculation was less than 45 minutes. 

Each of the following days, the engine was turned off and each fermenter was gassed 

with 2 L of CO2, in order to displace the gases produced during fermentation to the 

collection bag, which was closed and withdrawn from the system. The saliva and effluent 

tubes were then disconnected, and the fermenter was removed and placed in a smaller water 

bath (39 °C) for handling. The content of the fermenter was homogenized by shaking the 

plunger with the nylon bags attached. Once opened, the pH of the fermenter content was 

measured (pH-meter Basic 20, Crison Instruments, Barcelona, Spain) and a nylon bag 

containing the undigested diet after 48 h incubation was taken out of the fermenter and 

replaced by a nylon bag containing the diet (the second day of incubation the bag 

containing the solid rumen digesta was withdrawn). Finally, the fermenter was closed, 

placed into the water bath and the artificial saliva tubes were connected back. The daily 

effluent was weighed and discarded. Once all the fermenters were placed in the water bath, 

the effluent tubes were connected, each fermenter was gassed with 2 L of CO2, the gas 

collection bags were connected, and the engine was started. This fermenter handling was 

repeated every day of the adaptation period. 

During the sampling period, the daily handling of the Rusitec fermenters was as 

described before, but additionally different samples were taken. On days 9 and 10, the MPS 

in the solid and liquid phases of the system was determined. In order to label the 

microorganisms, from day 5 to 9, a solution of 15NH4Cl (98 % enrichment; Sigma Chemical 
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Co., Madrid, Spain) was added to each fermenter at a daily rate of 4.0 mg of 15N / g of 

dietary N. During these days, the H2SO4 added into the effluent collection flasks was 

replaced by 5 mL of a saturated solution of HgCl2 in order to stop microbial growth and 

prevent microbial lysis. For determination of MPS, the content of the nylon bags extracted 

each of the two days was weighed and homogenized (see Figure 2.2). A sample 

(approximately 9 g) was taken and lyophilized to determine its DM content. The 

lyophilized samples of the two days were mixed, ground (1 mm particle size) and analyzed 

for non-ammoniacal nitrogen (NAN) and 15N enrichment. The rest of the nylon bag content 

was used to isolate the bacteria associated with the solid digesta (SAB). The content was 

mixed with a saline solution (0.9 % NaCl; 3 mL / g solid), placed in Stomacher standard 

bags and homogenized with a Stomacher 400 Circulator (Seward Ltd., London, UK) for 3 

min at 230 rpm (Mateos et al., 2016). The mixture was filtered through 2 layers of nylon 

cloth (100 µm pore size) and the filtrate was centrifuged at 20,000 (20 min, 4 °C) to obtain 

a SAB pellet, which was lyophilized and analyzed for N and 15N enrichment. 

The effluent obtained from each vessel during the two days of MPS determination were 

weighed and mixed. A sample (100 mL) was taken, acidified with 5 mL of H2SO4 (20 %; 

vol:vol) and stored frozen at -20 ºC until NH3–N and 15N enrichment analysis. Two 150-mL 

aliquots of effluent were frozen and lyophilized to determine their DM content, and the 

lyophilized samples were mixed and analyzed for NAN and 15N enrichment. The rest of the 

effluent was used to isolate the bacteria associated with the liquid phase (LAB) by 

centrifugation as described above for the SAB (Figure 2.3). Both N content and 15N 

enrichment were analyzed in LAB pellets. 

On days 11, 12, 13 and 14, the following samples were collected. The effluent 

produced in 24 h was weighed, and samples for NH3-N (2 mL) and VFA (1 mL) analysis 

were collected and stored at -20 ºC. The nylon bags with the solid residue (48 h incubation) 

were taken out from the fermenters, washed with cold water for 20 min using an automatic 

washing machine, dried (60 °C, 48 h) and weighed to calculate the disappearance of DM. 

The residues were ground to 1 mm and their content in NDF and ADF was analyzed. The 

gas-collecting bags were stored at room temperature and daily gas production (L / d) was 

measured by connecting the bag to a vacuum pump connected to a gas volume meter 

(model TG1; Ritter Apparatebau GmbH, Bochum, Germany). During this process, two 

samples of gas (approximately 10 mL) from of each bag were collected in evacuated tubes 

(Terumo Europe N.V., Leuven, Belgium) for analysis of CH4 concentration. 
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Figure 2.2. Process for isolating the bacteria associated with the solid phase (SAB) of the 

fermenters. 
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Figure 2.3. Process for isolating the bacteria associated with the liquid phase (LAB) of the 

fermenters. 

2.1.4. Chemical analyses 

All chemical composition analyses were conducted in duplicate on samples ground to 

pass a 1 mm size screen. Dry matter (ID 934.01), ash (ID 048.13) and ether extract (EE; ID 

920.39) content in vegetable wastes, feeds and diets were determined following the 

procedures of International Association of Official Analytical Chemists (2005). Dry matter 
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content was determined by drying at 100 ºC the samples in a forced-ventilation oven until 

reaching constant weight. Ash content was determined by incineration of the samples in a 

muffle furnace at 550 ºC for 4 h, and organic matter (OM) percentage was calculated by 

difference (100 - % ash). The EE content was determined by carrying out two extractions 

with diethyl ether, intercalated by acid hydrolysis with HCl. The ANKOMX-T10 extractor, 

the ANKOMHCL hydrolysis system (ANKOM Technology Corporation, Fairport, New 

York, United States of America) and fat filter bags ANKOM XT4 (3 µm pore size, 4.5 x 

5.5 cm; Ankom Technology Corporation, Fairport, New York, United States of America) 

were used. The Dumas combustion method and a Leco FP258 Nitrogen Analyzer (Leco 

Corporation, Saint Joseph, Michigan, United States of America) were used to determine the 

N content of the feeds, diets and incubation residues. The sequential analysis of NDF, ADF 

and acid soluble lignin was performed as described by Van Soest et al. (1991) and 

Robertson and Van Soest (1981) using an ANKOM 220 Fibre Analyzer unit (ANKOM 

Technology Corporation, Fairport, New York, United States of America) and polyester 

fiber filter bags ANKOM F57 (pore size of 25 µm, 4.5 x 5.5 cm, ANKOM Technology 

Corporation, Fairport, New York, United States of America). The NDF analyses were 

performed with α-amylase and without sodium sulphite, and NDF, ADF and lignin values 

were expressed exclusive of residual ash. The amount of neutral detergent insoluble CP 

(NDICP) was determined by analyzing the N content in the residue obtained after the 

treatment of the sample with acid detergent solution. Total sugars content in vegetables 

wastes was analyzed according to the anthrone colorimetric method of Yemm and Willis 

(1954) using an Epoch spectrophotometer (BioTek Instruments Inc., Winooski, Vermont, 

United States of America).  

Concentrations of NH3–N in vials content and Rusitec effluents were determined by 

the colorimetric method as described by Weatherburn (1967). This analysis is based on the 

phenol-hypochlorite reaction of the NH3 present in the samples, producing indophenol, a 

blue compound that is read at 625 nm of absorbance. The absorbance values were 

compared with those from a standard curve using a solution of (NH4)2SO4 50 mM (0.6607 

g / 100 mL of distiller water). The analysis of VFA concentrations was conducted by gas 

chromatography using a Shimadzu GC 2010 (Shimadzu Europe GmbH, Duisburg, 

Germany) provided with a TR-FFAP column (30 m x 0.53 mm x 1 µm; Supelco, Madrid, 

Spain) as described by García-Martínez et al. (2005). The samples were thawed, 

centrifuged (15,500 x g, 10 min, 4 ºC) and 0.8 mL of supernatant were mixed with 0.5 mL 

of an acidifying and deproteinizing solution (metaphosphoric acid (10 %) and crotonic acid 
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(0.06 %) in HCl (0.5 N)). Samples were stored at 4 ºC for 12 h, centrifuged as previously 

described, and the supernatants were transferred to chromatography vials. 

The analysis of CH4 concentrations in the gas samples collected in Experiments 2 and 3 

was performed by gas chromatography as described by Martinez et al. (2010) and using a 

Shimazdu GC 14B (Shimadzu Europe GmbH, Duisburg, Germany) equipped with a flame 

ionization detector and a column packed with Carboxen 1000 (45-60 mesh, Supelco, 

Madrid, Spain). The carrier gas was He and peaks were identified by comparison with a 

standard containing 10 % of CH4. Each gas sample (0.6 mL) was injected in duplicate into 

the chromatograph.  

In the Rusitec trial, the analysis of 15N abundance in solid and liquid digesta and NH3-

N was performed by combustion using a Thermo 1112 Flash HT elemental analyzer 

hyphenated interfaced to a Thermo Delta V Advantage isotope ratio mass spectrometer 

(Thermo Fisher Scientific, Bremen, Germany). Samples of the three diets were also 

analyzed for 15N abundance, and these values were used as the natural abundance to 

calculate 15N enrichment in the corresponding samples. These analyses were performed at 

the Mass Spectrometry Unit of the Autonomous University of Madrid.  

2.1.5. Calculations and statistical analyses 

Gas production values in Experiments 1 and 2 were analyzed with the following 

mathematical model: Gas = A (1 – e (– c (t – lag))), where A is the potential gas production, c is 

the fractional rate of gas production, lag is the time before starting gas production, and t is 

the time of gas measurement. And NLIN procedure of SAS (2017) by an iterative least 

squares study was used to estimate gas production parameters. The average gas production 

rate (AGPR) was calculated as AGPR = A c / [2 (ln2 + c lag)], and it was defined as the 

rate between the incubation start and the time at which half A is reached. The DM effective 

degradability (DMED) was estimated as: DMED = [(PDMD × c) / (c +Kp)] e (−c × lag), using 

a rumen particulate outflow (Kp) of 0.042 per h. This passage rate corresponds to a rumen 

retention time of 24 h which was used for the in vitro incubations, and can be found in 

sheep fed at moderate intake levels (Ranilla et al., 1998). Finally, the production of acetate, 

propionate and butyrate in each vial were added to calculate the amount of apparently 

fermented OM (AFOM) as described by Demeyer (1991) and the metabolizable energy 

content of the vegetable wastes (ME, MJ / kg DM) was calculated as described by Menke 

and Steingass (1988), employed CP and EE contents (in g/kg DM) as ME = 2.04 + 0.1448 

GP24 + 0.0036 CP + 0.0243 EE, where GP24 is the mL of gas measured after 24 h of 
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incubation per 200 mg of DM incubated. 

Data on in situ DM and CP degradation of the diets containing BS and BRO 

(Experiment 2) were fitted with time (t) to the model of Ørskov and McDonald (1979): y = 

a + b (1 – e – c t) using the PROC NLIN of SAS (2017). In this model, y is the amount 

degraded at a time t, a represents the soluble fraction, b is the insoluble degradable fraction, 

and c represents the fractional degradation rate of b. The potentially degradable fraction 

was estimated as (a + b). Effective degradability (ED) of DM and N was calculated for a 

rumen passage rate (kp) of 0.042 per h (24 h of rumen retention time) according to the 

equation proposed by Ørskov and McDonald (1979): ED = (a + b * c) / (c + kp).  

In the Rusitec trial (Experiment 3), the value of the 15N abundance in each diet was 

used as the natural abundance to calculate the 15N enrichment in the digesta (solid and 

liquid), bacterial pellets and NH3-N samples of the fermenters receiving the corresponding 

diet. The proportion of either solid or liquid digesta NAN of microbial origin was estimated 

by dividing the 15N enrichment (atom % excess) of the NAN portion of solid or liquid 

digesta from each fermenter by the enrichment of SAB or LAB pellets, respectively. Daily 

microbial N production in each digesta phase was estimated by multiplying total NAN in 

solid or liquid digesta by the proportion attributed to the microbes. Total microbial 

production was calculated as the sum of microbial N in the solid and liquid digesta. The 

proportion of bacterial N resulting from NH3-N capitation was estimated by dividing the 

15N enrichment of bacterial pellets (SAB and LAB) by the enrichment of NH3-N. Finally, 

the efficiency of MPS was calculated by dividing total microbial N production (mg N / d) 

by the amount of OM apparently fermented (g / d), which was estimated from acetate, 

propionate, and butyrate production according to the equation proposed by Demeyer 

(1991).  

Data on the four cabbages, on CAU and ROM, and on BRO were analyzed 

independently using the PROC MIXED of SAS (2017). Data on gas production, 

fermentation parameters and in vitro intestinal digestibility of the four cabbages (Scientific 

paper 1) were analyzed as a mixed model, including the fixed effect of cabbage type and 

the random effect of the inoculum (in vitro data) or the sheep (in vitro intestinal 

digestibility). Gas and fermentation data for CAU and ROM (Scientific paper 2) were 

analyzed as a mixed model including the fixed effect of vegetable (CAU and ROM), the 

fraction (leaves, stems and florets) and the vegetable x fraction interaction, and the effect of 

the inoculum / sheep as a random effect. For the analysis of BRO data (Scientific paper 3), 
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the mixed model included the fraction (stems and florets) as a fixed effect and the inoculum 

/ sheep was considered random effect. In each case, chemical composition data were 

analyzed using the described model but excluding the inoculum / sheep effect. In all 

statistical analyses of this Thesis, the level of significance was declared at P < 0.05 and P < 

0.10 values were considered as trends. When a significant effect was detected and more 

than two means were involved, the Tukey’s test was used to compare means. 

Data on fermentation parameters of the diets including increased amounts of BS, CAU 

or BRO were analyzed independently for each vegetable (Scientific papers 1, 2 and 3, 

respectively) and incubation time (8 and 24 h) using the PROC MIXED of SAS (2017). In 

each case, a mixed model was used, in which the inclusion of each vegetable (0, 8, 16, and 

24%) in the diet was considered a fixed effect, and the effect of the inoculum was random. 

In addition, the linear and quadratic effects of the BS, CAU or BRO inclusion were 

assessed by non-orthogonal polynomial contrasts. The same model was used for the 

analysis of the data on in situ DM and CP degradation parameters and ED values of the 

diets containing BS (Paper 1) and BRO (Paper 3). Finally, the PROC CORR of SAS (2017) 

was used to analyze the relationships between the chemical composition of all vegetable 

wastes and both gas production and fermentation parameters by linear regression, and the 

results are presented in the General Discussion section. 

Data on ruminal fermentation parameters and diet disappearance in the Rusitec trial 

(Scientific paper 6) were analyzed as a mixed model with repeated measures using the 

PROC MIXED of SAS (2017). The statistical model used included the diet, incubation run, 

time, and diet x time interaction as fixed effects, and fermenter as a random effect. 

Microbial growth data were analyzed with the same model but excluding the effect of time 

and the diet x time interaction.  

2.2. In vivo trial with fattening light lambs (Experiment 4) 

2.2.1. Animals and diets 

Twenty-four Lacaune male lambs, with an initial BW of 13.8 ± 0.25 kg, were 

homogeneously distributed in two groups according to their BW, for the in vivo 

experiments. Lambs were penned individually in 1 m x 1 m pens with slatted floor, placed 

at 1 m above the floor, which were equipped with two feeders and an automatic drinker, in 

a temperature-controlled room. Each experimental group was randomly assigned to one of 

the two dietary treatments: a high-cereal concentrate (CON) and a concentrate including 

agroindustrial by-products (BYP). 
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Table 2.4. Ingredient, chemical composition and fatty acid (FA) profile of the experimental 

concentrates. 

Item CON BYP 

Ingredients (% as fed)   

Corn  33.0 26.8 

Barley  20.0 - 

Wheat  10.0 10.0 

Soybean meal 47 % 12.2 10.2 

Palm meal 8.8 - 

Colza meal  2.5 2.5 

Wheat bran 10.0 3.0 

Dry citrus pulp - 18.0 

Corn DDGS - 18.0 

Olive cake - 8.0 

Others1 3.5 3.5 

Chemical composition (%, as-fed basis)  
 

  Dry matter (DM) 89.7 88.6 

  Ashes 4.82 5.97 

  Crude protein  16.2 17.5 

  Ether extract  3.75 6.44 

  Neutral detergent fiber (NDF) 19.2 19.5 

  Acid detergent fiber (ADF) 7.47 9.31 

  Acid detergent lignin 1.79 2.80 

  Non-structural carbohydrates (NSC) 2 45.7 35.2 

  Total soluble polyphenols 0.175 0.536 

Forage units for meat production (UFV) 3 1.00 0.96 

Fatty acid profile (g / 100 g total FA) 4   

  C12:0 7.36 0.296 

  C14:0 2.86 0.382 

  C16:0 22.5 21.4 

  C16:1 n-9 0.172 0.002 

  C18:0 2.90 2.89 

  C18:1 n-9 28.4 36.4 

  C18:2 n-6 35.1 37.8 

  C20:0 0.350 0.436 

1 For both concentrates: 1.2 % Calcium soap; 1.0 % calcium carbonate; 0.8 % sodium 

bicarbonate; 0.3 % NaCl, and 0.2 % vitamin-mineral premix; 2 Calculated as DM - (ashes + 

CP + EE + NDF); 3 UFV: Unité Fourragère Viande calculated according to INRA (Sauvant 

et al., 2017). 4 All isomers of each unsaturated FA are included. 
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The high-cereal concentrate (CON) was formulated to be representative of those fed to 

fattening light lambs in Spain. And the by-products concentrate (BYP) was formulated by 

replacing 44 % of conventional feed ingredients (corn, barley, soybean meal, palm meal 

and wheat bran) in the CON concentrate with corn dried distillers grains with solubles 

(DDGS), dried citrus pulp (DCP) and exhausted olive cake (EOC) in proportions of 18, 18 

and 8 % of concentrate, respectively (as-fed basis). The ingredients, chemical composition 

and FA profile of both concentrates is shown in Table 2.4. Concentrate ingredients were 

ground and pelleted (4 mm size). The concentrates were formulated to have similar CP and 

NDF content and to meet the nutritive requirements of fattening light lambs (Sauvant et al., 

2017). Lambs were fed ad libitum concentrate and barley straw, and had free access to fresh 

water over the trial. The barley straw contained (as-fed basis) 92.3, 7.25, 2.90, 1.60, 71.9 

and 38.0 % of DM, ashes, CP, EE, NDF and ADF, respectively.  

2.2.2. Experimental procedure and sampling 

The experiment lasted for 6 weeks and included 7 days for diet adaptation. Concentrate 

and straw intakes were measured twice per week, whereas BW of all lambs was determined 

weekly. Samples of offered concentrate and straw were taken weekly for analysis of 

chemical composition. On days 0, 21 and the slaughter day, blood samples were taken from 

each lamb by jugular venipuncture into tubes containing EDTA immediately before 

feeding. Samples were centrifuged (5,000 × g, 10 min, 4 °C), and the plasma was 

immediately frozen (−20 °C) until determination of concentrations of amino acids, albumin, 

globulins, total proteins, urea, and cholesterol, the activities of the enzymes lactate 

dehydrogenase (LDH), alkaline phosphatase (ALP), creatine phosphokinase (CPK), 

glutamic oxaloacetic transaminase (GOT), glutamic pyruvic transaminase (GPT) and 

gamma-glutamyl transpeptidase (GGT). 

In the 4th week of the trial, the digestibility of the diets and the nitrogen balance were 

measured in 9 lambs per treatment. Trays were placed under the slated floor of each pen for 

feces and urine collection. The trays had holes for urine collection, which was collected in a 

bucket containing a solution of H2SO4 (10 %, vol/vol) to keep the pH below 3.0 (Carro et 

al., 2006). The feces and urine voided by each lamb in 24 h were quantitatively collected 

for 6 days and aliquots (10 %) were sampled daily for digestibility and N balance 

determination, respectively. Daily samples were pooled to form a composite sample for 

feces and urine for each lamb, which was frozen until analysis. 
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2.2.3. Slaughter Procedure and Sampling 

In the last week of the trial, lambs were slaughtered at a commercial slaughterhouse 

located 20 km far from the experimental farm on two different days. The six lambs of each 

treatment with the greatest body weight were slaughtered the first day, and the rest of lambs 

the second day. Lambs had free access to feed and water until about 2 h before slaughter, 

and were slaughtered according to commercial practices involving head electrical stunning 

and severing the carotid arteries and jugular veins. After slaughter and dressing, the full 

gastrointestinal tract was removed and samples from rumen contents were immediately 

taken. The ruminal content was homogenized, a sample of about 300 g was filtered through 

4 layers of gauze and the pH of the fluid was immediately measured using a Crisson Basic 

20 pH-meter (Crisson Instruments, Barcelona, Spain). Then, 2 mL of fluid were mixed with 

2 mL of 0.5 N HCl and samples were frozen (-20 °C) until analyses of VFA and NH3-N 

concentrations. In addition, the color of the rumen epithelium was evaluated on a sample 

(10 × 10 cm) of the rumen wall from the ventral area of the rumen. For this, samples were 

washed with saline solution, displayed on a white surface under an intense and 

homogeneous light and the color was evaluated using a scale from 1 to 5. The lightest 

epithelium received score 1 and the darkest one received score 5, whereas the rest of the 

samples were assigned scores according to their color intensity. The evaluation was 

performed by four trained persons (blind to treatment allocation), and the average score was 

used for statistical analysis. 

The pH of the Longissimus dorsi (at the thoracic vertebrae (T) T13 rib level) and 

Semitendinosus muscles was measured using a penetration electrode adapted to a portable 

pH meter with a temperature probe (Hanna Instruments pH meter HI-9025; Hanna 

Instruments SL, Eibar, Spain). The measurements were repeated after 24 h of chilling at 4 

°C, and two measurements were made for each muscle at each time. In addition, color was 

measured on the subcutaneous fat of the tail root at 24 h after slaughter, and one sample of 

this fat was taken and frozen (-20 °C) until analysis of FA profile. 

The whole Longissimus dorsi from the left side of the carcass of each lamb was 

dissected, and divided in several pieces. The portion between T12 and T13 (about 2 cm) 

was immediately frozen (-20 °C) and stored before freeze-drying and chemical composition 

analyses. The piece between the T13 and the lumbar vertebrae (L) L6 (about 10 cm length) 

was vacuum-packed and frozen (-20 °C) until texture analysis. The portion between T9 and 

T12 was used to assess the evolution of color, lipid oxidation and FA profile over a 6-day 
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ageing period, and was subdivided into 3 equal pieces (about 25 g each). The color of the 

samples taken for the analyses of initial time (day 0) was measured and samples were then 

vacuum-packed and frozen (-20 °C) for analyses of lipid oxidation and FA profile. The 2 

remaining portions from each lamb were placed on styrofoam trays, which were 

overwrapped with an oxygen-permeable polyvinyl chloride film and stored in the dark at 2 

°C until analyses. Color was measured after 1 h of blooming, and after that samples were 

immediately vacuum-packed and frozen (-20 °C) for further analyses of lipid oxidation (3 

and 6-day storage samples) and FA profile (6-day storage samples). 

The color of the meat samples was evaluated using a CM-2500c Minolta 

Spectophotometer (Minolta Co., Osaka, Japan) with illuminant D65, visual angle 10° and 8 

mm measurement aperture. The calibration was performed as described by de la Fuente-

Vázquez et al. (2014) using standard white tiles prior to color measurements. The color was 

measured three times on each sample, and values were averaged before statistical analysis. 

The color coordinates were expressed by the CIELAB system (2004) as L* (brightness), a* 

(red-green index) and b* (yellow-blue index). Chroma (C*) and hue angle (h*) values were 

calculated as: C* = (a*2 + b*2)0.5, and h* = tan–1 (b* / a*), respectively. In addition, the 

myoglobin, metmyoglobin, and oxymyoglobin proportion on the meat surface were 

estimated by measuring the absorbance (A) at 473, 525, 572 and 690 nm according to the 

procedure of Krzywicki (1979) with some modification proposed for lamb meat by de la 

Fuente-Vázquez et al. 2014. The values were calculated as myoglobin (%) = 2.375 x (1 – 

[(A473 - A690) / (A525 - A690)]) x 100; metmyoglobin (%) = (1.395 – [(A572 - A690) / (A525-

A690)]) x 100; and oxymyoglobin (%) = 100 - (% myoglobin + % metmyoglobin).  

2.2.4. Chemical analyses 

The procedures for the analyses of chemical composition of feeds, feces and meat, and 

for VFA and NH3-N concentrations in ruminal content of lambs have been described in 

section 2.1.4. For the analysis of the moisture content in the Longissimus dorsi, 5 g of 

muscle were homogenized in a crucible with sea sand, 5 ml of ethanol were added, and the 

sample were dried at 102 °C. The content in total soluble polyphenols in both concentrates 

was analyzed by the Folin–Ciocalteu method described by Singleton and Rossi (1965) 

using an Epoch spectrophotometer (BioTek Instruments Inc., Winooski, VT, USA), and 

results were reported as gallic acid equivalents (GAE). The concentration of N in the urine 

was determined by the Dumas combustion method after drying 400 µL of sample at 100 ºC 

for 24 h in tin capsules specially designed for this analysis, to remove moisture from the 
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sample and avoid interference with the analysis. The capsules were closed and analyzed in 

Leco FP258 Nitrogen Analyzer (Leco Corporation, St. Joseph, MI, United States of 

America). 

Plasma concentrations of amino acids were determined by high-performance liquid 

chromatography (HPLC) as described by Frank and Powers (2007). For the extraction of 

free amino acids in plasma, 20 μL of plasma was taken and an equal volume of an internal 

standard (Norvaline 62.5 μmol / L; Sigma Aldrich, St. Louis, Missouri, United States of 

America) and 160 μL of water for HPLC (Sigma Aldrich, St. Louis, Missouri, United 

States of America). Plasma proteins were precipitated by adding 200 µL of 0.5 mol / L 

perchloric acid. After this, the samples were shaken and centrifuged at 15,000 g for 5 

minutes at room temperature. Subsequently, 150 µL of the supernatant was taken and 

filtered in filter tubes (Spin-X 0.2 µm, Fisher Scientific, Pittsburgh, Pennsylvania, United 

States of America) by centrifugation at 15,000 g for 1 minute. A sample of 100 µL of the 

filtrate was taken and transferred to the HPLC vials with a teflon stopper. The analysis was 

performed on a Hewlett-Packard 1100 HPLC (Agilent Technologies GmbH, Walbronn, 

Germany) fitted with a fluorescence detector with an excitation wavelength of 340 nm and 

an emission wavelength of 455 nm. For the identification of amino acids, a standard amino 

acid pattern was used (1 nmol / μL; Agilent Technologies, Madrid, Spain). The content of 

albumin, globulins, total proteins, urea, cholesterol and the enzymes LDH, ALP, CPK, 

GOT, GPT and GCT in plasma samples was determined using an automatic biochemistry 

analyzer (Hitachi 7020; Hitachi High Technologies, Inc., Ibaraki, Japan).  

The lipids from lyophilized samples of Longissimus dorsi (200 mg) at 0 and 6 days of 

storage were extracted in duplicate as described by Segura and López-Bote (2014). Briefly, 

samples were homogenized in dichloromethane:methanol (8:2; vol/vol) using a mixer mill 

(MM400; Retsch technology, Stuttgart, Germany) and centrifuged (8 min, 10,000 rpm). 

The solvent was evaporated under a nitrogen stream and the lipids were dried by vacuum 

desiccation before weighting for total lipid content determination. Fatty acid methyl esters 

were prepared by transesterification using a mixture of sodium methylate–methanol and 

methylated in the presence of sulphuric acid as detailed in Segura and López-Bote (2014). 

The fatty acid methyl esters were separated using a gas chromatograph (HP 6890 Series GC 

System; Hewlett Packard Co., Avondale, PA, United State of America) equipped with a 

flame ionization detector and a HP-Innowax polyethylene glycol column (30 m x 0.316 mm 

x 0.25 µm; J&W Scientific/Agilent Technologies, Santa Clara, CA, United States of 

America), and using nitrogen as a carrier gas. Results were expressed as percentage of total 
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FA identified. The same method was used to analyze the FA profile of subcutaneous fat 

(base of the tail). The extraction of lipids from concentrate samples followed the procedure 

of Sukhija and Palmquist (1988) as detailed by Rodríguez et al. (2017). Briefly, samples 

(200 mg; 1 mm size) of each concentrate were mixed with 1 mL of toluene and 3 mL of 

freshly made methanolic HCl (5 %) in a culture tube. Samples were vortexed for a minute 

and heated in a shaking water-bath at 70 ºC for 2 h. After tempering, 5 mL of potassium 

carbonate solution (5 %) were slowly added, and the mixture was vigorously vortexed and 

centrifuged at 3,000 rpm for 5 minutes. Three phases were formed, and the upper phase was 

dried with anhydrous sodium sulphate and collected for FA analysis. 

Lipid oxidation of Longissimus dorsi samples at 0, 3 and 6 days of storage was 

assessed by the thiobarbituric acid reactive substances (TBARS) method as described by 

Maraschiello et al. (1999), and by conjugated diene analysis according to the method 

described by Srinivasan et al. (1996) with the modifications proposed by Juntachote et al. 

(2006). Both analyses were conducted in duplicate. Briefly, for TBARS analysis, samples 

of meat (2.5 g) were homogenized with 20 mL of distilled water with a T-25 digital 

ULTRA-TURRAX (IKA-Werke GmbH & Co, Staufen im Breisgau, Germany) during 30 

second at 13,000 rpm. Immediately, 5 mL of 25 % (w/v) trichloroacetic acid was added to 

precipitate the proteins. The samples were vortexed, and after 15 minutes resting at 4 °C, 

the samples were centrifuged at 1,000 rpm for 15 minutes. Then 3.5 mL were taken from 

the filtered supernatant and added 1.5 mL of TBA (0.6 %). The samples were incubated at 

70 °C for 30 minutes. The absorbance was reading with a spectrophotometer Thermo 

Scientific Evolution 220 spectrophotometer (Thermo Fisher Scientific, Madrid, Spain) at 

532 nm, comparing the result with a calibration curve. The results were expressed as g of 

malondialdehyde (MDA) / kg of meat. Conjugated dienes were analyzed in the same 

samples (0, 3 and 6 days of storage). In the other hand, for conjugated diene analysis, meat 

samples of 0.5 g were suspended in 5 mL of distiller water and homogenized, then 0.5 mL 

aliquot of this suspension was mixed with 5 mL of a solution of hexane:isopropanol (3:1), 

vortexed for a minute and centrifuged at 2,000 x g during 5 minutes. Finally, the 

absorbance of the supernatant was measured with a spectrophotometer Thermo Scientific 

Evolution 220 spectrophotometer (Thermo Fisher Scientific, Madrid, Spain) at 233 nm. The 

concentration of conjugated diene was expressed as μmol / g of meat using the molar 

extinction coefficient of 25,200 M−1 cm−1. 

Texture analyses were performed on Longissimus dorsi samples (about 30 g) as 

described by Díaz et al. (2014). Briefly, samples were thawed at 4° C, removed from their 
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packaging and blotted dry without pressing, cooked for 30 minutes into air bags in a water 

bath at 75 °C. After that, samples were cooled at room temperature for 30 minutes, 

removed from the cooking bags and the exudate juice was gently cleaned before cutting the 

samples into pieces (1 x 1 cm cross section; 2 cm length) parallel to the muscle fiber 

direction. Texture was then measured using a TA-XT2 Texture Analyser® (Stable Micro 

Systems, Surrey, United Kingdom) equipped with a Warner–Bräzler blade. The parameters 

measured were the maximum shear force (newton / cm2), shear firmness (newton / s cm2), 

and total area defined as the total work performed to cut the sample or the area under the 

curve (toughness; newton s / cm2). 

2.2.5. Calculations and Statistical analyses 

Several indices of the meat and subcutaneous fat were calculated from their FA profile. 

Peroxidability index (PI) was calculated as proposed by Arakawa and Sagai (1986): PI = 

(% monoenoic x 0.025) + (% dienoic x 1) + (% trienoic x 2) + (% tetraenoic x 4) + 

(%pentaenoic x 6) + (% hexaenoic x 8). Atherogenic (AI) and thrombogenic index (TI) 

were calculated as proposed by Ulbricht and Southgate (1991) as AI = (C12:0 + 4 x C14:0 

+ C16:0) / (MUFA + n-6 PUFA + n-3 PUFA) and TI = (C14:0 + C16:0 + C18:0) / [0.5 x 

MUFA + 0.5 x n-6 PUFA + 3 x n-3 PUFA + (n-3/n-6)]. Finally, hypocholesterolaemic / 

hypercholesterolaemic ratio was calculated as proposed by Santos-Silva et al. (2002): 

[(C18:1 n-9 + C18:2 n-6 + C20:4 n-6 + C18:3 n-3 + C20:5 n-3 + C22:5 n-3 + C22:6 n-3) /( 

C14:0 + C16:0)]. 

Before statistical analysis, normal distribution of data was assessed by the Shapiro-

Wilk test (1965). Data on feed intake, growth performance, ruminal fermentation, 

digestibility, N balance, chemical composition of meat and color and fatty acid profile and 

health indexes of the subcutaneous fat were analyzed as a one-way ANOVA using the 

PROC GLM of the SAS (2017), in which the diet was the main effect and lamb the 

experimental unit. Data measured over time (plasma concentrations of amino acids and 

metabolites, and meat pH, color, lipid oxidation parameters, FA profile and health indexes) 

were analyzed as a mixed model with repeated measures over time using the PROC 

MIXED of SAS (2017). The model included the diet, time, and their interaction as fixed 

effects, and the lamb or its meat as a random effect. The level of statistical significance was 

set at P < 0.05, and P values between 0.05 and 0.10 were considered trends. When a 

significant effect of time was detected in the analysis of meat color and lipid oxidation 

parameters, means were compared by the Tukey test.  
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3.1. Evaluation of Brassica Vegetables as 

Potential Feed for Ruminants. 

De Evan T.; Vintimilla, A.; Marcos, C.N.; Ranilla, M.J.; Carro, M.D. Evaluation of 

Brassica Vegetables as Potential Feed for Ruminants. Animals. 2019, 9, 588; 

doi:10.3390/ani9090588. 

Animals is covered in the Science Citation Index Expanded (SCIE) in Web of Science, with the 

latest Impact Factor (2019) of 2.323. The journal ranks 14/142 (Q1) “Veterinary Sciences” and 

10/63 (Q1) in “Agriculture, Dairy & Animal Science”. 
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Simple Summary: According to Food and Agriculture Organization of the United 

Nations (FAO) estimations, nearly 50 % of the initial production of vegetables and fruits 

is lost or wasted. Losses can happen at different stages of the food chain supply, but 

mainly at agricultural production (cultivation and harvest), distribution, and consumption. 

The wasted vegetables represent a significant volume that could be used for ruminant 

feeding, but before using them in practice, it is necessary to evaluate their nutritive value. 

In this study, we analyzed the chemical composition, in vitro rumen fermentation, and 

intestinal digestibility of wastes of four types of cabbages: Brussels sprouts, white 

cabbage, savoy cabbage, and red cabbage. All cabbages wastes had high moisture content, 

but their dry matter was rich in protein and sugars and was rapidly and extensively 

fermented in the rumen. The in vitro results of this study provided useful information for 

including cabbage wastes in ruminant diets, indicating that Brussel sprouts could be 

included up to 24 % of the concentrate of a dairy sheep diet, replacing cereals and soybean 

meal, without negatively affecting rumen fermentation. In vivo studies are required to 

confirm these results. 

Abstract: The objective of this study was to analyze the chemical composition, in vitro 

ruminal fermentation, and intestinal digestibility of discarded samples of four Brassica 

vegetables: Brussels sprouts (BS), white cabbage, savoy cabbage, and red cabbage, and to 

assess the effects of including increasing amounts of BS in the concentrate of a dairy 

sheep diet on in vitro fermentation, CH4 production, and in situ degradation of the diets. 

All cabbages had low dry matter content (DM; < 16.5 %), but their DM had high crude 

protein (19.5 – 24.8 %) and sugars (27.2 – 41.4 %) content and low neutral detergent fiber 

(17.5 – 28 %) and was rapidly and extensively fermented in the rumen. Rumen 

degradability of protein at 12 h of in situ incubation was greater than 91.5 % for all 

cabbages, and in vitro intestinal digestibility of protein ranged from 61.4 to 90.2 %. 

Replacing barley, corn, and soybean meal by 24 % of dried BS in the concentrate of a diet 

for dairy sheep (40:60 alfalfa hay:concentrate) increased in vitro diet fermentation and in 

situ degradability of DM and protein, and reduced in vitro CH4 / total volatile fatty acid 

ratio. In vivo trials are necessary to confirm these results. 

Keywords: Brassica vegetables; in vitro rumen fermentation; methane: in situ rumen 

degradability; intestinal digestibility 

3.1.1. Introduction 

The production of fresh vegetables and fruits for human consumption is continuously 

growing worldwide, but it is estimated that about 46 % of the initial production is lost or 

wasted at different stages of the food chain supply in the European Union, increasing this 

figure up to more than 55 % in Africa and Latin America (FAO, 2011). These losses can 

happen at different stages of the food chain supply, such as agricultural production 

(cultivation and harvest), postharvest handling and storage, processing, distribution, and 

consumption. In the industrialized regions of the world, losses at agricultural production 



 

55 
 

dominate and are mostly due to postharvest vegetable and fruit grading caused by quality 

standards set by retailers, but wastes at distribution and consumption are also substantial 

(FAO, 2011). These wastes represent a significant volume that could be used for animal 

feeding, thus generating economic benefits for the farmers due to reduced feeding costs and 

contributing to alleviate the environmental problems associated with their elimination 

(Rivin et al., 2012; Pignata et al., 2017). These wastes have a high moisture content, being 

highly fermentable and rapidly perishable, which is the most important limitation for its 

further utilization in animal feeding. However, they can be sun-dried before getting 

introduced in ruminant diets (Nkosi et al., 2016) or ensiled (Bakshi et al., 2016). 

Discarded Brassica vegetables are frequently used in practice as part of ruminant diets 

in temperate agricultural systems (Duncan and Milne, 1992) and developing countries 

(Nkosi et al., 2016), although information on their nutritive value is limited. Some previous 

studies (Mekasha et al., 2002; Ngu and Ledin, 2005; Wadhwa et al., 2006; Wadhwa and 

Bakshi, 2013; Mahgoub et al., 2018) have analyzed the chemical composition of different 

Brassica vegetables, but in most of them, only a single sample of a Brassica vegetable was 

assessed. On the other hand, information on digestive utilization of Brassica vegetables is 

very scarce, although some in vitro experiments (Mahgoub et al., 2018; Marino et al., 2010; 

Kazemi et al., 2016) have shown that cabbage leaves can be extensively fermented in the 

rumen. 

Brassica vegetables contain multiple secondary compounds (Neugart et al., 2018), and 

some of them can be toxic to animals and reduce their growth and productive performance 

when fed in high amounts (Taljaard, 1993), but it has been shown that ruminal 

microorganisms can detoxify these compounds when animals are introduced gradually to 

cabbage feeding (Duncan and Milne, 1992). Some of these compounds might modulate 

ruminal fermentation, but to our best knowledge, their possible effect on ruminal CH4 

production has not yet been investigated. Therefore, the objective of this study was to 

analyze the chemical composition, in vitro ruminal fermentation, and intestinal digestibility 

of discarded samples of four Brassica vegetables: Brussels sprouts (BS; Brassica oleracea 

var. gemmifera), white cabbage (WC; Brassica oleracea var. Capitata f. alba), savoy 

cabbage (SC; Brassica oleracea var. capitata f. sabauda), and red cabbage (RC; Brassica 

oleracea var. capitata f. rubra). Besides, the effects of including increasing amounts of BS 

in the concentrate of a dairy sheep diet on in vitro fermentation and CH4 production, as well 

as on in situ degradation of the diet, were assessed. 

3.1.2. Materials and Methods 

Animals used in this study were cared and managed following the Spanish regulations 

for experimental animal protection, and experimental procedures were approved by the 

Institutional Animal Care and Use Committee of the Comunidad Autónoma de Madrid 

(PROEX 035/17). 
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3.1.2.1. Samples of Cabbage Wastes 

Three samples of each BS were obtained from two local markets on three different 

weeks between October and December 2017. Samples obtained the same week were 

pooled, cut into pieces, and dried at 40 °C until constant weight. All samples were ground 

to pass a 2 mm sieve before starting the trials. 

3.1.2.2. Animals and Feeding 

Four adult rumen-fistulated Lacaune sheep (64.3 ± 2.11 kg body weight) were used as 

rumen fluid donors for both in vitro incubations and for in situ incubations. Animals were 

individually housed in floor pens, had free access to freshwater. Sheep were fed a diet 

composed of grass hay and concentrate in 2:1 ratio, which contained 114 g of crude protein 

(CP), 365 g of neutral detergent fiber (NDF), and 160 g of acid detergent fiber (ADF) per 

kg DM. The diet was administered daily in two equal portions at 9:00 and 18:00 at a 

restricted level (45 g dry matter (DM) / kg body weight 0.75). 

3.1.2.3. Experimental Design 

The study comprised two different experiments. Chemical composition, in vitro rumen 

fermentation, and in vitro nitrogen (N) intestinal digestibility (IVNID) of the vegetable 

wastes were determined in Experiment 1. Experiment 2 was conducted to analyze the 

effects of including increasing amounts of BS in the diet on in vitro fermentation and in situ 

degradation of the diets. Samples for chemical analyses and in vitro incubations were 

ground at 1 mm, whereas 2 mm samples were used for in situ incubations. 

3.1.2.3.1. Experiment 1: In Vitro Ruminal Fermentation and Intestinal Digestibility of 

Discarded Vegetables 

Two different in vitro ruminal incubations were carried out on different days using the 

Goering and Van Soest (1970) procedure, as detailed in Marcos et al., (2019a). The first 

incubation lasted for 144 h and was conducted to assess the gas production kinetics of the 

samples, whereas the main fermentative parameters were determined in a 24 h incubation. 

For both incubations, ruminal contents of each sheep were collected immediately before the 

morning feeding, strained through four layers of cheesecloth, and independently mixed 

with pre-warmed (39 °C) culture medium (Goering and Van Soest, 1970; without trypticase 

and NH4HCO3) in 1:4 proportion under CO2 flushing. Two hundred milligram of DM of 

each sample was weighed into 60-mL vials, which were filled up with 20 mL of the 

mixture of rumen fluid and culture medium using a peristaltic pump (Watson-Marlow 

520UIP31; Watson-Marlow Fluid Technology Group, Cornwall, United Kingdom). Vials 

were sealed with rubber stoppers and incubated at 39 °C. Gas production was measured at 

3, 6, 9, 12, 15, 22, 26, 31, 36, 48, 58, 72, 96, 120, and 144 h with a pressure transducer 

(Delta Ohm DTP704-2BGI, Herter Instruments SL, Barcelona, Spain) and a plastic syringe. 
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Bottles without substrate (blanks; two per inoculum) were included to correct the 

endogenous gas production values. Besides, one sample of each barley, sugar beet pulp, 

and wheat distiller’s dried grains with solubles (DDGS) was included in the incubation to 

serve as a reference, as they are feeds widely used in ruminant feeding. The potential in 

vitro degradability of DM (PDMD) was determined by weighing in triplicate 300 mg of 

each sample into Ankom Corp #57 bags (30 µm pore size; Ankom Technology Corp., 

Fairport, NY, United States) and incubating them in the mixture of ruminal fluid and the 

culture medium previously described in an Ankom Daisy II incubator at 39 °C under 

continuous rotation for 144 h. After 144 h, bags were washed with cold water, dried at 60 

°C for 48 h, and weighed to calculate PDMD. 

The second in vitro incubation lasted for 24 h, and after this period, gas production was 

measured, vials were uncapped, and their content was homogenized before measuring the 

pH, and 3 mL of vials content that was mixed with 3 mL of 0.5 M HCl was taken and 

frozen (−20 °C ) until volatile fatty acid (VFA) and NH3-N analyses. In each of the two 

incubations, there were four replicates per sample by using the ruminal fluid from each 

sheep independently as inoculum. 

The analysis of in vitro N intestinal digestibility was performed, as described by 

Gargallo et al. (2006) using the batch incubator DaisyII (Ankom Technology, Fairport, NY, 

USA). Two gram of each sample (2 mm ground) was weighed in duplicate into nylon bags 

(5 x 15 cm; 46 μm pore size), and bags were incubated in the rumen of each sheep 

immediately before the morning feeding for 12 h. After withdrawal, bags were rinsed to 

eliminate feed particles and immediately frozen (−20 °C) for one week. Finally, bags were 

thawed, washed with cold water in a turbine washing machine (3 cycles of 5 min each), and 

frozen before being lyophilized and weighed. The incubation residues were analyzed for N 

content to calculate the in situ N degradability after 12 h incubation. 

Residues of 12 h incubation were pooled by vegetable sample, and 0.3 g of each was 

carefully weighed in duplicate into Ankom R510 bags cut in half (50 μm pore size; 5 × 5 

cm). Bags were incubated in a buffer of pH 1.9 (0.1 N HCl) and containing 1 g / L of 

pepsin (P-7000, Sigma, St. Louis, MO, USA) for 1 h in the DaisyII incubator. The bags 

were taken out, washed under running with tap water, and then further incubated for 24 h in 

a buffer of pH 7.75 (0.5 M KH2PO4) containing 3 g / L of pancreatin (P-7545, Sigma, St. 

Louis, MO, USA) and 50 ppm of thymol. Both incubations were performed at 39 °C. 

Finally, bags were washed with cold water in a turbine washing machine (2 cycles of 5 min 

each), dried at 40 °C for 72 h, and weighed. Incubation residues were pooled by sample and 

sheep and analyzed for N concentration to calculate the in vitro intestinal digestibility of 

CP. 
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3.1.2.3.2. Experiment 2: In Vitro Fermentation and In Situ Degradability of Diets 

Containing Increasing Amounts of Brussels Sprouts 

The objective of this experiment was to analyze the effects of including increasing 

amounts of dried BS in the concentrate of a dairy sheep diet on in vitro rumen fermentation 

and in situ degradation. All diets were composed of 40 % of alfalfa hay and 60 % 

concentrate (fresh matter basis). The control concentrate was high in cereals to be 

representative of those used in dairy ruminants feeding in practice. Three additional 

concentrates were formulated by replacing different amounts of corn, barley, and soybean 

meal in control concentrate with 8, 16, or 24 g of dried BS per 100 g of concentrate. The 

experimental concentrates were formulated to have similar CP and NDF content to the 

control one, as later described. A composited sample of the three BS samples tested in 

Experiment 1 was used, and it contained 92, 24.8, 17.8, 10.7, and 2.85 g of organic matter 

(OM), CP, NDF, ADF, and ether extract (EE) per 100 of DM, respectively. 

Using the 24 h in vitro incubation procedure, described in Experiment 1, 400 mg of 

DM were incubated into 120 mL vials, which were filled up with 40 mL of the ruminal 

fluid and culture medium mixture. The amount of sample was increased to get enough gas 

for CH4 analyses. After 8 h of incubation, gas production was measured, and a sample (10 

mL) was taken into evacuated tubes for CH4 analysis. The content of each vial was then 

homogenized, and 1 mL was sampled using a syringe and mixed with 1 mL 0.5 M HCl 

before being frozen (−20 °C) until VFA and NH3-N analyses. After 24 h of incubation, 

samples of gas and vials content were taken, as described before, for analyses of CH4, VFA, 

and NH3-N, and the pH of vials content was measured. Similar to Experiment 1, there were 

four replicates per diet. 

The in situ procedure for measuring degradation kinetics of DM and N was carried out, 

as described by Belverdy et al. (2019). Briefly, 3 g of each diet (2 mm ground) was 

weighed into nylon bags (5 × 15 cm; 46 μm pore size) and incubated in the rumen of each 

sheep immediately before the morning feeding for 2, 4, 8, 16, 24, 48, and 72 h. Incubations 

were repeated on two different days in each sheep. After withdrawal, bags were rinsed to 

eliminate feed particles and immediately frozen (−20 °C) for one week. Finally, bags were 

thawed, washed with cold water in a turbine washing machine (3 cycles of 5 min each), 

dried at 40 °C for 72 h, and weighed. The same washing procedure was applied to two bags 

of each diet to obtain the washing loss value (0 h incubation), and the residue remaining 

into the bags was considered as the insoluble fraction. The incubation residues were pooled 

for sheep and incubation time and analyzed for N content. 

3.1.2.4. Chemical Analyses 

The procedures of the analysis of the chemical composition of vegetable samples, 

barley, sugar beet pulp, DDGS, and feed ingredients of experimental diets have been 

detailed by Marcos et al. (2019a). Concentrations of NH3-N were measured by the 
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colorimetric method, described by Weatherburn (1967). Concentrations of CH4 in the gas 

produced and of VFA in the vial’s content were analyzed by gas chromatography following 

the procedures described by García-Martínez et al. (2005) and Martínez et al. (2010), 

respectively. All chemical analyses were performed in duplicate. 

3.1.2.5. Calculations and Statistical Analyses 

Gas production values were fitted to the model: Gas = A (1 – e (– c (t – Lag))) using the 

NLIN procedure of Statistical Analysis System (SAS) (SAS, 2017). In this model, A is the 

potential gas production, c is the fractional rate of gas production, Lag is the time before the 

onset of gas production, and t is the measurement time. The average gas production rate 

(AGPR) was considered the rate of gas production between the start of the incubation and 

the time at which the 50 % of potential gas production was reached and was calculated as 

AGPR = A c/[2 (ln2 + c Lag)]. Finally, the effective degradability of DM (DMED) was 

calculated for a rumen digesta passage of 0.042 per h (kp) according to the following 

equation DMED = [(PDMD × c)/(c + kp)] e (−kp × Lag). This passage rate corresponds to a 

rumen retention time of 24 h, which was used for the in vitro incubations, and can be found 

in sheep fed at moderate intake levels (Ranilla et al., 1998). Finally, the amount of 

apparently fermented OM (AFOM) was calculated from acetate, propionate, and butyrate 

production in each vial, as described by Demeyer (1991). 

Data on in situ DM and CP degradation of diets in Experiment 2 were fitted with time 

(t) to the equation: y = a + b (1 – e – c t), in which a represents the soluble fraction, b is the 

insoluble degradable fraction and c represents the fractional degradation rate of b. The 

potentially degradable fraction was estimated as (a + b). Effective degradability (ED) of 

DM and N was calculated for a rumen passage rate (kp) of 0.042 per h (24 h of rumen 

retention time) according to the equation: ED = (a + b × c) / (c + kp). 

Data from Experiment 1 were analyzed using the PROC MIXED of SAS (SAS, 2017) 

as a mixed model, including the fixed effect of cabbage type and the random effect of the 

inoculum. Data from Experiment 2 were analyzed as a mixed model, in which the effect of 

diet was fixed, and the effect of the inoculum or sheep in the in vitro and in situ incubation, 

respectively, was random. The linear and quadratic effects of BS inclusion were assessed 

by non-orthogonal polynomial contrasts. The level of significance was set at P < 0.05, and 

P < 0.10 values were considered as trends. The Tukey’s test was used to compare means 

when a significant effect of sample or diet was detected. The PROC CORR of SAS (SAS, 

2017) was used to analyze the relationships between the chemical composition of 

vegetables and both gas production and fermentation parameters by linear regression. 
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3.1.3. Results and Discussion 

3.1.3.1. Experiment 1: Chemical Composition, In Vitro Ruminal Fermentation, and In Vitro 

Intestinal Digestibility of Vegetables 

The chemical composition of cabbages and the feeds used as a reference is shown in 

Table 3.1.1. Chemical composition of reference feeds was in the range of values previously 

reported (NRC, 2001). As expected, all cabbages had low DM content, ranging from 6.60 

to 16.3 %. Brussels sprouts had greater (P < 0.05) DM, OM, and CP content than the other 

cabbages, but lower (P < 0.05) EE, NDF, and ADF content than savoy and red cabbage. 

Although differences did not reach significance (P > 0.05), BS had numerically lower 

values of lignin / NDF ratio (< 1.5 %) and neutral detergent insoluble CP concentration (< 5 

% of total CP) than the other vegetables (> 6 % and 13.5 %, respectively). All vegetables 

had low concentrations of lignin (< 2.5 % on DM basis). Other authors (Ngu and Ledin, 

2005; Wadhwa et al., 2006; Wadhwa and Bakshi, 2013) have reported similar 

concentrations of OM, CP, NDF, ADF, and EE for different cabbages types, but lower 

values of sugars (about 21 % of DM). In contrast, other studies (Mekasha et al., 2002; 

Mahgoub et al., 2018; Marino et al., 2010) have reported lower CP content. The differences 

in chemical composition compared to results reported in the literature might be due to the 

stage of growth, season, species and variety, soil types, and growth environment. Compared 

with the feeds used as a reference, Brassica vegetables had EE, NDF, and lignin contents 

similar to those in barley and DDGS, but greater sugars content. 

Gas production and fermentation parameters of vegetable samples are shown in Table 

3.1.2, whereas gas production curves are presented in Figure 3.1.1. Brussels sprouts had the 

greatest (P < 0.05) potential gas production (A), fractional rate of gas production (c), 

average gas production rate (AGPR), and DMED, but there were no differences (P = 0.168) 

among cabbages in the time until gas production started (Lag). These results are in 

agreement with the differences observed in the chemical composition of cabbages. Brussels 

sprouts had a high content of sugars (41.4 % of DM), which are easily and rapidly degraded 

in the rumen, as well as low content in poorly lignified NDF. There were few differences 

among white, Savoy, and red gas production parameters, although red cabbage had lower 

(P < 0.05) c and AGPR values than savoy cabbage. Our results are in accordance with 

others (Mahgoub et al., 2018; Marino et al., 2010; Kazemi et al., 2016), who observed high 

potential gas production values (ranging from 167 to 296 mL of gas per g DM) when 

different types of cabbages were fermented in vitro. 
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Table 3.1.1. Chemical composition of cabbage samples (n = 3; g / 100 g dry matter unless otherwise stated) and of barley, sugar beet pulp, 

and wheat DDGS (dried distiller grains with solubles) used as reference (n = 1). 

Item 

Cabbages 

SEM 2 P 

Reference Feeds 

Brussels 

Sprouts 

White 

Cabbage 

Savoy 

Cabbage 

Red 

Cabbage 
Barley 

Sugar 

Beet Pulp 

Wheat 

DDGS 

Dry matter (%) 16.3 b 5.64 a 7.14 a 6.60 a 0.388 <0.001 89.9 89.1 92.2 

Organic matter 92.2 b 84.7 a 86.4 a 89.1 a 0.44 <0.001 97.3 94.9 95.5 

Crude protein (CP) 24.8 b 19.5 a 20.7 a 19.8 a 0.59 <0.001 12.4 9.44 32.9 

Ether extract 2.90 a 3.57 ab 4.36 a 4.54 a 0.220 0.002 3.16 0.80 4.61 

Sugars  41.4 35.3 34.2 27.2 3.35 0.095 3.69 13.5 6.97 

Neutral detergent fiber (NDF) 17.5 a 23.5 ab 28 b 25.4 b 1.54 0.007 22.7 48 29.5 

Acid detergent fiber 10.3 a 15.4 ab 17.3 b 17.6 b 0.751 <0.001 5.23 24.2 11.2 

Lignin 0.25 1.53 1.97 2.43 0.574 0.119 1.22 2.16 3.33 

Hemicellulose 7.24 8.15 10.7 8.87 0.845 0.087 19.6 23.9 18.3 

Lignin (% of NDF) 1.43 6.20 7.01 9.40 1.914 0.092 5.37 4.49 11.2 

NDICP 1 (% CP) 4.89 15.8 17.8 13.9 3.26 0.091 14.5 55 28.9 

a, b Within cabbages, means in the same row with different superscript differ (P < 0.05). 1 NDICP: neutral detergent insoluble crude protein expressed as 

g / 100 g crude protein. 2 SEM: standard error of the mean.  
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Table 3.1.2. Gas production and fermentation parameters of cabbages (n = 3) and barley, sugar beet pulp, and wheat DDGS (dried distiller 

grains with solubles) used as reference (n = 1). 

Item 

Cabbages 

SEM 3 P 

Reference feeds 

Brussels 

sprouts 

White 

cabbage 

Savoy 

cabbage 

Red 

cabbage 
Barley 

Sugar 

beet pulp 

Wheat 

DDGS 

Gas production parameters1          

A (mL / g)  275 c 219 a 229 ab 233 b 3.27 <0.001 352 329 185 

c (% / h) 5.55 c 4.51 b 4.75 b 3.71 a 0.17 <0.001 5 5.21 4.15 

Lag (h) 2.59 2.44 3.03 2.73 0.187 0.169 2.85 3.83 0 

AGPR (mL / h) 9.11 c 6.17 ab 6.49 b 5.47 a 0.239 <0.001 10.5 9.52 5.55 

DMED (%) 48.9 b 41.3 a 38.9 a 38.5 a 0.69 <0.001 43.3 36.6 30.1 

Fermentation parameters2          

Gas (mL) 39.5 c 34.2 a 35 a 36.8 b 0.51 <0.001 49.9 43.9 26.3 

pH 6.52 a 6.61 bc 6.65 c 6.60 b 0.011 <0.001 6.60 6.56 6.73 

Total volatile fatty acids (VFA; µmol) 1632 1636 1612 1673 19.6 0.186 1452 1700 1311 

Individual VFA (mol/100 mol)          

Acetate (Ac) 57.5 a 62.6 b 62.5 b 62.9 b 0.25 <0.001 56.6 65.5 53.4 

Propionate (Pr) 28.2 b 24.5 a 24.3 a 24.1 a 0.25 <0.001 22.2 25.2 33.3 

Butyrate 9.06 b 8.18 a 8.04 a 8.31 a 0.104 <0.001 17.5 6.93 6.34 

Minor VFA 5.23 b 4.73 a 5.15 b 4.65 a 0.106 <0.001 3.70 2.31 6.96 

Ac/Pr (mol / mol) 2.04 a 2.55 b 2.57 b 2.60 b 0.031 <0.001 2.55 2.60 1.61 

NH3-N (mg / L) 288 c 223 a 257 b 218 a 5.4 <0.001 156 86.8 223 

a, b, c Within cabbages, means in the same row with different superscript differ (P < 0.05). 1 A: potential gas production; c: fractional rate of gas 

production; Lag: is the time needed to start gas production; AGPR: average gas production rate; DMED: dry matter effective degradability estimated for 

a rumen digesta passage of 0.042 per h; 2 Determined in 24-h incubations in batch cultures of ruminal microorganisms containing 200 mg of substrate 

dry matter; VFA: volatile fatty acids; Minor VFA: calculated as the sum of isobutyrate, isovalerate, and valerate; 3 SEM: standard error of the mean.
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Figure 3.1.1. Gas production kinetics (mean values and standard errors) of 

Brussels sprouts (□), white cabbage (○), savoy cabbage (∆), red cabbage (◊), 

barley (●), sugar beet pulp (▲), and wheat DDGS (■). DDGS: dried distiller 

grains with solubles.  

All cabbages had lower potential gas production than barley and sugar beet pulp, but 

greater than wheat DDGS (Figure 3.1.1). It has been shown that protein fermentation 

influences gas production negatively (Cone and Van Gelder, 1999), which can explain the 

lower gas production of DDGS as they contained 32.9 % of CP. Values of AGPR of BS 

were similar to those for barley and sugar beet pulp, which are feeds rapidly degraded in the 

rumen, whereas AGPR values for white, savoy, and red cabbage were similar to those 

measured for DDGS (Table 3.1.2). The DMED of all cabbages, estimated from PDMD and 

gas production parameters, was greater than that of the feeds used as reference, which was 

due to the high PDMD of cabbages (95.9, 89.3, 85.6, and 92.5 % for BS, white, savoy, and 

red cabbage, respectively) compared with that of reference feeds (89.8, 80.9, and 60.6 % 

for barley, sugar beet pulp, and DDGS, respectively). These results indicated that the 

cabbages analyzed could be degraded extensively by ruminal microorganisms, even to a 

greater extent than feeds commonly used in ruminant feeding, namely barley, sugar beet 

pulp, and wheat DDGS. 
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The increased rates of gas production observed for BS would indicate that it was 

fermented more rapidly than the other cabbages, which is in agreement with the increased 

(P < 0.05) gas production and lower (P < 0.05) pH measured in the 24-h in vitro 

incubations (Table 3.1.2). However, there were no differences (P = 0.186) among cabbage 

samples in total VFA production, which was for all samples greater than that promoted by 

barley and DDGS, and only slightly lower than that measured for sugar beet pulp. The 

fermentation of BS produced lower (P < 0.05) acetate and greater (P < 0.05) propionate and 

butyrate proportions than the other Brassica vegetables, which resulted in lower (P < 0.05) 

acetate / propionate ratios for BS compared with white, savoy, and red cabbages. Compared 

with the reference feeds, both VFA profile and acetate / propionate ratio in white, savoy, 

and red cabbages were similar to those for sugar beet pulp, whereas the fermentation of BS 

was mainly characterized by the high propionate proportions. 

The greater (P < 0.05) NH3-N concentrations in BS than in the rest of cabbages (Table 

3.1.2) was in agreement with its greater CP content, and there was a positive relationship 

between CP content in the cabbages and NH3-N concentrations (n = 12; r = 0.914; P < 

0.001). The greater (P < 0.05) proportions of minor VFA (calculated as the sum of 

isobutyrate, isovalerate, and valerate) for BS and savoy cabbage compared with white and 

red cabbage also indicated a greater CP degradation, as minor VFA are produced in the 

deamination of branched amino acids (Wallace and Cotta, 1988). Despite DDGS had 

greater CP content than the tested cabbages (Table 3.1.1), concentrations of NH3-N for 

wheat DDGS were lower (223 mg / L), which could be attributed to a lower degradability 

of wheat DDGS protein (Wallace and Cotta, 1988). 

As shown in Table 3.1.3, values of 12-h in situ rumen degradability of DM were high 

(> 86 %) for all cabbages, with red cabbage samples having the lowest (P < 0.05) values. 

Rumen DM degradability values (n = 12) were positively correlated with sugars content (r 

= 0.745; P = 0.005) and negatively (P ≤ 0.011) with NDF, ADF, and lignin (r = 0.737, 

0.785, and 0.700, respectively) content, reflecting the high degradability of sugars 

compared with fiber fractions. Rumen degradability of CP was greater than 91 % for all 

samples, being close to 95 % for white cabbage, which indicates that CP of the tested 

vegetables is rapidly and extensively degraded in the rumen. The high rumen CP 

degradability is in agreement with the high NH3-N concentrations observed for all samples 

in the 24 h in vitro incubations, and the positive correlation between CP content in the 

tested vegetables and NH3-N concentrations reported previously. A positive correlation was 

also observed when barley and sugar beet pulp were included in the data (n = 14; r = 0.970; 

P < 0.001), but the correlation was lower by including wheat DDGS values (n = 15; r = 

0.742; P = 0.002), which was possibly due to the lower ruminal degradability of DDGS-CP 

compared with the rest of the samples, as previously reported (Wallace and Cotta, 1988). 
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Table 3.1.3. In situ rumen degradability after 12 h of incubation and in vitro intestinal 

digestibility of dry matter (DM) and crude protein (CP) of cabbages (n = 3). 

Item 
Brussels 

sprouts 

White 

cabbage 

Savoy 

cabbage 

Red 

cabbage 
SEM 1 P 

DM rumen (%) 93.1 b 91.9 b 89.5 ab 86.9 a 1.03 0.001 

CP rumen (%) 91.6 a 94.4 b 92.7 ab 91.8 a 0.77 0.042 

DM intestinal (%) 73.5 c 45.7 b 44.2 b 35.3 a 2.57 <0.001 

CP intestinal (%) 90.2 c 71.2 ab 74.1 b 61.4 a 3.24 0.008 
a, b, c Means in the same row with different superscript differ (p < 0.05). 1 SEM: standard 

error of the mean. 

There were marked differences among vegetables in the in vitro intestinal digestibility 

of both DM and CP, with BS having the greatest (P < 0.05) values and red cabbage the 

lowest (P < 0.05) ones. Intestinal digestibility values of both DM and CP were positively 

correlated (P ≤ 0.049) with CP and sugars content in the vegetables, and negatively (P ≤ 

0.009) with the content of NDF, ADF, lignin, and neutral detergent insoluble CP, either 

expressed on DM basis or as a percentage of total CP. The low amount of by-pass protein 

in all cabbages (< 10 % of total CP; calculated as 100 minus the amount of degradable CP), 

together with the relatively low intestinal digestibility of this by-pass CP, indicate that the 

amino acids supply from cabbages CP to the host animal would be unimportant. Altogether, 

the results indicated that DM of all tested cabbages, but especially of BS, is a good source 

of N and rapidly fermented substrates for ruminal microbiota. 

3.1.3.2. Experiment 2: In Vitro Fermentation and In Situ Degradability of Diets Containing 

Increasing Amount of Brussels Sprouts 

Brussels sprouts were selected for Experiment 2 because they had the greatest DM, 

sugars, and protein content of all cabbages tested in this study. As shown in Table 3.1.4, BS 

replaced different amounts of corn, barley, and soybean meal with the objective that all 

diets had similar CP and NDF content. Potential gas production (A) increased linearly (P = 

0.027), and AGPR tended (P = 0.053) to increase linearly with increasing BS amounts in 

the diet, but there were no differences (P ≥ 0.126) among diets in c, Lag, and DMED values 

(Table 3.1.5). The increased A values indicated that diets including BS were more 

extensively fermented than the control diet, which was in agreement with the increased 

VFA productions observed at both 8 and 24 h of in vitro fermentation. The trend to 

increased AGPR observed with increasing amounts of BS in the diet indicated that BS 

inclusion increased the rate of fermentation. This is in accordance with the more rapid 

production of VFA observed for BS16 and BS24 diets, as the proportion of total VFA at 24 

h that was generated at 8 h of incubation was 52.5, 52.5, 56.2, and 58.2 % for control, BS8, 

BS16, and BS24 diets, respectively. The inclusion of BS in the diet did not affect molar 

proportion of acetate (P ≥ 0.152), but at both incubation times, it increased linearly (P ≤ 

0.001) the proportions of propionate and decreased linearly (P < 0.001) those of butyrate, 
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resulting in lower (P < 0.05) acetate / propionate ratios for BS16 and BS24 compared with 

the control diet at 24 h of incubation. These results were consistent with the greater 

propionate proportions and lower butyrate (28.2 and 9.06 mol / 100 mol, respectively) 

observed in the in vitro fermentation of BS compared with barley (22.2 and 17.5 mol / 100 

mol, respectively; Table 3.1.2). 

Table 3.1.4. Ingredients and chemical composition of experimental diets containing 

increased amounts of Brussels sprouts (BS) used in Experiment 2. 

Item 
Diet 

Control BS8 BS16 BS24 

Diet ingredients (g / 100 g fresh matter)     

Alfalfa hay 40.0 40.0 40.0 40.0 

Concentrate 60.0 60.0 60.0 60.0 

Concentrate ingredients (g / 100 g fresh matter)     

Brussel sprouts - 8.0 16.0 24.0 

Corn 32.0 28.0 25.0 23.0 

Barley 30.0 28.8 26.5 23.0 

Wheat 15.0 15.0 15.0 15.0 

Soybean meal 46% 14.0 11.2 8.5 6.0 

Wheat bran 7.0 7.0 7.0 7.0 

Calcium soap 1.0 1.0 1.0 1.0 

Calcium carbonate 0.5 0.5 0.5 0.5 

Mineral/vitamin premix 0.5 0.5 0.5 0.5 

Chemical composition of diets 1     

Dry matter 89.7 89.7 89.7 89.7 

Organic matter 93.0 92.4 91.6 90.9 

Crude protein 16.1 16.1 16.1 16.1 

Neutral detergent fiber 31.5 31.6 31.7 31.6 

Acid detergent fiber 15.9 16.1 16.4 16.7 

Ether extract 4.1 4.1 4.0 4.0 
1 Calculated from the analyzed composition of individual feed ingredients. All chemical 

fractions are expressed as g / 100 g dry matter, excepting dry matter content which is expressed 

as g / 100 g diet. 
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Table 3.1.5. Gas production and fermentation parameters of experimental diets 

containing 40 % of alfalfa hay and 60 % of concentrate with increased amounts of 

Brussels sprouts (BS; 8, 16, and 24 % of concentrate). 

Item 
Diet 

SEM 2 
P 

Control BS8 BS16 BS24 Lineal Quadratic 

Gas production parameters 1      

A (mL / g DM) 280 a 289 ab 290 ab 293 b 3.47 0.027 0.388 

c (% / h) 3.90 4.00 4.00 3.99 0.061 0.449 0.330 

Lag (h) 1.10 0.87 0.62 0.64 0.21 0.126 0.574 

AGPR (mL / h) 7.40 7.98 8.06 8.09 0.21 0.053 0.239 

DMED (%) 40.6 41.9 42.2 41.9 0.62 0.147 0.214 

Fermentation parameters (8 h)      

Total volatile fatty acids 

(VFA; µmol) 
1284 a 1391 ab 1501 bc 1561 c 34.8 <0.001 0.512 

Individual VFA (mol / 100 mol)       

Acetate (Ac) 61.1 61.6 61.3 61.7 0.17 0.152 0.822 

Propionate (Pr) 22.9 a 22.9 a 23.3 b 23.6 b 0.11 0.001 0.384 

Butyrate 12.8 c 12.5 bc 12.3 b 11.8 a 0.12 <0.001 0.582 

Minor VFA 3 3.11 3.01 3.04 2.95 0.061 0.141 0.929 

Ac / Pr (mol / mol) 2.69 b 2.71 b 2.64 ab 2.63 a 0.022 0.019 0.454 

NH3-N (mg / L) 143 a 148 ab 154 b 155 b 2.9 0.033 0.560 

CH4 (mL) 6.90 7.24 7.02 7.36 0.330 0.453 0.991 

CH4 / VFA (mL / mmol) 5.40 5.22 4.68 4.71 0.311 0.092 0.739 

AFOM (%) 4 31.3 a 33.4 ab 36.3 bc 37.9 c 0.84 <0.001 0.474 

Fermentation parameters (24 h)      

pH 6.79 b 6.75 ab 6.74 a 6.73 a 0.01 0.004 0.394 

Total VFA (µmol) 2446 a 2650 b 2673 b 2684 b 0.1 <0.001 0.008 

Individual VFA (mol / 100 mol)       

Acetate (Ac) 61.5 61.6 61.5 61.7 28.36 0.342 0.583 

Propionate (Pr) 18.7 a 19.0 ab 19.3b 19.6 b 0.12 <0.001 0.788 

Butyrate 15.5 d 14.9 b 14.7b 14.1 a 0.14 <0.001 0.931 

Minor VFA 3 4.27 a 4.53 ab 4.53ab 4.57 b 0.092 0.048 0.217 

Ac / Pr (mol / mol) 3.31 c 3.28 bc 3.20ab 3.16 a 0.0143 0.003 0.962 

NH3-N (mg / L) 189 203 207 209 6.1 0.090 0.506 

CH4 (mL) 14.9 15.1 14.8 15.2 0.41 0.804 0.846 

CH4 / VFA (mL / mmol) 6.10 b 5.69 ab 5.53 a 5.65 a 0.140 0.039 0.095 

AFOM (%) 4 60.5 a 64.0 b 65.1 b 65.4 b 0.66 0.001 0.007 

a, b, c Means in the same row with different superscript differ (P < 0.05); 1 A: potential gas 

production; c: fractional rate of gas production; Lag: is the time needed to start gas production; 

AGPR: average gas production rate; DMED: dry matter effective degradability estimated for a 

rumen particulate outflow 0.042 per h; 2 SEM: standard error of the mean; 3 Minor VFA: 

calculated as the sum of isobutyrate, isovalerate, and valerate; 4 AFOM: fermented organic matter 

estimated from VFA production as proposed by Demeyer (1991). 
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Concentrations of NH3-N augmented linearly at 8 h (P = 0.033) as BS increased in the 

diet, and a trend (P = 0.090) was also detected after 24 h of incubation. The greater NH3-N 

concentrations in BS-containing diets were probably due to the faster degradation of BS 

protein compared with that of barley, corn, and soybean meal, as NH3-N is one of the main 

final products of protein degradation in the rumen. As shown in Table 3.1.6, in situ 

degradation of CP increased linearly (P = 0.008) from 0.167 to 0.242 h-1 with increasing 

proportions of BS in the diet. Besides, the soluble fraction of the CP (a fraction) of all diets, 

including BS, was greater (P < 0.05) than in the control diet, and this fraction is assumed to 

be immediately and completely degraded in the rumen in most protein evaluation systems 

(Wallace and Cotta, 1988; AFRC, 1993; Tamminga et al., 1994; Madsen et al., 1995). 

Although there were no differences among diets in the CP potential degradability (a + b), 

the effective degradability calculated for a rumen digesta passage of 0.042 per h was greater 

(P < 0.05) for all diets containing BS than for the control diet (80.2, 83.1, 84.3, and 85 % 

for control, BS8, BS16, and BS24, respectively). Finally, the linear increase (P = 0.048) 

observed in the proportions of minor VFA at 24 h of incubation as the proportion of BS 

augmented in the diet is also in agreement with previous results, as minor VFA are 

produced in the deamination of branched amino acids (Wallace and Cotta, 1988). 

Table 3.1.6. In situ degradation parameters of dry matter and crude protein of 

experimental diets containing 40 % of alfalfa hay and 60 % of concentrate with 

increased amounts of Brussels sprouts (BS; 8, 16, and 24 % of concentrate). 

Item 1 
Diet 

SEM 2 
P 

Control BS8 BS16 BS24 Lineal Quadratic 

Dry matter        

a (%) 33.6 a 34.7 a 37.9 b 40.5 c 0.33 <0.001 0.269 

b (%) 45.6 b 44.6 b 42.5 a 40.9 a 0.34 0.001 0.628 

a + b (%) 79.2 79.4 80.4 81.4 0.59 0.141 0.705 

c (h-1) 0.262 0.240 0.206 0.238 0.0102 0.227 0.180 

ED (%) 72.7 a 72.7 a 73.2 ab 75.1 b 0.67 0.042 0.192 

Crude protein        

a (%) 35.7 a 47.2 c 45.8 b 49.1 d 0.23 <0.001 <0.001 

b (%) 55.9 c 44.5 b 45.7 b 42.2 a 0.34 <0.001 0.001 

a + b (%) 91.6 91.7 91.5 91.3 0.23 0.551 0.728 

c (h−1) 0.167 a 0.176 ab 0.227 bc 0.242 c 0.0091 0.008 0.871 

ED (%) 80.2 a 83.1 b 84.3 b 85.0 b 0.77 0.004 0.211 
a, b, c Means in the same row with different superscript differ (P < 0.05); 1 a: soluble 

fraction; b: non-soluble potentially degradable fraction; c: fractional degradation rate of b 

fraction; ED: effective degradability calculated for a rumen passage rate of 0.042 h−1; 2 

SEM: standard error of the mean. 



 

69 
 

Brassica vegetables contain multiple secondary compounds, such as glucosinolates, 

phenolic compounds, carotenoids, and chlorophylls (Neugart et al., 2018), but to our best 

knowledge, their possible effect on ruminal CH4 production has not yet been investigated. 

Including BS in the diet did not affect CH4 production at any time (P ≥ 0.453; Table 3.1.5), 

but a linear reduction (P = 0.039) of CH4 / VFA ratio was observed at 24 h, and a trend (P = 

0.092) was also observed at 8 h of incubation. These results were consistent with the 

greater propionate and lower butyrate proportions observed in the fermentation of the diets 

containing BS, as the production of propionate in the rumen is a hydrogen-consuming 

reaction, whereas production of butyrate generates hydrogen that is used by methanogenic 

archaea to produce CH4 (Van Soest, 1994). 

The amount of in vitro AFOM increased linearly (P ≤ 0.001) with increasing BS 

amounts in the diet at both 8 and 24 h of incubation (Table 3.1.5), which is in agreement 

with the linear increase (P= 0.042) observed in DM effective degradability measured in situ 

(Table 3.1.6). In the in vitro technique, AFOM was greater in all BS-containing diets than 

the control one, while when incubated in situ, only BS24 diet had greater DM effective 

degradability than the control diet. Besides, in situ values were 1.15 times greater (values 

averaged across diets) than in vitro values, despite both values were calculated for a digesta 

retention time in the rumen of 24 h (in vitro incubations lasted for 24 h, and DM effective 

degradability was calculated for a rumen passage rate of 0.042 % per h that corresponds to 

a retention time of 24 h). Differences between techniques can help to explain these results, 

as a substantial amount of undegraded samples (either soluble compounds or small 

particles) may be washed out of the nylon bags in the in situ technique zero-hour later, thus 

leading to an overestimation of effective degradability (Carro et al., 1995). In contrast, the 

AFOM in the in vitro technique was estimated from VFA production, and all VFA 

produced were recovered at the end of the incubation, as there was no digesta passage in the 

in vitro system used in our study. 

3.1.4. Conclusions 

Discarded cabbages are high-moisture by-products, but their dry matter is rich in 

protein and sugars and is rapidly fermented in the rumen. Crude protein of all tested 

cabbages was rapidly and extensively degraded in the rumen (> 91 % after 12 h in situ 

incubation), indicating a negligible by-pass fraction, whose in vitro intestinal digestibility 

ranged from 61.4 to 90.2 %. In vitro results indicated that dried Brussels sprouts could 

replace 24 % of conventional feeds (barley, corn, and soybean meal) in the concentrate of a 

dairy sheep diet composed of 40:60 alfalfa hay:concentrate without producing negative 

effects on rumen fermentation. The inclusion of 24 % of Brussel sprouts in the concentrate 

increased the effective degradability of diet DM and CP. Further research on the viability of 

the inclusion of these by-products in the diet in practice and to quantify animal response in 

both productive and economic terms is required, taking into account that cabbage wastes 
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are high in sulfur and their feeding could increase the risk of sulfur toxicity and even 

modify the flavor of animal products. 
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3.2. Potential of Recycling Cauliflower and 

Romanesco Wastes in Ruminant Feeding:          

In Vitro Studies. 
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Simple Summary: The use of vegetable wastes in animal feeding is increasing 

worldwide, but the knowledge of the nutritional value of some of them is still limited. In 

this study, the nutritive value for ruminants of different fractions of cauliflower and 

romanesco wastes (leaves, stems and florets) was assessed using in vitro techniques. In 

addition, we analyzed the effect of increasing the substitution rate of cauliflower for 

commercial concentrate in a dairy sheep diet containing 40 % of alfalfa hay and 60 % of 

concentrate. All fractions of both vegetables had high amounts of water, but their dry 

matter was rich in protein and sugar and it was extensively fermented in vitro by ruminal 

microorganisms. Stems and florets were more rapidly fermented than leaves, but there 

were only minor differences between the two assessed vegetables. In an in vitro study with 

diets for dairy sheep with concentrates containing increased amounts of dried cauliflower, 

we observed that cauliflower can be included up to 24 % of the concentrate without any 

negative effect on rumen fermentation. The results indicate that cauliflower and 

romanesco wastes could be used in ruminant feeding, but in vivo trials are needed to 

confirm the in vitro results. 

Abstract: The nutritive values for ruminants of cauliflower (CAU) and romanesco (ROM) 

wastes (leaves, stems and florets) were assessed by analyzing their chemical composition, 

in vitro ruminal fermentation, and in vitro intestinal digestibility. In addition, the in vitro 

ruminal fermentation of diets containing increasing amounts of CAU was studied. The dry 

matter (DM) content of leaves, stems and florets of both vegetables was lower than 10 %, 

but they contained high crude protein (CP; 19.9 to 33.0 %) and sugar (16.3 to 28.7 %) 

levels, and low neutral detergent fiber (21.6 to 32.3 %). Stems and florets were more 

rapidly and extensively fermented in the rumen than leaves, but there were only minor 

differences the fermentation profiles of both vegetables. The estimated metabolizable 

energy content ranged from 9.3 (leaves) to 10.8 (florets) MJ / kg DM. The CP rumen 

degradability (12-h in situ incubations) was greater than 80.0 % for all fractions, and the in 

vitro intestinal digestibility of CP ranged from 85.7 to 93.2 %. The inclusion of up to 24 % 

of dried CAU in the concentrate of a mixed diet (40:60 alfalfa hay:concentrate) increased the 

in vitro rumen fermentation of the CAU diet, but did not affect methane (CH4) production, 

indicating the lack of antimethanogenic compounds in CAU. 

Keywords: cauliflower; romanesco; wastes; in vitro rumen fermentation; in vitro 

intestinal digestibility; CH4 

3.2.1. Introduction 

Consumers are progressively aware of the importance of a healthy diet to reduce the 

incidence of numerous dietary illnesses, such as obesity, type 2 diabetes and heart disease, 

among others (NFU, 2016). There is a consensus that a healthy diet must include five 

portions a day of vegetables and fruits, but average daily consumption is lower in most 

populations across the world (Howard Wilsher et al., 2019). In order to increase the intake 

of vegetables, new forms of packaging and presentation have been introduced in the 
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market, such as frozen vegetables, ready-to-eat salads, bagged and canned vegetables, etc. 

The marketing of these products often results in high amounts of vegetable wastes because 

some parts of the vegetables, or even the whole vegetables, are discarded for not meeting 

the required quality standards. Vegetable wastes could be used in animal feeding, but their 

high-moisture content is an important limitation for their preservation. However, some low-

cost drying options (i.e., solar tunnel dryers, Mahgoub et al, 2018) are being implemented 

in some countries, and other preservation options, such as ensiling, are being used in the 

practice for different vegetable wastes (Bakshi et al., 2006; Monllor et al., 2020). The 

utilization of vegetable wastes in livestock feeding may have multiple benefits, such as 

reducing feeding costs, direct competition for human-edible feeds, and the environmental 

problems caused by waste accumulation (de Evan et al., 2020c). In addition, vegetable 

wastes may contain bioactive compounds that can improve the quality of milk and meat and 

decrease CH4 emissions from ruminants (Romero-Huelva et al., 2012). 

Previous studies (Ngu and Ledin, 2005; Marino et al., 2010; Davis et al., 2015; 

Wadhwa and Bakshi, 2013) have analyzed the chemical composition and nutritive value of 

whole cauliflower (CAU; Brassica oleracea var. botrytis) and CAU leaves, indicating that 

they are a good source of protein and sugar. However, there is a lack of information on 

nutritive value of other CAU fractions (stems and florets). Some studies have reported a 

high intake of diets containing CAU leaves in goats (Ngu and Ledin, 2005; Wadhwa et al., 

2006), bulls (Das et al., 2019), pigs (Potshangbam et al., 2018) and rabbits (Perna et al., 

2019) and analyzed their effects on animal performance and product quality. However, 

little is known on the digestive utilization of CAU fractions in ruminants. In addition, to our 

best knowledge, there is no information on the nutritive value for ruminants of romanesco 

(ROM; Brassica oleracea var. botrytis cultivar group), another Brassica vegetable whose 

production and demand has sharply increased in the last few years (Fact M.R., 2018).  

Both CAU and ROM contain numerous bioactive compounds (Neugart et al., 2018) 

that might modulate ruminal fermentation and reduce CH4 emissions, as it has been 

observed for other vegetables (Romero-Huelva et al., 2012; Mateos et al., 2013; Soto et al., 

2015), but to our best knowledge there is no information on this point. The aim of this 

study was therefore to assess the potential nutritive values for ruminants of different 

fractions (leaves, stems and florets) of CAU and ROM by analyzing their chemical 

composition, in vitro ruminal fermentation and in vitro intestinal digestibility. As a second 

objective, the possibility of replacing conventional feeds with increasing amounts of CAU 

in ruminant diets was investigated by measuring the in vitro fermentation parameters of the 

diets and CH4 production. 
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3.2.2. Materials and Methods 

3.2.2.1. Sheep and Feeding 

Four mature Lacaune sheep (63.1 ± 2.05 kg body weight), each provided with a 

permanent rumen cannula, were used as donors of rumen fluid for the in vitro incubations 

and for conducting the in situ incubations necessary to measure the in vitro intestinal 

digestibility. Housing and feeding conditions have been described by de Evan et al. (2019). 

The sheep were cared and managed according to the Spanish regulations for experimental 

animal protection. Procedures for rumen contents collection were approved by the 

Institutional Animal Care and Use Committee of the Comunidad Autónoma de Madrid 

(PROEX 035/17). 

3.2.2.2. Cauliflower and Romanesco Wastes  

Samples of CAU and ROM (about 10 kg) were obtained from local markets on three 

different weeks between October and December 2017. Samples of each vegetable obtained 

the same week were pooled, weighed, and separated into three fractions: leaves, stems and 

florets. Each fraction was weighed, cut into pieces and dried at 40 °C until constant weight. 

Samples were then ground to pass a 2 mm sieve, and a subsample was further ground (1 mm 

size) for chemical analyses and in vitro incubations. 

3.2.2.3. Experiment 1. In Vitro Ruminal Fermentation and Intestinal Digestibility of 

Cauliflower and Romanesco Wastes 

The in vitro rumen fermentation of each vegetable fraction was assessed in two 

different incubation trials performed according the Goering and Van Soest (1970) 

procedure as detailed by de Evan et al. (2019). The objective of the first incubation was to 

determine the gas production kinetics of the samples, whereas the main fermentative 

parameters were assessed in the second one. In both incubations, contents of the rumen of 

each sheep were obtained before feeding, filtered through four layers of cheesecloth, and 

transported to the laboratory into thermal flasks. The rumen fluid was mixed with the 

Goering and Van Soest (1970) culture medium in a 1:4 proportion. The procedure was 

conducted at 39 °C under CO2 flushing. No trypticase and NH4HCO3 was used in the 

culture medium to avoid adding exogenous nitrogen. Samples of each vegetable fraction 

(200 mg DM) were carefully weighted into 60-mL vials and 20 mL of the rumen fluid and 

culture medium mixture were added using a peristaltic pump (Watson-Marlow 520UIP31; 

Watson-Marlow Fluid Technology Group, Cornwall, UK). Vials were sealed with rubber 

stoppers and incubated at 39 °C for 144 and 24 h in the first and second incubation trial, 

respectively. In the first incubation trial, a pressure transducer (Delta Ohm DTP704-2BGI, 

Herter Instruments SL, Barcelona, Spain) and a plastic syringe were used to measure the 

gas production at 3, 6, 9, 12, 15, 22, 26, 31, 36, 48, 58, 72, 96, 120 and 144 h. In addition, 

the potential in vitro degradability of DM (PDMD) was determined by measuring the DM 
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disappearance after the incubation of samples (300 mg DM) weighted into Ankom Corp 

#57 bags (30 µm pore size; Ankom Technology Corp., Fairport, NY, USA) in buffered 

ruminal fluid at 39 °C for 144 h in an Ankom Daisy II (Ankom Technology, Fairport, NY, 

USA) incubator, as described by de Evan et al. (2019). A mixture of ruminal fluid from the 

four sheep and the culture medium previously described was used. After 144 h, bags were 

washed with cold water, dried at 60 °C for 48 h, and weighed to calculate PDMD. In 

addition, one sample of each sugar beet pulp and wheat distiller’s dried grains with solubles 

(DDGS) were included in the incubation to be a reference for the estimation of 

metabolizable energy (ME) content, as described below. Data on in vitro fermentation of 

both feeds have been already published by de Evan et al. (2019).  

In the second in vitro incubation, gas production and the pH of the vials content were 

measured after 24 h as described before. Vials were then uncapped, their content was 

homogenized before measuring the pH, and 3 mL of vials content were mixed with 3 mL of 

0.5 M HCl and frozen (−20 °C) until volatile fatty acid (VFA) and NH3-N analyses. In both 

incubations, two blanks (vials without substrate) per inoculum were included to measure 

the endogenous gas production. Four replicates per sample were obtained by using the 

ruminal fluid from each sheep independently as inoculum.  

The in vitro DM and CP intestinal digestibility were determined following the 

procedure of Gargallo et al. (2006) as adapted by de Evan et al. (2019). Two g of each 

sample (2 mm ground) were weighed in duplicate into nylon bags (5 × 15 cm; 46 μm pore 

size), which were incubated in the rumen of each sheep immediately before the morning 

feeding for 12 h. After withdrawal, bags were rinsed to eliminate feed particles and 

immediately frozen (−20 °C) for one week. Finally, bags were thawed, washed with cold 

water in a turbine washing machine (3 cycles of 5 min each) and frozen before being 

lyophilized and weighed. The incubation residues were analyzed for N content and the in 

situ DM and CP degradability after 12 h incubation was calculated. Residues of 12 h 

incubation were pooled by vegetable fraction, and 0.3 g of each were carefully weighed in 

duplicate into Ankom R510 bags cut in half (50 µm pore size; 5 × 5 cm). Bags were 

incubated at 39 °C in a 0.1 N HCl solution (pH 1.9) containing 1 g / L of pepsin (P-7000, 

Sigma, St. Louis, MO, USA) for 1 h in the DaisyII incubator, and then were washed under 

running tap water. Bags were further incubated at 39 °C for 24 h in a 0.5 M KH2PO4 buffer 

(pH 7.75) containing 3 g / L of pancreatin (P-7545, Sigma, St. Louis, MO, USA) and 50 

ppm of thymol, and then washed in a turbine washing machine (cold water, 2 cycles, 5 

min), dried (40 °C, 72 h), and weighed. Incubation residues were pooled by sample and 

sheep and their N concentration were analyzed to calculate the in vitro CP intestinal 

digestibility.  
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3.2.2.4. Experiment 2. In Vitro Fermentation of Diets with Increased Amounts of Dried 

Cauliflower  

The aim of this trial was to assess the in vitro ruminal fermentation of diets, including 

increasing amounts of dried CAU. Five CAU pieces were obtained at local markets, and the 

whole pieces (including leaves, stems and florets) were cut into pieces and dried (40 °C). A 

control diet containing 40 % alfalfa hay and 60 % concentrate (fresh matter basis) was 

formulated to be representative of the diets fed to dairy ruminants in the practice. Three 

additional diets with the same alfalfa hay:concentrate ratio were formulated by partially 

replacing feed ingredients in the control concentrate with 8, 16 or 24 g of dried CAU per 

100 g of concentrate. All concentrates were formulated to have similar CP and NDF 

content. All feed ingredients and CAU were ground (1 mm sieve) before being mixed, and 

a subsample of CAU was taken for chemical analyses. 

Samples of the four diets were fermented in vitro using the procedure described in 

Experiment 1 to measure the kinetics of gas production. In addition, 24-h in vitro 

incubations were conducted as described earlier with the exception that incubations were 

performed in 120-mL vials and the size of sample and buffered rumen fluid was increased 

to 400 mg DM and 40 mL, respectively, to get enough gas for CH4 analyses. After 8 h of 

incubation, gas production was measured and a sample (about 10 mL) was taken into 

evacuated tubes for CH4 analysis. Immediately, 1 mL of vials content was sampled using a 

1-mL plastic syringe, mixed with 1 mL 0.5 M HCl, and frozen (−20 °C) until VFA and 

NH3-N analyses. At the end of the incubation (24 h), the pH of vials content was measured, 

and samples of gas and vials content were taken for analyses of CH4, VFA and NH3-N. 

3.2.2.5. Chemical Analyses, Calculations and Statistical Analyses 

The procedures of the Association of Official Analytical Chemists (AOAC, 2005) were 

used to analyze the DM (method 934.01), ash (method 942.05), and EE (method 920.39) 

content in the tested samples. The N content was determined according to the Dumas 

method using a TruSpec CN equipment (Leco Corp. St. Joseph, MI, USA). Analysis of 

NDF was carried out according to Van Soest et al. (1991) and that of ADF and lignin 

according to Robertson and Van Soest (1981). All fiber analyses were carried out using an 

Ankom 220 Fiber Analyzer unit (Ankom Technology Corp., Macedon, NY, USA), and 

results were expressed exclusive of residual ash. Sugars were analyzed as described by 

Marcos et al. (2019a). Concentrations of CH4 in the gas produced and of VFA in the vials 

content were analyzed by gas chromatography following the procedures described by 

García-Martínez et al. (2005) and Martínez et al. (2010), respectively. Finally, NH3-N 

concentrations were determined by the phenol-hypochlorite method of Wheatherburn 

(1967). All analyses were performed in duplicate. 

The NLIN procedure of SAS (SAS, 2017) was used to fit the gas production values to 

the exponential model proposed by Krishnamoorthy et al. (1991) Gas = A (1 – e (–c (t–Lag))), 
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in which A is the potential gas production, c is the fractional rate of gas production, Lag is 

the time before starting gas production, and t is the time of measurement. The rate of gas 

production between the start of the incubation and the time at which the 50 % of potential 

gas production (AGPR; average gas production rate) was calculated as AGPR = A c/[2 (ln2 

+ c × Lag)] proposed by García-Martínez et al. (2005). The DM effective degradability 

(DMED) for a rumen digesta passage of 0.042 per h (kp) was estimated as DMED = 

[(PDMD × c)/(c + kp)] e (−kp × Lag). The 0.042 per h passage rate corresponds to a digesta 

rumen retention time of 24 h, which can be found in sheep fed at moderate intake levels 

(Ranilla et al., 1998). The apparently fermented OM (AFOM) in each vial was estimated 

from VFA production, as proposed by Demeyer (1991). Finally, the ME content (MJ / kg 

DM) of the samples was calculated from gas production at 24 h (GP224; mL / 200 mg DM 

sample) and the CP and EE content (expressed in g / kg DM) using the following equation 

proposed by Menke and Steingass (1988): ME = 2.04 + 0.1448 GP24 + 0.0036 CP + 0.0243 

EE. 

The PROC MIXED of SAS (SAS, 2017) was used to analyze fermentation data from 

Experiment 1 as a mixed model including the fixed effect of vegetable (CAU and ROM), 

fraction (leaves, stems and florets) and the vegetable × fraction interaction, and the 

inoculum as a random effect. Data on chemical composition of vegetable fractions were 

analyzed using the same model but excluding the random effect of the inoculum. The 

fractions of the three samples of each vegetable (each obtained in a different week) were 

used as replicates. Data from Experiment 2 were first analyzed as a repeated measure 

model, but diet × time interactions were detected for several parameters. Therefore, data 

were analyzed independently for each incubation time (8 and 24 h) as a mixed model, in 

which the fixed effect was the diet and the random effect was the inoculum. In addition, 

non-orthogonal polynomial contrasts were performed to test the linear and quadratic effects 

of CAU inclusion in the diet. In all analyses, the significance level was set at P < 0.05, and 

P < 0.10 values were considered as trends. When a significant fixed effect was detected, 

means were compared with the Tukey’s test.  

3.2.3. Results and Discussion 

3.2.3.1. Experiment 1. In Vitro Ruminal Fermentation and Intestinal Digestibility of 

Cauliflower and Romanesco Wastes  

The proportion and chemical composition of each vegetable fraction (leaves, stems and 

florets) in both CAU and ROM are shown in Table 3.2.1. Florets were the predominant 

fraction (P < 0.05) in CAU accounting for nearly half of the vegetable, whereas leaves were 

the greatest fraction in ROM. There were vegetable × fraction interactions (P = 0.007 to 

0.031) for DM, organic matter, CP, NDF, ADF, hemicellulose and the amount of CP 

insoluble in NDF (NDICP), and a trend for cellulose (P = 0.058). As expected, all fractions 

of both vegetables had low DM content, which ranged from 5.85 to 9.65 % and was lower 

(P < 0.001) in CAU than in ROM. Compared with CAU, ROM samples had greater (P = 
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0.004) CP content but lower (P ≤ 0.034) sugars, NDF, ADF, hemicellulose and cellulose 

content. In general, the florets of both vegetables had greater CP and EE content and less 

fiber and lignin content and lignin / NDF ratio than leaves and stems, although the stems 

and florets of ROM had similar (P > 0.05) contents of NDF, ADF and cellulose. Our results 

agree well with the high levels of CP (from 17 to 41 % of DM) and low contents of NDF (≤ 

30 % of DM) and ADF (≤ 22 % of DM), previously reported for whole CAU (Ngu and 

Ledin , 2005; Marino et al., 2010; Davis et al., 2015) and CAU leaves or mixtures of leaves 

and stems (Wadhwa and Bakshi 2005; Wadhwa et al., 2006; Wadhwa and Bakshi, 2013; 

Lamba et al., 2016). All fractions of both CAU and ROM had high sugar content, but 

especially the stems (about 28 % of DM in both vegetables). Wadhwa and Bakshi (2005) 

reported a lower content of total sugars (18.6 % of DM) in CAU leaves. As previously 

discussed by de Evan et al. (2019), several factors, such as stage of growth, season, species 

and variety, soil types, and growth environment, can influence the chemical composition of 

vegetables, influencing the results obtained in the different studies. To our knowledge, only 

Lamba et al. (2016) have previously reported lignin values in CAU or ROM, and the 

reported value (3.9 % of DM for CAU leaves) is in accordance with the low lignin content 

(< 4.1 % on DM basis) observed in our study for all fractions of both vegetables, but 

especially the florets. As a consequence, the lignification of the cell wall (calculated as 

percentage of lignin in the NDF) was below 9 and 20 % in CAU and ROM fractions, 

respectively. There were differences among fractions in both vegetables. Whereas there 

were no differences (P > 0.05) among CAU fractions in CP and sugars content, ROM 

florets had greater differences (P < 0.05) in CP and EE content than leaves and stems, and 

ROM stems had greater differences (P < 0.05) in sugars content compared with leaves and 

florets. Leaves had the greatest (P < 0.05) NDF and ADF content in ROM, but in CAU, 

both leaves and stems had similar (P > 0.05) NDF and ADF content. 
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Table 3.2.1. Proportion and chemical composition of leaves, stems and florets of cauliflower and romanesco samples (n = 3) and chemical 

composition of sugar beet pulp and wheat DDGS samples used as reference feeds. 

Item 

Cauliflower Romanesco 

SEM 1 

p Reference Feeds 

Leaves Stems Florets Leaves Stems 
Floret

s 
Vegetable Fraction 

Vegetable 

× Fraction 

Sugar 

Beet Pulp 

Wheat 

DDGS 

Proportion (% of 

fresh matter) 
29.9 a 21.8 a 48.3 b 45.8 b 23.1 a 31.1 a 3.13 0.999 <0.001 <0.001 - - 

Chemical composition 2             

Dry matter (%) 6.86 5.85 6.58 6.74 a 7.63 a 9.65 b 0.403 <0.001 0.008 0.007 89.1 92.2 

Organic matter 85.4 a 88.3 b 88.0 b 84.6 a 88.2 b 90.6 b 0.56 0.210 <0.001 0.025 94.9 95.5 

Crude protein (CP) 21.9 19.9 25.0 21.5 a 23.5 a 33.0 b 1.26 0.004 <0.001 0.020 9.44 32.9 

Ether extract 3.62 a 3.91 a 5.50 b 3.08 a 3.37 a 5.47 b 0.278 0.129 <0.001 0.574 0.80 4.61 

Sugars  25.5 28.7 23.2 16.3 a 28.3 b 18.9 a 2.36 0.034 0.011 0.220 13.5 6.97 

Neutral detergent 

fiber (NDF) 
32.3 b 30.4 b 24.7 a 30.3 b 21.6 a 23.8 a 1.16 0.002 0.001 0.011 48.0 29.5 

Hemicellulose 11.9 12.1 10.7 9.68 7.08 11.9 0.83 0.012 0.154 0.009 23.8 18.3 

Acid detergent fiber 20.4 b 18.3 b 14.0 a 20.6 b 14.5 a 11.9 a 0.64 0.004 <0.001 0.031 24.2 11.2 

Cellulose 18.0 b 15.5 b 13.2 a 17.3 b 10.5 a 11.0 a 0.81 0.002 <0.001 0.058 22.0 7.87 

Lignin 2.42 b 2.77 b 0.78 a 3.29 b 4.03 b 0.86 a 0.568 0.137 0.002 0.589 2.16 3.33 

Lignin (% of NDF) 7.47 8.98 3.17 10.9 b 19.1 c 3.67 a 2.751 0.060 0.008 0.243 4.49 11.2 

NDICP (% CP) 3 13.1 20.0 18.2 18.8 10.3 18.4 2.47 0.545 0.427 0.028 NA 4 NA 4 

a,b,c Within each vegetable, means in the same row with different superscript differ (P < 0.05); 1 SEM: standard error of the mean for the interaction vegetable × 

fraction (n = 3); 2 Expressed as g / 100 g of dry matter unless otherwise stated; 3 NDICP: neutral detergent insoluble crude protein expressed as g / 100 g crude 

protein; 4 not analyzed. 



 

80 
 

Table 3.2.2 shows the gas production parameters of the analyzed samples. Vegetable × 

fraction interactions were only detected for the fractional rate of gas production (P = 0.016) 

and DMED (P < 0.001). Whereas ROM stems had the greatest (P < 0.05) value for both 

parameters, for CAU there were no differences (P > 0.05) among fractions in the fractional 

rate of gas production and both stems and florets had similar DMED (P > 0.05). Compared 

with ROM, CAU fractions have greater (P ≤ 0.039) potential gas production (A; 237 vs. 

230 mL / g DM), fractional rate of gas production (5.14 vs. 4.86 h) and Lag (3.72 vs. 3.31 

h), but there were no differences (P ≥ 0.119) between vegetables in AGPR, DMED or ME 

content. Our results for CAU are in good agreement with the high gas production (237 – 

239 mL of gas per g DM) and short Lag times reported by others (Mahgoub et al., 2018; 

Marino et al., 2010) after in vitro incubation with sheep rumen fluid for 96 h. For both 

CAU and ROM, stems was the fraction with the greatest (P < 0.05) values of A, AGPR and 

DMED, although there were no differences (P > 0.05) between stems and florets in DMED 

for CAU. Leaves had the greatest (P < 0.05) Lag values and lowest (P < 0.05) DMED of 

the three analyzed fractions, which is consistent with the higher NDF content and lower 

sugar content of this fraction compared with florets and stems. 

Both CAU and ROM florets had greater (P < 0.05) ME content than leaves, with stems 

having intermediate values, as shown in Table 3.2.2. Our values were close to the 10.1 MJ / 

kg DM reported for a CAU sample by Marino et al. (2010) estimated from in vitro gas 

production and chemical composition. Wadhwa et al. (2006) obtained a ME content of 13.6 

MJ / kg DM in CAU leaves measured in a feeding trial using bucks, but this value was 

calculated without taking into account the energy lost as CH4 because gas emissions were 

not determined. In contrast, Lamba et al. (2016) estimated a lower value (7.73 MJ / kg DM) 

for a sample of CAU leaves using ruminal fluid from buffalo calves. In our study, one 

sample of each sugar beet pulp and wheat DDGS was included in the incubations for 

comparative purposes. The estimated ME content of the sugar beet pulp sample was 9.63 

MJ / kg DM, which is only slightly lower than the 9.9 MJ / kg DM value reported by the 

NRC (2001) and the 10. MJ / kg DM assumed by the de Blas et al. (2019). In contrast, both 

the NRC (2001) and the de Blas et al. (2019) reported greater values for wheat DDGS (12.6 

and 11.3 MJ / kg DM, respectively) than the 9.73 MJ / kg DM observed in our study. The 

underestimation was probably due to the high protein content of DDGS (32.9 % of DM), as 

protein fermentation generates lower amounts of gas than carbohydrate degradation (Cone 

and Van Gelder, 1999; Jentsch et al., 2007). Our results indicate that the DM of stems and 

florets from both CAU and ROM have similar ME content than sugar beet pulp, although 

the value might be even greater due to the underestimation caused by their high CP content, 

especially in the florets. 
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Table 3.2.2. Gas production parameters of different fractions of cauliflower and Romanesco and two reference feeds (sugar beet pulp and 

wheat DDGS) measured using sheep rumen fluid as inoculum. 

Item 

Cauliflower Romanesco 

SEM 2 

P Reference Feeds 

Leaves Stems Florets Leaves Stems Florets Vegetable Fraction 
Vegetable × 

Fraction 

Sugar Beet 

Pulp 

Wheat 

DDGS 

A 1 (mL / g dry 

matter)  
227 a 252 b 233 a 227 a 242 b 221 a 3.89 0.018 <0.001 0.320 329 185 

c (%/h) 5.00  5.34 5.07 4.38 a 5.59 b 4.60 a 0.155 0.033 <0.001 0.016 5.21 4.15 

Lag (h) 4.61 b 3.52 a 3.04 a 4.54 b 2.68 a 2.71 a 0.243 0.039 <0.001 0.284 3.83 0.00 

AGPR (mL / h) 6.16 a 7.70 b 6.98 b 5.60 a 8.06 b 6.17 a 0.258 0.119 <0.001 0.065 9.52 2.55 

DMED (%) 38.3 a 44.8 b 44.9 b 35.8 a 49.3 c 43.5 b 0.70 0.225 <0.001 < 0.001 38.0 30.1 

ME (MJ / kg DM) 3 9.03 a 10.0 ab 10.5 b 9.57 a 10.1 ab 11.0 b 0.217 0.830 <0.001 0.930 9.63 9.73 

a,b,c Within each vegetable, means in the same row with different superscript differ (P < 0.05); 1 A: asymptotic (potential) gas production; c: fractional 

rate of gas production; Lag: time before starting the gas production; AGPR: average gas production rate; DMED: dry matter effective degradability 

calculated for a rumen digesta passage of 0.042 per h; 2 SEM: standard error of the mean for the interaction vegetable × fraction (n = 12); 3 ME: 

metabolizable energy was calculated from gas production at 24 h and chemical composition as proposed by Menke and Steingass (1988). 
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The fermentation parameters determined after 24-h of incubation, as shown in Table 

3.2.3 confirmed that all fractions of CAU and ROM were rapidly and extensively degraded 

by ruminal microorganisms. There were no vegetable × fraction interactions for any 

parameter measured, with the exception of final pH (P = 0.011). Florets had the lowest (P < 

0.05) pH for CAU, which is consistent with the lower NDF and ADF content of this 

fraction compared with leaves and stems. In contrast, florets in ROM had the greatest (P < 

0.05) pH for ROM, which might be related to their high sugar content, as numerous studies 

(reviewed by Oba et al., 2011) reported that rumen pH is not negatively affected by feeding 

sugars, despite their rapid fermentation. No differences (P ≥ 0.162) between the two 

vegetables were detected in the amount of gas produced, total VFA production, molar 

proportions of propionate, and acetate / propionate ratio. Values of gas production, final pH 

and total VFA production for both vegetables were intermediate between those observed 

for sugar beet pulp and wheat DDGS. The fermentation of ROM resulted in greater 

proportions (P ≤ 0.001) of butyrate and minor VFA (sum of isobutyrate, isovalerate, and 

valerate) and tended (P = 0.090) to lower acetate proportions compared with CAU. The 

greater proportions of minor VFA in ROM are consistent with both the greater (P = 0.008) 

NH3-N concentrations and the greater CP content, as shown in Table 3.2.1, as minor VFA 

are generated in the deamination of branched amino acids and NH3-N is one of the major 

products of CP degradation in the rumen (Wallace and Cotta, 1988). Concentrations of 

NH3-N in both vegetables were greater than those observed for sugar beet pulp, which is 

consistent with the high CP content of CAU and ROM. Both ROM florets and wheat 

DDGS had similar CP content (33.0 and 32.9 %, respectively), but NH3-N concentrations 

were greater for ROM (380 and 276 mg / L), which was probably be due to the previously 

reported low CP degradability of wheat DDGS (NRC, 2001; de Blas et al., 2019). 
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Table 3.2.3. Fermentation parameters of different fractions of cauliflower and Romanesco and two reference feeds (sugar beet pulp and 

wheat DDGS) samples (200 mg dry matter) measured in 24-h in vitro incubations using sheep rumen fluid as inoculum. 

Item 1 

Cauliflower Romanesco 

SEM 2 

P Reference Feeds 

Leaves Stems Florets Leaves Stems Florets Vegetable Fraction 
Vegetable × 

Fraction 

Sugar Beet 

Pulp 

Wheat 

DDGS 

Gas (mL) 31.5 a 36.5 b 35.0 b 33.6 36.1 34.5 0.49 0.626 0.008 0.330 43.9 26.3 

pH 6.67 c 6.58 b 6.54 a 6.60 a 6.61 a 6.73 b 0.011 0.531 0.003 0.011 6.56 6.73 

Total volatile fatty acids 

(VFA; µmol / vial) 
1417a 1531b 1522 b 1487 a 1607 b 1501 a 17.2 0.162 0.017 0.323 1700 1311 

Molar proportions of individual VFA (mol / 100 mol)        

Acetate (Ac) 66.7 b 62.5 a 61.4 a 65.0 b 61.3 a 60.7 a 0.40 0.090 <0.001 0.836 65.5 53.4 

Propionate (Pr) 21.8 a 25.7 b 25.3 b 22.3 a 25.6 b 24.1 b 0.38 0.618 0.001 0.511 25.2 33.3 

Butyrate 8.18 8.35 8.48 8.46 a 9.07 b 9.09 b 0.057 <0.001 0.003 0.173 6.93 6.34 

Minor VFA 3.29 a 3.42 a 4.74 b 4.22 a 4.03 a 6.13 b 0.144 0.001 <0.001 0.420 2.31 6.96 

Ac/Pr (mol / mol) 3.07 b 2.44 a 2.43 a 2.94 b 2.40 a 2.54 a 0.061 0.853 <0.001 0.608 2.60 1.61 

NH3-N (mg / L) 267 233 288 297 a 293 a 380 b 11.7 0.008 0.028 0.443 108 276 

a,b,c Within each vegetable, means in the same row with different superscript differ (P < 0.05); 1 Each vial contained 200 mg of sample dry matter; Minor 

VFA: calculated as the sum of isobutyrate, isovalerate, and valerate; 2 SEM: standard error of the mean for the interaction vegetable × fraction (n = 12). 
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There were marked differences (P ≤ 0.017) among vegetable fractions in all 24-h 

fermentation parameters. For CAU, the production of gas and total VFA was greater for 

stems and florets (P = 0.008 and P = 0.017, respectively) than for leaves, but stems had the 

greatest (P < 0.05) total VFA in ROM. There were also differences among fractions in 

VFA profile, with leaves having the greatest (P < 0.05) acetate and the lowest (P < 0.05) 

propionate proportion, which is in accordance with the greatest NDF and ADF content in 

leaves compared with stems and florets. These results indicate that the fermentation of 

leaves was less energetically efficient than that of stems and florets (Van Soest, 1994), 

which is consistent with the lower ME content estimated for this fraction. Acetate / 

propionate ratio in stems and florets of both vegetables was slightly lower than that 

observed for sugar beet pulp.  

As shown in Table 3.2.4, CAU and ROM had similar (P ≥ 0.310) rumen degradability 

and intestinal digestibility values for both DM and CP, but vegetable × fraction interactions 

(P ≤ 0.019) were detected for DM and CP in situ degradability. Leaves have lower (P < 

0.05) rumen DM degradability than stems and florets in CAU, but in ROM the value for 

florets did not differ (P > 0.05) from that in leaves and stems. Whereas there were no 

differences in rumen CP degradability among fractions in CAU, ROM florets had lower (P 

< 0.05) values compared to leaves and stems. The rumen degradability of DM measured 

after 12-h of in situ incubation ranged from 78.7 to 91.7 % and was lower (P < 0.05) for 

leaves compared with stems and florets in both vegetables. Similarly, Wadhwa and Bakshi 

(2005) determined the in situ DM rumen degradability of CAU leaves in buffaloes and 

reported a similar degradability (78.3 %) and a high rapidly-soluble fraction (46.7 %). Arias 

et al. (2003) also reported a similar value (79.0 %) for in vitro DM degradability of CAU 

leaves. In our study, rumen CP degradability ranged from 80.9 to 90.3 %, and was greater 

(P < 0.05) for leaves and stems compared with florets for ROM, without differences among 

fractions for CAU. The in vitro intestinal digestibility of the by-pass DM was low (< 66.0 

%) for all fractions excepting ROM florets that reached 73.3 %. In contrast, in vitro 

intestinal digestibility of by-pass CP was high (85.7 – 93.2 %). However, the low CP-

bypass fraction of all analyzed samples (9.7 – 19.1 % of total CP content; calculated as 100 

minus the amount of CP degraded in the rumen after 12 h of in situ incubation) suggests 

that the intestinal amino acid supply from CAU and ROM would be of limited importance. 

These results confirm that both CAU and ROM are sources of highly degradable DM and 

CP. 
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Table 3.2.4. Rumen degradability after 12 h of in situ incubation and in vitro intestinal digestibility of dry matter (DM) and crude protein 

(CP) of different fractions of cauliflower and Romanesco. 

Item 

Cauliflower Romanesco 

SEM 1 

P 

Leaves Stems Florets Leaves Stems Florets Vegetable Fraction 
Vegetable × 

Fraction 

In situ rumen degradability (%)       

DM  78.7 a 88.1 b 91.4 b 84.0 a 91.7 b 86.4 a 1.60 0.310 <0.001 0.019 

CP  85.5 87.9 88.5 87.3 b 90.3 b 80.9 a 1.64 0.421 0.032 0.005 

In vitro intestinal digestibility (%)       

DM  54.8 65.8 64.4 52.6 a 57.1a 73.3 b 2.44 0.859 0.022 0.170 

CP  85.7 91.1 90.2 86.5 a 88.9 ab 93.2 b 1.01 0.727 0.001 0.375 

a,b,c Within each vegetable, means in the same row with different superscript differ (P < 0.05); 1 SEM: standard error of the mean (n = 9). 
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3.2.3.2. Experiment 2. In Vitro Fermentation of Diets Including Dried Cauliflower 

As there were only small differences in the in vitro fermentation of both vegetables, 

cauliflower was chosen for Experiment 2 because its worldwide production is considerably 

greater than that of romanesco (FAOSTAT, 2020). The CAU sample contained 84.7, 27.5, 

5.89, 25.5 and 20.9 g of OM, CP, EE, NDF and ADF per 100 of DM, respectively. These 

data agree well with the composition of the CAU samples used in Experiment 1, with the 

exception that CP content was slightly greater. Differences in the chemical composition of 

a vegetable are mainly attributed to stage of growth, season, variety, soil types and growth 

environment, among others (de Evan et al, 2019). The control diet was formulated to be 

representative of those fed to dairy ruminants in the practice, and therefore contained 40 % 

alfalfa hay and 60 % high-cereal concentrate (77 % of cereals). As intended, all diets had 

similar CP and NDF contents, as shown in Table 3.2.5. 

Table 3.2.5. Concentrate ingredients and the chemical composition of 

experimental diets containing increased amounts of cauliflower (CAU) used in 

Experiment 2 1. 

Item 
Diet 

Control CAU8 CAU16 CAU24 

Concentrate ingredients (g / 100 g fresh matter)     

Dried cauliflower - 8.0 16.0 24.0 

Corn 32.0 32.0 32.0 32.0 

Barley 30.0 30.0 30.0 30.0 

Wheat 15.0 11.0 7.5 4.0 

Soybean meal 46% 14.0 12.0 10.0 8.0 

Wheat bran 7.0 5.0 2.5 0.0 

Others 2 2.0 2.0 2.0 2.0 

Chemical composition  

(g / 100 g dry matter unless otherwise stated) 3 
    

Dry matter (g / 100 g) 89.7 89.7 89.7 89.7 

Organic matter  93.0 92.2 91.2 90.3 

Crude protein  16.1 16.1 16.1 16.1 

Ether extract  4.18 4.28 4.37 4.46 

Neutral detergent fiber  31.5 31.7 31.7 31.8 

Acid detergent fiber  15.9 16.4 17.0 17.6 

1 All diets were composed of 40 % alfalfa hay and 60 % concentrate (fresh matter 

basis); 2 All diets contained calcium soap, calcium carbonate and mineral/vitamin 

premix in proportions of 1.0, 0.5 and 0.5 %, respectively (fresh matter basis); 3 

Chemical composition of diets was calculated from the analyzed composition of 

each feed ingredient. 
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As shown in Table 3.2.6, there was a quadratic response (P = 0.017) in the potential 

gas production (A), which increased up from control to CAU diets and decreased for 

CAU24 diet. A linear decrease (P = 0.043) in the Lag time was detected as the amount of 

CAU in the concentrate increased, but there were no differences among diets in other gas 

production parameters and DMED values. These results are in accordance with the high 

sugars content of CAU, as sugars are rapidly and extensively fermented in the rumen. A 

more rapid fermentation of the diets, including CAU compared with the control diet, was 

also indicated by the linear increase (P = 0.015) in total VFA production observed for the 

CAU-containing diets at 8 h of fermentation, as shown in Table 3.2.6. Compared with the 

control diet, total VFA production in the CAU24 diet was increased by 8.7 and 7.0 % at 8 

and 24 h incubation, respectively. The linear increase in the amount of AFOM (P = 0.018 

and 0.026 at 8 and 24 h of incubation, respectively) also supports these results. As VFAs 

are the main source of energy for ruminants (Van Soest, 1994), the results indicate that the 

diets including CAU would supply more energy for the host animal. 

The inclusion of CAU in the diet affected molar proportions of the main VFA, as 

shown in Table 3.2.6. At both incubation times, acetate increased (P ≤ 0.030; linear) and 

propionate and butyrate decreased (P ≤ 0.042; linear), with the exception of butyrate at 24 h 

that remained unchanged (P = 0.100). As a consequence, acetate / propionate ratios were 

greater (P < 0.05) for CAU16 and CAU24 diets compared with the control one at both 

incubation times. These results are consistent with the high acetate proportions observed in 

the fermentation of CAU fractions in Experiment 1. In contrast, the proportions of minor 

VFA (isobutyrate, valerate and isovalerate) were not affected by the dietary inclusion of 

CAU. When the production of each VFA at 24 h was calculated by multiplying total VFA 

production by its molar proportion, the fermentation of all CAU diets resulted in greater (P 

< 0.05) production of acetate (785, 837, 873 and 886 µmol / vial for control, CAU8, 

CAU16 and CAU24 diets, respectively) without changes in the production of propionate 

(294, 306, 307 and 305 µmol / vial, respectively) and butyrate (164, 171, 175 and 174 µmol 

/ vial, respectively) production. 

The observed trend to a quadratic increase in NH3-N concentrations (P = 0.057) at 8 h 

of incubation as the amount of CAU in the diet augmented is in accordance with the high 

ruminal degradability of CP in CAU, as shown in Table 3.2.4. The in situ degradability of 

CP was greater than 85.0 % for all CAU fractions, whereas lower degradability values (62 

– 65 %) have been reported for soybean meal (NRC, 2001: de Blas et al., 2019), that was 

the main protein feed in the control concentrate. However, it should be taken into account 

that ruminal NH3-N concentrations are difficult to interpret, as they reflect the balance 

between the NH3-N generated by protein degradation and the NH3-N captured by ruminal 

microorganisms for microbial protein synthesis (de la Moneda et al., 2019). Moreover, it 

should be noted that processes such as NH3-N absorption and urea recycling do not occur in 

the in vitro systems, and therefore the direct extrapolation of in vitro NH3-N concentrations 

to in vivo conditions is not possible. 
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Table 3.2.6. Gas production and fermentation parameters of experimental diets 

containing 40 % alfalfa hay and 60 % concentrate with increased amounts of 

Brussels sprouts (BS; 8, 16 and 24 % of concentrate fresh matter). 

Item 
Diet 

SEM 2 
P 

Control CAU8 CAU16 CAU24 Lineal Quadratic 

Gas production parameters 1      

A (mL / g DM) 280 a 287 b 290 b 283 a 2.50 0.376 0.017 

c (% / h) 3.90 3.80 3.93 3.90 0.001 0.493 0.514 

Lag (h) 1.10 b 0.89 ab 0.91 ab 0.76 a 0.09 0.043 0.725 

AGPR (mL / h) 7.40 7.58 7.77 7.75 0.19 0.195 0.616 

DMED (%) 40.5 40.9 41.3 41.7 0.48 0.100 0.900 

Fermentation parameters (8 h)      

Total VFA3 (µmol) 1284 a 1354 ab 1396 b 1406 b 30.4 0.015 0.340 

Individual VFA (mol / 100 mol)       

Acetate (Ac) 61.1 a 61.8 b 62.5 c 63.0 c 0.18 <0.001 0.759 

Propionate (Pr) 22.9 b 22.6 b 22.0 ab 21.7 a 0.18 <0.001 0.797 

Butyrate 12.8 b 12.6 b 12.5 ab 12.3 a 0.11 0.004 0.876 

Minor VFA 4 3.11 2.99 3.05 2.98 0.08 0.408 0.742 

Ac/Pr (mol / mol) 2.69 a 2.77 a 2.87 b 2.92 b 0.03 <0.001 0.721 

NH3-N (mg / L) 143 157 149 141 5.1 0.581 0.057 

CH4 (mL) 6.90 7.41 7.68 7.28 0.24 0.213 0.087 

CH4/VFA (mL / mmol) 5.40 5.52 5.52 5.21 0.23 0.577 0.372 

AFOM (mg / vial) 5 114 a 120 ab 124 b 125 b 2.69 0.018 0.323 

Fermentation parameters (24 h)      

pH 6.79 6.79 6.79 6.78 0.01 0.827 0.745 

Total VFA (µmol) 2446 a 2603 b 2618 b 2631 b 25.7  <0.001 0.045 

Individual VFA (mol / 100 mol)       

Acetate (Ac) 61.5 a 61.9 ab 62.5 b 62.8 b 0.29 0.030 0.598 

Propionate (Pr) 18.7 b 18.7 b  18.3 ab  17.9 a  0.16 0.042 0.712 

Butyrate 15.5 15.2 15.0 15.1 0.18 0.100 0.414 

Minor VFA 3 4.27 4.15 4.16 4.24 0.08 0.828 0.308 

Ac/Pr (mol / mol) 3.31 a 3.35 ab 3.43 b 3.53 b 0.04 0.021 0.843 

NH3-N (mg / L) 189 199 198 205 4.5 0.142 0.332 

CH4 (mL) 14.9 15.6 15.0 15.4 0.36 0.793 0.513 

CH4/VFA (mL / mmol) 6.10 5.99 5.74 5.85 0.12 0.105 0.479 

AFOM (mg / vial) 5 220 a 234 b 235 b 236 b 2.35 0.026 0.264 

a,b,c Means in the same row with different superscript differ (P < 0.05). 1 Determined in 144-h in 

vitro incubations with ruminal fluid from sheep; A: potential gas production; c: fractional rate of 

gas production, Lag: is the time needed to start gas production; AGPR: average gas production 

rate. DMED: dry matter effective degradability estimated for a rumen particulate outflow 0.042 

per h. 2 SEM: standard error of the mean. 3 VFA: volatile fatty acids. 4Minor VFA: calculated as 

the sum of isobutyrate, isovalerate and valerate. 5 AFOM: fermented organic matter estimated 

from VFA production (Martínez et al., 2010). 
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Including increasing amounts of CAU in the diet tended to increase (P = 0.087; 

quadratic), as shown in Table 3.2.6, the CH4 production at 8 h of incubation, but this effect 

disappeared after 24 h. The increased CH4 production in CAU-containing diets observed at 

8 h was probably due to their greater fermentation, as indicated by the greater VFA 

production. The lack of differences among diets (P ≥ 0.372) in the CH4 / VFA ratio at 8 h 

of incubation supports this hypothesis. These results would indicate a lack of 

antimethanogenic compounds in CAU. In agreement with previous results (Kamel et al., 

2008) the proportion of CH4 in the gas produced was lower at 8 h (15.9, 16.3, 16.6 and 16.3 

% for control, CAU8, CAU16 and CAU24 diets, respectively) than at 24 h of fermentation 

(20.5, 20.6, 20.2 and 20.7 %, respectively). These proportions cannot be directly compared 

with those reported in vivo, as some of the CO2 produced in vitro arises from the incubation 

medium due to the production of CO2 in the neutralization of VFA by bicarbonate 

(Theodorou et al., 1998). 

3.2.4. Conclusions 

Leaves, stems and florets of cauliflower and romanesco have high water content, but 

their dry matter contains high amounts of protein and sugars, and small proportions of low-

lignified fiber. All fractions were highly degradable in the rumen (> 78 % in 12-h in situ 

incubations), and the intestinal digestibility of the small by-pass fraction was low for dry 

matter (< 74 %) but high for protein (> 85 %). Both CAU and ROM are sources of high-

degradable dry matter and protein, which can be rapidly fermented by rumen 

microorganisms. Dried cauliflower can be included up to 24 % in a concentrate for dairy 

sheep without having any negative effect on in vitro ruminal fermentation and increasing 

the amount of organic matter fermented. In vivo trials are needed to confirm these results 

and to assess the potential effects of these vegetables on animal health and product quality. 
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3.3. In Vitro and In Situ Evaluation of Broccoli 

Wastes as Potential Feed for Ruminants. 
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Simple Summary: Public concern about food wastes has increased in recent years. 

According to the FAO (Food and Agriculture Organization), vegetable food losses happen 

mainly at cultivation and harvest, but losses at distribution and consumption are also 

important. The dry matter of some vegetable wastes is rich in protein and fiber and the 

wastes could be used in ruminant feeding, but information on their nutritive value is 

needed. Both broccoli florets and stems were studied, and the rumen degradability of diets 

including increasing amounts of dried broccoli was assessed. Both florets and stems had 

low dry matter content (< 5 %), but were rich in protein (> 23 %) and sugars (> 19.9 %). 

Both broccoli fractions were highly degradable in the rumen, with stems showing greater 

values than florets. In contrast, stems had lower in vitro intestinal digestibility than florets. 

According to in vitro results, dried broccoli could replace up to 24 % of the cereals and 

high-protein ingredients in a high-cereal concentrate without affecting the rumen 

fermentation of the diet. 

Abstract: The potential of broccoli wastes (florets and stems) as ruminant feed was 

analyzed using in vitro and in situ techniques. Both stems and florets had high moisture 

content (90.6 and 86.1 %, respectively), but the stems contained (% dry matter) lower 

levels (P < 0.05) of crude protein (CP; 23.2 vs. 30.8 %) and ether extract (2.91 vs. 6.15 %) 

and tended to have greater sugars content (P = 0.071; 33.4 vs. 19.6 %) than florets. Stems 

had greater in vitro dry matter rumen degradability (45.3 %; 24 h incubation) and lower in 

vitro CP intestinal digestibility (82.7 %) compared with florets (42.2 and 90.1 %, 

respectively). Rumen degradability of protein was high (< 85 %) for both fractions. In a 

second experiment, diets including different proportions of broccoli were formulated and 

fermented in vitro. The replacement of 24 % of conventional feeds (wheat, soybean meal 

and wheat bran) in a concentrate by dried broccoli increased the amount of organic matter 

fermented in vitro and the NH3-N concentrations of a mixed diet including 40 % of the 

concentrate. Including dried broccoli in the diet produced only small modifications in the 

volatile fatty acid profile and did not affect CH4 emission. 

Keywords: broccoli; florets and stems; ruminal degradability; methane; intestinal 

digestibility; in vitro; in situ 

3.3.1. Introduction 

The production of broccoli (BRO; Brassica oleracea var. italica) has increased by 32.1 

% in the last decade, and in 2018 reached 37.2 × 106 tons (production values combined with 

cauliflowers), with China and India being the main producers (FAOSTAT, 2020). These 

two countries accounted for 81.1 % of total worldwide production, and were followed by 

the United States of America, Mexico and Spain (FAOSTAT, 2020). The marked increase 

in BRO production is mainly due to its relevance as a health-promoting food. The healthy 

attributes are ascribed to its high content in bioactive phytochemicals (glucosinolates, 

isothiocyanates, phenolic compounds) and nutrients, such as vitamins and minerals, and 
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BRO consumption has proved to be beneficial for the prevention of chronic pathologies 

(Domínguez-Perles et al., 2010). 

During the BRO supply chain for human consumption, there are multiple losses of 

vegetable material, which are generated during the agricultural production (cultivation and 

harvesting), processing, distribution, and consumption (de Evan et al., 2019). Values 

reported recently (FAO, 2011) indicate that in highly industrialized countries most 

vegetable losses happen at postharvest grading, which causes huge amounts of waste due to 

the high quality standards set by the retailers that can account for losses of about 45 to 50 % 

of the BRO harvested (Poultry World, 2020). In addition, the growing availability of 

frozen, canned and ready-to-eat vegetables is increasing the amount of waste of either 

whole vegetables or their fractions (i.e., leaves, stems). The potential use of BRO wastes as 

a source of bioactive compounds has been widely investigated (Domínguez-Perles et al., 

2010; Drabińska et al., 2018; Liu et al., 2018), but their potential as ruminant feed has 

received less attention. 

Similar to other vegetable wastes (Pignata et al., 2017), the use of BRO wastes in 

ruminant feeding may reduce farming costs and the environmental contamination caused by 

their accumulation, as BRO wastes have high water content and are rapidly perishable. 

Several studies have analyzed the use of BRO wastes as feed ingredients in the diets of 

dairy cows (Yi et al., 2015), sheep (Mahmoud, 2016), goats (Panwar et al., 2017), and 

fattening lambs (Partovi et al., 2020), and all of them obtained positive results. 

Furthermore, others have assessed the ensilability of BRO wastes either alone (Meneses et 

al., 2020) or mixed with other feeds (Partovi et al., 2020; Monllor et al., 2020), and the in 

vitro ruminal fermentation of different BRO by-products (Megías et al., 2002; Marino et 

al., 2010; Yi et al., 2015; Durmic et al., 2016; García-Rodríguez et al., 2019). However, 

only a single sample of BRO wastes was assessed in most of these studies, and none of 

them reported specific information on nutritive value of BRO florets. This study was 

therefore aimed to address the potential of BRO wastes (stems and florets) as feed for 

ruminants by measuring their chemical composition and their ruminal fermentation and 

intestinal digestibility by using in vitro methods. In addition, the possibility of using 

increasing amounts of dried BRO in sustainable ruminant diets was investigated by 

determining the in vitro ruminal fermentation, and the ruminal degradability of the diets 

was determined using the nylon bag technique. 

3.3.2. Materials and Methods 

The Institutional Animal Care and Use Committee of the Comunidad Autónoma de 

Madrid approved all the experimental procedures used in this study (Approval number 

PROEX 035/17), and animal care and handling followed the Spanish regulations for 

experimental animal protection. 
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3.3.2.1. Animals and Feeding 

Four adult rumen-fistulated Lacaune sheep (64.3 ± 2.11 kg of body weight) were 

individually housed in floor pens with free access to fresh water over the study. Sheep were 

fed a mixed diet (2:1 grass hay:concentrate) at 45 g dry matter (DM) / kg body weight0.75. 

The ration was equally distributed in the morning (9:00 am) and in the afternoon (6:00 pm). 

The diet contained 114, 365 and 160 g of crude protein (CP), neutral detergent fiber (NDF) 

and acid detergent fiber (ADF) per kg DM, respectively. 

3.3.2.2. Broccoli Wastes Samples 

Three samples of BRO were obtained (one per week) in three different weeks between 

October and December 2017 from local markets. Each week, eight BRO pieces (about 0.5 

kg weight) were collected from different markets and pooled. The vegetables from the same 

week were separated into stems and florets, and each fraction was weighed and pooled, 

before being chopped and dried at 40 °C until constant weight. In addition, two samples of 

feeds widely used in ruminant feeding, barley grains and wheat DDGS (dried distillers 

grains with solubles) were studied for comparative purposes. Fermentation parameters of 

both feeds have already been reported by de Evan et al. (2019) and de Evan et al. (2020a). 

All samples were ground to 2 mm, and a subsample of each was taken and ground through 

a 1 mm sieve. Samples of 2-mm size were used for in situ incubations, and those of 1 mm 

for the rest of the measurements. 

3.3.2.3. Experimental Design and Samplings 

Two in vitro experiments were conducted using the same methodology. In the first 

experiment, chemical analyses of BRO wastes were conducted and in vitro methods were 

used to determine their degradability and digestibility. The objective of the second 

experiment was to assess the in vitro ruminal fermentation and ruminal degradation, 

measured in situ, of diets with variable proportions of dried BRO. 

3.3.2.3.1. Experiment 1: In Vitro Incubations of Broccoli Wastes 

Two similar in vitro studies were conducted as described by de Evan et al. (2020a) to 

analyze the gas production kinetics and fermentative parameters of the samples. For both 

trials, 200 mg of DM of each sample (BRO stems and florets, barley grains and wheat 

DDGS) were carefully weighed into 60-mL glass vials. In addition, vials without substrate 

(blanks; two per inoculum) were included to correct for the endogenous gas production. To 

obtain the rumen fluid, rumen contents were collected from each sheep before the morning 

feeding and filtered through four layers of cheesecloth. The rumen fluid of each sheep was 

mixed in 1:4 proportion with culture medium (Goering and Van Soest, 1970), which was 

pre-warmed at 39 °C. The culture medium was modified by excluding the trypticase and 

replacing the (NH4)HCO3 with NaHCO3 to obtain a N-free medium. This procedure was 

followed to obtain four different replicates (i.e., sheep inoculum) per incubated sample. 
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Twenty ml of the mixture were dosed in each vial by a Watson-Marlow 520UIP31 

peristaltic pump (Watson-Marlow Fluid Technology Group, Cornwall, UK) under CO2 

flushing. Vials were sealed with rubber stoppers and incubated at 39 °C. The first 

incubation lasted for 144 h, and the amount of gas produced was determined at different 

time intervals (3, 6, 9, 12, 15, 22, 26, 31, 36, 48, 58, 72, 96, 120 and 144 h after incubation) 

by a pressure transducer (Delta Ohm DTP704-2BGI, Herter Instruments SL, Barcelona, 

Spain) and a calibrated plastic syringe. The potential degradability of DM (PDMD) was 

estimated using an Ankom DaisyII incubator (Ankom Technology Corp., Fairport, NY, 

USA). Three-hundred mg of each feed were weighed into filter bags (Ankom Corp #57; 25 

µm pore size; Ankom Technology Corp., Fairport, NY, USA) in triplicate. Bags were 

incubated at 39 °C in a 1:4 mixture of ruminal fluid (mixture of all sheep) and the culture 

medium, as described previously (Goering and Van Soest, 1970). After 144 h, bags were 

washed with cold water, dried at 60 °C for 48 h, and weighed to calculate the PDMD. This 

value was used to estimate the DM effective degradability (DMED), as described later. 

The second in vitro incubation was conducted as described before and stopped after 24 

h. After 24 h, gas production was measured, the content of the vials was homogenized and 

the pH was measured with a pHmeter Crison GPL 21 (Crison Instruments, Barcelona, 

Spain). Finally, 3 mL of vials content were mixed with 3 mL of 0.5 M HCl and frozen (at 

−20 °C) until volatile fatty acid (VFA) and NH3-N were determined. 

The method of Gargallo et al. (2006), which involves the use of the DaisyII incubator, 

was followed to determine the in vitro intestinal digestibility of nitrogen (N) and DM of the 

BRO wastes. The details of the procedure have been described by de Evan et al. (2019). 

Briefly, BRO wastes were incubated in the rumen of each sheep into 46-μm pore size nylon 

bags for 12 h. Residues of incubation were pooled by BRO fraction and sheep, and 0.3 g 

were weighed in duplicate into Ankom R510 bags (dimensions 5 × 5 cm; 50 μm pore size). 

Bags were successively incubated in a pepsin-buffer solution (1 h) and in a pancreatin-

phosphate buffer (24 h), washed and dried (40 °C; 72 h). Finally, the contents of the bags 

were mixed by BRO fraction and sheep before N analysis. 

3.3.2.3.2. Experiment 2: Ruminal Fermentation and Degradability of Diets with Dried 

Broccoli 

The objective of Experiment 2 was to assess the potential of dried BRO to replace 

conventional feeds in ruminant diets. Five BRO pieces were obtained at local supermarkets 

and were cut into pieces, mixed, and dried at 40 °C until constant weight. The sample was 

ground to 2 mm for in situ incubations, and a subsample was ground to 1 mm for chemical 

analysis and in vitro incubations. All diets contained 40 % of alfalfa hay and 60 % 

concentrate (fresh matter basis). Four experimental concentrates were formulated: a high-

cereal concentrate (control) and three additional concentrates in which different amounts of 

wheat, soybean meal and wheat bran were replaced by 8 (BRO8), 16 (BRO16) or 24 
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(BRO24) g of dried BRO per 100 g of concentrate. The concentrates were formulated to 

have similar crude protein (CP) and neutral detergent fiber (NDF) content. 

Both the gas production kinetics and fermentation parameters of the diets were 

assessed in 144 and 24 h in vitro incubations, respectively, as described in Experiment 1. 

The 24 h incubation was performed in 120-mL glass vials, using 400 mg of sample DM and 

40 mL of the ruminal fluid and culture medium mixture to get enough gas for CH4 

analyses. After 8 h of incubation, gas production was measured, and a 10 mL sample of gas 

was collected into vacuum tubes for CH4 analysis. Immediately, 1 mL of vial content was 

taken using an insulin syringe, and was mixed with 1 mL of 0.5 M HCl and stored frozen 

(−20 °C) for VFA and NH3-N analyses. After 24 h, gas production was measured and 

samples for CH4 analysis were taken before opening the vials, measuring the pH of the 

content, and taking samples for VFA and NH3-N analyses. 

The in situ measurement of DM and CP degradability of the diets followed the 

methodology described by de Evan et al. (2019). Briefly, 46-μm pore size nylon bags 

containing each diet (3 g) were incubated in the rumen of each sheep before the morning 

feeding and withdrawn after 2, 4, 8, 16, 24, 48 and 72 h. Two bags were incubated for each 

diet an incubation time, and each incubation series was replicated on different dates. 

Washing and processing of the bags were as described for the 12-h in situ incubations 

conducted in Experiment 1. In addition, 2 bags for each diet (0 h of incubation) were only 

washed using the same procedure to assess the insoluble fraction (washing losses). Bag 

residues were mixed by sheep before N analysis. 

3.3.2.4. Chemical Analyses 

The chemical composition of BRO fractions, barley grains, wheat DDGS, and feeds 

used in Experiment 2 was analyzed in duplicate. The procedures of AOAC (2005) were 

used for the analysis of DM (ID 934.01), ash (ID 942.05) and ether extract (EE; ID 920.39). 

The sequential procedure described by Van Soest et al. (1991) was utilized to determine the 

NDF and ADF content, and lignin content was determined as described by Robertson and 

Van Soest (1981). Results were expressed exclusive of residual ash. The Dumas 

combustion method and a Leco FP258 analyzer (Leco Corporation, St. Joseph, MI, USA) 

were used to analyze the N content of the samples and the neutral detergent insoluble CP 

(NDICP). Total sugar content was analyzed following the anthrone colorimetric method 

(Yemm and Willis, 1954), employing an Epoch spectrophotometer (BioTek Instruments 

Inc., Winooski, VT, USA). Concentrations of NH3-N were determined by the phenol-

hypochlorite method as described by Weatherburn (1967), and those of VFA and CH4 by 

gas chromatography as described by García-Martínez et al. (2005) and Martínez et al. 

(2010), respectively. 



 

96 
 

3.3.2.5. Calculations and Statistical Analyses 

The gas production data were fitted to the following exponential model Gas = A (1 – e 
(– c (t – Lag))) using the Proc NLIN of the SAS (SAS, 2017). In this model, A is the potential or 

asymptotic gas production, c is the fractional gas production rate, Lag is the time until gas 

production begins, and t is the gas measurement time. The average gas production rate 

(AGPR) is the gas production rate in the period from 0 to the time reaching half of the 

potential gas production and was estimated as proposed by France et al. (2000): AGPR = A 

c / [2 (ln2 + c Lag)]. The DMED was estimated as: DMED = [(PDMD × c) / (c + kp)] e (−kp 

× Lag) for a kp (rumen passage rate) of 0.042 per h, which represents 24 h of digesta retention 

time in the rumen and is found in ruminants at medium levels of intake (Ranilla et al., 

1998). In addition, the production of acetate, propionate and butyrate in each vial was used 

to calculate the amount of apparently fermented organic matter (AFOM), as described by 

Demeyer (1991). 

Data on in situ DM and CP degradation of the diets in Experiment 2 were fitted with 

time (t) to the equation proposed by Ørskov and McDonald (1979): y = a + b (1 – e – c t), in 

which a represents the soluble fraction, b is the insoluble degradable fraction and c 

represents the fractional degradation rate of b. The potentially degradable fraction was 

estimated as (a + b). Effective degradability (ED) of DM and CP was calculated according 

to the equation: ED = (a + b × c) / (c + kp) and using a kp value of 0.042. 

All statistical analyses were performed with the SAS package (SAS, 2017). Data on 

chemical composition of BRO fractions in Experiment 1 were analyzed as a one-way 

analysis of variance, with the BRO fraction being the main effect. Gas production values 

and fermentation parameters data from Experiment 1 were analyzed using the PROC 

MIXED of SAS as a mixed model, in which the effect of the BRO fraction was considered 

fixed and that of the inoculum was considered random. Data on intestinal digestibility were 

analyzed using the same model, with the effect of the BRO fraction being fixed and that of 

the sheep used for the in situ incubations being random. Data from Experiment 2 were also 

analyzed as a mixed model, in which the inclusion of BRO (0, 8, 16 and 24 % of the 

concentrate) was considered as a fixed effect and that of the rumen inoculum was random. 

In addition, non-orthogonal polynomial contrasts were used to analyze the linear and 

quadratic effects of including increasing levels of BRO in the diet. Values of P < 0.05 were 

considered statistically significant and those P < 0.10 were considered trends. In 

Experiment 2, means were compared by Tukey’s test. 

3.3.3. Results and Discussion 

3.3.3.1. Experiment 1. Characteristics of Broccoli Fractions 

The chemical composition of BRO stems and florets and of the reference feeds is 

shown in Table 3.3.1. The average proportions of stems and florets were 59.8 and 40.2 %, 

respectively (as fed basis). As reported in previous studies on BRO and other vegetables of 
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the Brassicaceae family (Madrid et al., 2002; Megías et al., 2002; García-Rodríguez et al., 

2019), all samples had high moisture content, although the florets had greater DM content 

than the stems (P = 0.007; 13.9 and 9.41 %, respectively). Compared to the stems, the 

florets contained greater (P ≤ 0.041) amounts of organic matter (OM), CP, EE, 

hemicellulose, non-soluble carbohydrates (NSC; calculated as 100 − [ash + CP + EE + 

NDF]) and NDICP, tended (P = 0.071) to have lower sugar amounts, and had lower (P = 

0.044) ADF content. The OM content was similar to that reported in previous studies 

evaluating BRO stems (Megías et al., 2002; García-Rodríguez et al., 2019). However, BRO 

stems showed greater amounts of CP and EE, and lower amounts of NDF, ADF and lignin 

than those previously reported for dried stems (Madrid et al., 2002), BRO by-products 

(Ibrahim et al., 2011) and BRO stems preserved as hay or silage (García-Rodríguez et al., 

2019; Monllor et al., 2020). The composition of the stems in our study agrees well with the 

values reported by Muhammed et al., (2018), who also observed differences in the chemical 

composition of BRO by-products (stems and leaves) produced in three different locations. 

As pointed out by Bakshi et al. (2016), the chemical composition of BRO by-products 

might depend on their botanical origin, agroclimatic conditions, growth stage, the fraction 

of the plant included in the by-product and processing conditions. The content in OM, CP 

and EE of BRO florets is in accordance with previous values reported for this fraction 

(Campas-Baypoli et al., 2009; López-Cervantes et al., 2013). Both BRO fractions and the 

reference feeds were incubated with sheep ruminal fluid to assess their gas production 

kinetics and fermentative parameters (Table 3.3.2 and Figure 3.3.1). Broccoli stems had 

greater (P < 0.001) A, c and AGPR values than the florets, but there were no differences (P 

= 0.763) between fractions in the time until the start of gas production (Lag). These results 

indicate a faster and greater extent of degradation of the stems compared with the florets, as 

confirmed by the greater (P = 0.001) DMED values of the stems. The greater rumen 

degradation of the stems is consistent with their larger sugars content compared with the 

florets (33.4 and 19.6 %, respectively), as sugars are rapidly and completely degraded by 

ruminal microorganisms (Van Soest, 1994), and the similar NDF content of the two 

fractions (22.3 and 23.6 % for stems and florets, respectively). The high CP content of the 

florets (30.8 and 23.2 % for florets and stems, respectively) might have contributed to their 

lower gas production, as protein fermentation generates less gas than that of carbohydrates 

(Cone and Van Gelder, 1999). De Evan et al. (2020a) used sheep ruminal fluid as inoculum 

in batch cultures to assess the gas production kinetic of cauliflower and romanesco 

fractions, and, in agreement with our results, observed greater A values for stems compared 

with florets, with no differences between fractions in Lag values. 
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Table 3.3.1. Chemical composition of broccoli fractions and of barley and wheat DDGS (dried distilled grains with solubles) samples 1. 

Sample  

Dry 

Matter 

(%) 

g / 100 g Dry Matter 

Non Structural 

Carbohydrates 2 

Lignin 

(% neutral 

detergent 

fiber)  

NDICP 3  

(% crude 

protein) 
Organic 

Matter  

Crude 

Protein  

Ether 

Extract 
Sugars 

Neutral 

Detergent 

Fiber 

Acid 

Detergent 

Fiber 

Lignin Hemicellulose 

Broccoli stems 9.41 89.3 23.2 2.91 33.4 22.3 15.0 1.46 7.27 31.3 6.49 5.77 

Broccoli florets 13.9 91.8 30.8 6.15 19.6 23.6 12.9 0.84 10.7 40.9 3.53 9.94 

SEM 4 0.27 1.52 0.18 3.991 0.27 0.55 0.52 0.283 0.066 2.32 1.118 0.929 

P = 0.007 0.002 0.024 <0.001 0.071 0.159 0.044 0.193 <0.001 0.041 0.134 0.033 

Reference feeds             

Barley grains 89.9 97.3 12.4 3.16 3.69 22.7 5.23 1.22 19.6 59.0 5.37 14.5 

Wheat DDGS 92.2 95.5 32.9 4.61 6.97 29.5 11.2 3.33 18.3 28.5 11.2 28.9 

1 Three different samples of each vegetable fraction were analyzed; 2 Calculated as 100 − [(100 − organic matter) + crude protein + ether extract + 

neutral detergent fiber]; 3 NDICP: crude protein insoluble in neutral detergent; 4 SEM: standard error of the mean. 

Table 3.3.2. Parameters of gas production kinetics and the main fermentative parameters (24-h incubations) of broccoli fractions (n = 3) and 

of barley and wheat DDGS (dried distilled grains with solubles) samples (n = 1). 

Sample 

Gas Production Parameters 1 Fermentation Parameters 2 

A 

(ml / g) 

c 

(% / h) 

Lag 

(h) 

AGPR 

(ml / h) 

DMED 

(%) 

Gas 

(ml) 
pH 

Total 

VFA 

(µmol) 

mol/100 mol 
Ac/Pr 

(mol / mol) 

NH3-N 

(mg / L) Acetate Propionate Butyrate Minor VFA 

Broccoli stems 246  5.66  3.05 8.08 45.3 37.4 6.60 1736 63.1 23.4 8.90 4.58 2.70 260 

Broccoli florets  228  4.84  2.98 6.60 42.2 34.3 6.70 1581 61.4 23.1 8.60 6.83 2.65 325 

SEM 3 2.3 0.141 0.166 0.217 0.43 0.38 0.009 12.2 0.18 0.23 0.082 0.108 0.034 7.4 

P = <0.001 <0.001 0.763 <0.001 0.001 <0.001 <0.001 <0.001 <0.001 0.422 0.014 <0.001 0.355 <0.001 

Reference feeds                

Barley grains 352 5.04 2.85 10.5 43.3 49.9 6.60 1452 56.6 22.2 17.5 3.70 2.55 156 

Wheat DDGS 185 4.15 0.00 5.55 30.1 26.3 6.73 1311 53.4 33.3 6.34 6.96 1.61 223 

1 See text for parameters description; DMED: dry matter effective degradability; 2 200 mg of substrate dry matter; VFA: volatile fatty acids; Minor VFA 

included isobutyrate, isovalerate and valerate; 3 SEM: standard error of the mean. 
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Figure 3.3.1. Gas production kinetics of broccoli florets, broccoli stems, barley 

grains and wheat DDGS (dried distilled grains with solubles). The bars indicate the 

standard error of the mean (n = 12 for broccoli samples, and n = 4 for barley grains 

and wheat DDGS). 

The A values agree well with those reported by Megías et al. (2002) for BRO stems 

and by Marino et al. (2010) for leftover BRO sampled at supermarkets. In contrast, Durmic 

et al. (2016) reported greater A values (> 400 mL / g DM) for BRO stems and leaves, and 

García-Rodríguez et al. (2019) obtained lower A values (200 mL / g DM) for BRO stalk 

hay. Values of c in our study are in accordance with those previously reported for BRO 

wastes (Megías et al., 2002; García-Rodríguez et al., (2019), although Lag values were 

greater. As pointed out by Rymer et al. (2005), there are many sources of variation (animal 

donors of rumen fluid and their feeding, culture medium, measurement equipment, etc.) 

that can influence the in vitro gas production, and direct comparison with results from other 

studies is difficult. Therefore, we included in the incubations a sample of barley grain and 

wheat DDGS to be used as reference. The gas production of both BRO stems and florets 

was similar to that of the two reference feeds over the first 12 h of incubation, but at 24 h of 

incubation the BRO stems and barley grains showed greater gas production than BRO 

florets and wheat DDGS (Figure 3.3.1). From 30 h of incubation onwards, both BRO 

fractions produced lower gas than barley grains but more than wheat DDGS. These results 

are consistent with the A and AGPR values observed for both BRO fractions, being 

intermediate between those for barley grains and wheat DDGS. 

Similar to that observed in the gas production kinetics incubations, broccoli stems 

produced more gas (P < 0.001) in the 24-h incubations than the florets (Table 3.3.2). 
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Consistently, pH values were lower and total VFA production was greater (P < 0.001 for 

both) for the stems compared with the florets. Additionally, there were differences in the 

VFA profile, with stems producing more (P ≤ 0.014) acetate and butyrate and less (P < 

0.001) minor VFA than the florets. During the deamination of branched amino acids, minor 

VFA are produced (Wallace and Cotta, 1988), and the lower proportion of minor VFA 

observed for the stems would indicate reduced CP degradation. This is consistent with both 

the lower CP content of the stems than the florets (23.2 vs. 30.8 %, respectively) and the 

lower NH3-N concentrations (P < 0.001; 260 vs. 325 mg / L). Despite the significant 

differences between BRO fractions in VFA profile, their magnitude was small and both 

fractions had similar (P = 0.355) acetate:propionate ratios. Durmic et al. (2016) analyzed 

the 24-h in vitro fermentation of a mixture of BRO leaves and stems and observed similar 

propionate proportions to those found in our study, but greater proportions of acetate and 

butyrate. Madrid et al. (2002) reported much greater proportions of acetate (78.3 %) and 

lower of propionate (13.7 %) for 72-h in vitro incubations of BRO stems, but it should be 

taken into account that acetate proportions usually increase and those of propionate 

decrease with advancing incubation time (Kamel et al., 2008). Compared with the reference 

feeds, BRO stems showed greater total VFA production, but the VFA production of BRO 

florets was similar to the barley grains, which is in accordance with the similar DMED 

values observed for both of them (42.2 and 43.3 %, respectively). The acetate:propionate 

ratio for barley grains was only slightly lower than that for BRO stems and florets. Both 

BRO fractions showed greater NH3-N concentrations than wheat DDGS, even though the 

CP content of wheat DDGS was similar to the BRO florets (Table 3.3.1). This could be 

explained by the lower proportion of NDICP in the BRO fractions than in the DDGS, 

which would indicate a high availability of BRO protein to rumen microorganisms. 

The in situ rumen degradability and in vitro intestinal digestibility of BRO fractions are 

shown in Table 3.3.3. The high DM and CP rumen degradability (> 85 %) of both fractions 

after 12 h of in situ incubation confirm the in vitro results, indicating a rapid and extensive 

degradation of BRO by ruminal microorganisms. Rumen degradability of CP in BRO stems 

was 9.8 % greater (P < 0.001) than in the florets, which is in accordance with their lower 

proportion of NDICP (Table 3.3.1). Yi et al. (2015) reported similar DM degradability 

values (88.2 %) for pelletized BRO by-products after 24 h of in situ incubation in the 

rumen of sheep, but the CP degradability (50.2 %) was lower than in our study (> 85.3 %). 

The in vitro intestinal digestibility of both DM and CP was lower (P ≤ 0.001) for BRO 

stems than for florets. Both fractions had low DM intestinal digestibility (< 68 %), which is 

in accordance with the high rumen degradability values, as the digesta flowing to the 

intestine is mainly composed of rumen-undegradable fractions. Our results agree well with 

the high CP intestinal digestibility values (88.9 to 93.2 %) reported by de Evan et al. 

(2020a) for stems and florets from cauliflower and romanesco. In summary, both BRO 

fractions were rapidly degraded and contained low by-pass CP. 
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Table 3.3.3. Values of degradability (12 h in situ incubation) and in vitro intestinal 

digestibility of broccoli fractions 1. 

Sample 

Dry Matter 

Rumen 

Degradability (%) 

Crude Protein 

Rumen 

Degradability (%) 

Dry Matter 

Intestinal 

Digestibility (%) 

Crude Protein 

Intestinal 

Digestibility (%) 

Broccoli stems 89.5 95.1 49.0 82.7 

Broccoli florets  89.2 85.3 67.8 90.1 

SEM 2 0.85 1.09 0.82 0.92 

P = 0.829 <0.001 <0.001 0.001 

1 Three different samples of each vegetable fraction were analyzed; 2 SEM: standard error of 

the mean. 

3.3.3.2. Experiment 2. Fermentation Parameters and Degradability of Diets with Dried 

Broccoli 

The BRO samples (stems and florets) used in this experiment contained 89.3, 34.3, 

27.0, 17.8 and 6.07 g of OM, CP, NDF, ADF and EE per 100 g of DM, respectively, and 

their chemical composition was in good agreement with results from Experiment 1. 

Ingredients and chemical composition of the diets are shown in Table 3.3.4. The dried BRO 

replaced different amounts of wheat grains, wheat bran and soybean meal, due to its high 

CP content and medium content of highly degradable NDF. As expected, all diets had the 

intended CP and NDF (16.1 and 31.5 %, respectively). 

As shown in Table 3.3.5, replacing conventional feeds by dried broccoli in the 

concentrate increased A and AGPR (P = 0.046 and 0.014; quadratic and linear, 

respectively), and tended to increase (P = 0.061; linear) the DMED of the diets, with no 

differences among diets in c and Lag values. These results indicate a greater rumen 

degradability of BRO compared with the feeds that were replaced. The results of the 24-h 

incubations appear to support this hypothesis, as total VFA production and AFOM 

increased linearly (P < 0.001) at both 8 and 24 h of incubation with increasing BRO levels. 

The proportions of all individual VFA were also significantly changed at both sampling 

times. Acetate proportion showed a linear increase (P < 0.001), whereas that of propionate, 

butyrate and minor VFA showed a linear decrease (P ≤ 0.026; quadratic for minor VFA at 

24 h), resulting in greater acetate : propionate ratios (P < 0.001) as the amount of BRO in 

the diet increased. Yi et al. (2015) analyzed the in vitro fermentation of diets with pelleted 

BRO by-products (0, 10, 20, 30 and 40 %) and observed similar changes in VFA profile 

and increases in the acetate : propionate ratio as the amount of BRO by-product in the diet 

augmented. 
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Table 3.3.4. Ingredients and chemical composition of diets with variable 

proportions of dried broccoli (BRO; 8, 16 and 24 % of concentrate) used in 

Experiment 2. 

Item 
Diet 

Control BRO8 BRO16 BRO24 

Diet ingredients (g / 100 g fresh matter)    

Alfalfa hay 40.0 40.0 40.0 40.0 

Concentrate 60.0 60.0 60.0 60.0 

Concentrate ingredients (g / 100 g fresh matter)    

Broccoli - 8.0 16.0 24.0 

Corn 32.0 32.0 32.0 32.0 

Barley 30.0 30.0 30.0 30.0 

Wheat 15.0 12.0 10.0 7.5 

Soybean meal 46% 14.0 10.5 7.5 4.5 

Wheat bran 7.0 5.0 2.5 0.0 

Calcium soap 1.0 1.0 1.0 1.0 

Calcium carbonate 0.5 0.5 0.5 0.5 

Mineral/vitamin premix  0.5 0.5 0.5 0.5 

Chemical composition 1     

Dry matter  89.7 91.0 91.0 91.0 

Organic matter  93.0 92.3 91.5 90.8 

Crude protein  16.1 16.1 16.1 16.1 

Neutral detergent fiber 31.5 31.6 31.6 31.7 

Acid detergent fiber 15.9 16.3 16.6 17.0 

Ether extract 4.18 4.29 4.37 4.47 

1 Individual feeds were analyzed and diet composition was calculated and expressed as g 

/100 g dry matter (except dry matter; g / 100 g diet). 
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Table 3.3.5. Gas production and fermentative parameters of experimental diets with 

dried broccoli (BRO) used in Experiment 2 1. 

Item 
Diet 

SEM 3 
P = 

Control BRO8 BRO16 BRO24 Lineal Quadratic 

Gas production parameters 2      

A (mL / g DM) 280 a 285 ab 290 b 282 a 2.8 0.431 0.046 

c (%/h) 3.90 3.90 4.00 4.00 0.000 0.119 0.823 

Lag (h) 1.10 0.93 0.90 0.76 0.129 0.102 0.881 

AGPR (mL / h) 7.40 a 7.57 ab 7.91 b 7.77 b 0.107 0.014 0.195 

DMED (%)  39.7 39.3 39.6 40.6 0.32 0.061 0.075 

Fermentative parameters (8-h incubation)      

Total volatile fatty acids 

(VFA; µmol per vial) 
1284 a 1343 a 1413 b 1478 b 20.5 <0.001 0.887 

Individual VFA (mol / 100 mol)       

Acetate (Ac) 61.1 a 61.9 b 62.7 c 63.3 d 0.13 <0.001 0.592 

Propionate (Pr) 22.9 c 22.5 bc 22.2 b 21.8 a 0.12 <0.001 0.730 

Butyrate 12.8 b 12.6 b 12.2 a 12.0 a 0.09 <0.001 0.564 

Minor VFA4 3.11 b 2.99 ab 2.89 a 2.91 a 0.041 0.005 0.160 

Ac/Pr (mol / mol) 2.69 a 2.78 b 2.85 b 2.93 c 0.022 <0.001 0.952 

AFOM (%) 5 114 a 119 a 12 5b 131 b 1.8 <0.001 0.905 

CH4 (ml) 6.90 6.69 6.98 7.27 0.201 0.157 0.255 

CH4/VFA (mL / mmol) 5.40 5.00 4.94 4.90 0.203 0.112 0.375 

NH3-N (mg / L) 143 a 149 b 157 bc 163 c 3.2 0.001 0.903 

Fermentative parameters (24-h incubation)      

pH 6.79 6.79 6.80 6.79 0.010 0.702 0.924 

Total VFA (µmol per 

vial) 
2446 a 2489 a 2537 b 2572 b 13.4 <0.001 0.787 

Individual VFA (mol / 100 mol)       

Acetate (Ac) 61.5 a 62.0 ab 62.4 b 62.5 b 0.18 <0.001 0.300 

Propionate (Pr) 18.7 b 18.6 b 18.5 ab 18.2 a 0.10 0.004 0.338 

Butyrate 15.5 b 15.2 a 15.0 a 15.0 a 0.15 0.026 0.287 

Minor VFA4 4.27  4.15  4.13  4.27  0.043 0.996 0.028 

Ac/Pr (mol / mol) 3.31 a 3.36 ab 3.41 bc 3.46 c 0.025 <0.001 0.777 

AFOM (%) 5 220 a 224 ab 228 bc 231 c 1.3 <0.001 0.847 

CH4 (mL) 14.9 15.0 15.6 14.9 0.31 0.742 0.238 

CH4/VFA (mL / mmol) 6.10 6.05 6.14 5.79 0.141 0.222 0.306 

NH3-N (mg / L) 189 a 195 b 199 bc 204 c 2.6 0.002 0.865 

a, b, c For each parameter, means not sharing the same superscript differ (p < 0.05); 1 Mixed diets 

containing 40% concentrate with 0, 8, 16 or 24% of dried BRO; 2 See text for parameters 

description; DMED: dry matter effective degradability; 3 SEM: standard error of the mean. 4 

Minor VFA included isobutyrate, isovalerate and valerate. 5 AFOM: organic matter apparently 

fermented. 
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There were no differences (P ≥ 0.112) among diets at any sampling time in either 

CH4 production or CH4 / VFA ratio, indicating a lack of antimethanogenic compounds 

in BRO. Similarly, Durmic et al. (2016) reported no antimethanogenic activity of two 

samples of BRO with different organosulfur content in in vitro incubations. In 

accordance with the results of Yi et al. (2015), the NH3-N concentration augmented 

linearly (P ≤ 0.002) at both incubation times as the amount of BRO in the diet 

increased, which agrees well with the high CP rumen degradability observed in 

Experiment 1. The in situ incubation of the diets (Table 3.3.6) confirmed these results, 

as increasing the level of BRO inclusion tended to linearly increase (P = 0.093) the ED 

of the dietary CP. Increasing the percentage of BRO inclusion in the diet linearly 

augmented (P ≤ 0.003) the soluble fraction (a) of both DM and CP, and linearly 

decreased (P ≤ 0.009) their non-soluble potential degradation fraction (b) without 

changes in the potential degradability of the diets (a + b). These results agree well with 

the high sugars content of BRO, and confirm the high rumen degradability of BRO 

protein. 

Table 3.3.6. Degradation parameters of experimental diets with dried broccoli 

(BRO) used in Experiment 2 1. 

Item 2 
Diet 

SEM 3 
P = 

Control BRO8 BRO16 BRO24 Lineal Quadratic 

Dry matter        

a (%) 33.6 a 43.8 b 40.1 b 44.1 b 0.72 0.003 0.046 

b (%) 45.6 b 40.4 a 41.4 a 39.0 a 0.63 0.009 0.249 

a + b (%) 79..2 84.2 81.5 83.1 0.61 0.102 0.152 

c (h−1) 0.262 b 0.114 a 0.160 a 0.121a 0.0118 0.006 0.037 

ED (%) 72.7 73.0 72.8 72.9 0.77 0.939 0.897 

Crude protein        

a (%) 35.7 a 46.0 c 43.2 b 52.5 d 0.27 < 0.001 0.326 

b (%) 55.9 c 45.9 b 46.0 b 39.5 a 0.60 < 0.001 0.136 

a + b (%) 91.6 91.8 89.1 95.0 0.45 0.643 0.142 

c (h−1) 0.167 0.138 0.160 0.152 0.0055 0.626 0.295 

ED (%) 80.2 81.1 79.6 83.4 0.89 0.093 0.144 
a, b, c For each parameter, means not sharing the same superscript differ (P < 0.05); 1 

Mixed diets containing 40% concentrate with 0, 8, 16 or 24 % of dried BRO; 2 a: 

soluble fraction; b: non-soluble potentially degradable fraction; c: fractional 

degradation rate of b fraction; ED: effective degradability calculated for a rumen 

passage rate of 0.042 h−1; 3 SEM: standard error of the mean. 
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3.3.4. Conclusions 

Broccoli florets have greater dry matter content than the stems (13.9 vs. 9.6 %), but 

both are rich in sugars and highly-degradable protein, and contain medium proportions 

of fiber with low lignin levels. Both broccoli fractions were rapidly fermented by rumen 

microorganisms, and their in vitro rumen degradability was similar to that of barley 

grains. The in vitro intestinal digestibility of dry matter was low (< 68 %), but that of 

protein was high (> 82 %). Under in vitro conditions, the substitution of 24 % of 

conventional feeds by dried broccoli in the concentrate of isonitrogenous diets for dairy 

sheep increased the amount of both the organic matter fermented and the protein 

degraded, with only subtle changes in VFA profile. These results indicate that broccoli 

wastes have high nutritional value for ruminants, but their use in practical feeding 

would be limited by their high water content. 
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Simple Summary: Feeding agroindustrial by-products to ruminants can have multiple 

benefits, such as lowering feeding costs, reducing competition with human food, 

decreasing environmental impact associated with by-products disposal, and improving 

the quality of animal products. In order to use these by-products in practical feeding, 

their effects on animal performance and health should be assessed. In this study we 

evaluated the effect of replacing 44 % of conventional feeds in a high-cereal 

concentrate for light lambs with three by-products: corn distiller’s dried grains with 

solubles (18 %), dried citrus pulp (18 %) and exhausted olive cake (8 %), all of which 

are highly produced in the Mediterranean area. We observed that the inclusion of these 

by-products did not affect feed intake, growth performance, ruminal fermentation 

(with exception of NH3-N concentrations) or plasma metabolites in growing lambs. 

Compared with the high-cereal concentrate, feeding the concentrate including the by-

products resulted in a reduction of potentially human-edible ingredients from 64.4 to 

38.7 %. In conclusion, 44 % of cereal grains and protein feeds in the concentrate for 

light lambs can be replaced with a mixture of corn distiller’s dried grains with 

solubles, dried citrus pulp and exhausted olive cake without negatively affecting 

growing performance and animal health. 

Abstract: The objective of this study was to evaluate the effect of replacing cereals and 

protein concentrates in a high-cereal concentrate (control) for light lambs with corn 

distiller’s dried grains with solubles (DDGS; 18 %), dried citrus pulp (DCP; 18 %) and 

exhausted olive cake (EOC; 8 %) in a BYP concentrate on growth performance, 

digestibility, ruminal fermentation and plasma metabolites. Two homogeneous groups 

of Lacaune lambs (13.8  0.25 Kg) were fed one of each concentrates and barley straw 

ad libitum until reaching about 26 kg body weight. There were no differences between 

groups on feed intake, average daily gain or feed conversion ratio, but control diet had 

greater (P < 0.001) dry matter digestibility. Diet had no effect on post-mortem ruminal 

pH and total volatile fatty acid concentrations and profile, but NH3-N concentrations 

were lower (P = 0.003) for the BYP-fed group compared with the control one. 

However, plasma concentrations of amino acids, total proteins, urea and hepatic 

enzymes were not affected by the diet. In conclusion, 44 % of feed ingredients in the 

concentrate for light lambs can be replaced with a mixture of corn DDGS, DCP and 

EOC without negatively affecting growing performance and animal health. 

Keywords: light lambs; corn DDGS; citrus pulp; exhausted olive cake; growth 

performance; amino acids 

3.4.1. Introduction 

Agroindustrial by-products have been traditionally used for small ruminant feeding 

in low-input systems, but currently their use is continuously increasing worldwide. 

Although either the shortage or the high cost of conventional feeds have been the main 
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reasons for feeding by-products to livestock, other reasons are equally or even more 

important to support their current use. Some by-products are highly contaminant and 

their use in animal feeding can help to reduce the environmental problems caused by 

their accumulation and to lower the carbon footprint of animal products when locally 

produced by-products are used (Gerber et al., 2014). Most by-products are not 

potentially edible by humans, and therefore they do not compete directly with human 

food (Bakshi et al., 2016). Additionally, some by-products contain bioactive compounds 

that can improve animal health and the quality of animal products (Vasta et al., 2008; 

Correddu et al., 2020) while contributing to farm sustainability. 

Three by-products originated in the olive oil, citrus and ethanol industries, all of 

them highly produced in the Mediterranean area, were used in this study. Olive oil 

production has tripled in the last 60 years with an estimated production of 3.1 x 106 t for 

the 2019/20 crop year (International Olive Oil Organization, 2019), and it is 

concentrated in the Mediterranean area, with Spain being the first world producer and 

exporter (MAPA, 2020c). The two-phase system used to obtain olive oil generates a 

high-moisture by-product named “alperujo”, which can be partially destoned, dried and 

subjected to a chemical extraction to obtain pomace olive oil in a process that generates 

“exhausted olive cake”(EOC) as a waste (Marcos et al., 2019b). Citrus fruits are 

produced worldwide and about 70 % of total production is grown in the Northern 

Hemisphere (mainly in the USA and countries in the Mediterranean area), although 

Brazil is the largest producer (UNCTD, 2020). The main by-product of citrus industry is 

citrus pulp, a high-moisture product that can be dried (DCP) and used in ruminant 

feeding as energy source (Bampidis and Robinson, 2006). Both DCP and EOC are rich 

in polyphenols (Bampidis and Robinson, 2006; Molina-Alcaide and Yáñez-Ruíz, 2008; 

Marcos et al., 2019b), and therefore they might modify ruminal fermentation and 

improve animal health. Dried distillers grains with solubles (DDGS) are by-products of 

the ethanol industry. Whereas there is a lot of information available on the effects of 

DDGS in dairy cows feeding, their influence on lamb growth had been much less 

studied. The objective of this study was therefore to assess the effects of replacing 

conventional feed ingredients in a concentrate with a mixture of EOC, DCP and DDGS 

on feed intake, growth performance, nutrient digestibility, nitrogen (N) balance, ruminal 

fermentation and plasma metabolites in light lambs. 

3.4.2. Materials and methods 

The lambs used in this trial were cared for and handled in accordance with the 

Spanish guidelines for experimental animal protection, and experimental procedures 

were approved by the General Direction of Livestock and Agriculture of the 

Community of Madrid (Approval number PROEX 035/17). 
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3.4.2.1. Animals and experimental diets 

Twenty four Lacaune male lambs, with an initial body weight (BW) of 13.8 ± 0.25 

kg, were homogeneously distributed in two groups according to their BW. Lambs were 

penned individually in 1 m x 1 m pens with slatted floor, which were placed 1 m above 

the floor and equipped with two feeders and an automatic drinker. Each group of lambs 

was randomly assigned to one of the two dietary treatments: a high-cereal concentrate 

(control) and a by-products containing concentrate (BYP) in which 44 % of 

conventional feed ingredients (corn, barley, soybean meal, palm meal and wheat bran) 

were replaced with corn DDGS, DCP and EOC (18, 18 and 8 % of concentrate, 

respectively; as-fed basis). The ingredients and chemical composition of both 

concentrates is shown in Table 3.4.1.  

Table 3.4.1. Ingredient and chemical composition of experimental concentrates. 

Item Control BYP 

Ingredients (% as fed)   

Corn  33.0 26.8 

Barley  20.0 - 

Wheat  10.0 10.0 

Soybean meal 47% 12.2 10.2 

Palm meal 8.8 - 

Colza meal  2.5 2.5 

Wheat bran 10.0 3.0 

Dry citrus pulp - 18.0 

Corn DDGS - 18.0 

Olive cake - 8.0 

Others1 3.5 3.5 

Chemical composition (%, as-fed basis)   

  Dry matter (DM) 89.7 88.6 

  Ashes 4.82 5.97 

  Crude protein (CP) 16.2 17.5 

  Ether extract (EE) 3.75 6.44 

  Neutral detergent fiber (NDF) 19.2 19.5 

  Acid detergent fiber (ADF) 7.47 9.31 

  Acid detergent lignin 1.79 2.80 

   Non-structural carbohydrates (NSC) 2 45.7 35.2 

Forage units for meat production (UFV) 3 1.00 0.96 

1 For both concentrates: 1.2 % Calcium soap; 1.0 % calcium carbonate; 0.8 % sodium 

bicarbonate; 0.3 % NaCl, and 0.2 % vitamin-mineral premix; 2 Calculated as DM - 

(ashes + CP + EE + NDF); 3 Calculated according to INRA (Sauvant et al., 2017). 

Corn DDGS and DCP were commercially available and EOC was obtained from an 

extraction plant located in the south of Spain (Puente Genil, Córdoba). Concentrate 
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ingredients were ground and pelleted (4 mm size). The concentrates were formulated to 

meet the nutritive requirements of light lambs (Sauvant et al., 2017). Both concentrates 

were formulated to have similar crude protein (CP) and neutral-detergent fiber (NDF) 

content. Lambs were fed ad libitum concentrate and barley straw, and had free access to 

fresh water over the trial. The barley straw contained (as-fed basis) 92.3, 7.25, 2.90, 

1.60, 71.9 and 38.0 % of dry matter (DM), ashes, CP, ether extract (EE), NDF and acid-

detergent fiber (ADF), respectively. According to INRA (Sauvant et al., 2017), one kg 

of barley straw has 0.30 forage units for meat production (UFV). 

3.4.2.2. Experimental procedure and measurements 

The experiment lasted for 6 weeks and included 7 days for diet adaptation. 

Concentrate and straw intakes were measured twice per week, whereas BW of all lambs 

was determined weekly. Samples of offered concentrate and straw were taken weekly 

for analysis of chemical composition. On days 0, 21 and the slaughter day, blood 

samples were taken from each lamb by jugular venipuncture into tubes containing 

EDTA immediately before feeding. Samples were centrifuged (5,000 × g, 10 min, 4 

°C), and the plasma was immediately frozen (−20 °C) until determination of 

concentrations of amino acids, albumin, globulins, total proteins, urea, and cholesterol, 

the activities of the enzymes lactate dehydrogenase (LDH), alkaline phosphatase (ALP), 

creatine phosphokinase (CPK), glutamic oxaloacetic transaminase (GOT), glutamic 

pyruvic transaminase (GPT) and gamma-glutamyl transpeptidase (GGT). 

In the 4th week of the trial, the digestibility of the diets and the nitrogen balance 

were measured in 9 lambs per treatment. Trays were placed under the slated floor of 

each pen for feces and urine collection. The trays had holes for urine collection, which 

was collected in a bucket containing a solution of H2SO4 (10 %, vol / vol) to keep the 

pH below 3.0 (Carro et al., 2006). The feces and urine voided by each lamb in 24 h were 

quantitatively collected for 6 days and aliquots (10 %) were sampled daily for 

digestibility and N balance determination, respectively. Daily samples were pooled to 

form a composite sample for feces and urine for each lamb, which was frozen until 

analysis. 

In the last week of the trial, lambs were slaughtered at a commercial slaughterhouse 

located 20 km far from the experimental farm on two different days. The six lambs of 

each treatment with the greatest body weight were slaughtered the first day, and the rest 

of lambs the second day. Lambs had free access to feed and water until about 2 h before 

slaughter, and were slaughtered according to commercial practices involving head 

electrical stunning and severing the carotid arteries and jugular veins. After slaughter 

and dressing, the full gastrointestinal tract was removed and samples from rumen 

contents were immediately taken. The ruminal content was homogenized, a sample of 

about 300 g was filtered through 4 layers of gauze and the pH of the fluid was 

immediately measured using a Crisson Basic 20 pH-meter (Crisson Instruments, 
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Barcelona, Spain). Then, 2 ml of fluid were mixed with 2 ml of 0.5 N HCl and samples 

were frozen (−20 °C) until analyses of volatile fatty acids (VFA) and NH3-N 

concentrations. In addition, the color of the rumen epithelium was evaluated as 

described by Haro et al., (2019). Briefly, a sample (10 × 10 cm) of the rumen wall was 

collected from the ventral area of the rumen after empting the rumen content. Samples 

were washed with saline solution, displayed on a white surface under an intense and 

homogeneous light and the color was evaluated using a scale from 1 to 5. The lightest 

epithelium received score 1 and the darkest one received score 5, whereas the rest of the 

samples were assigned scores according to their color intensity. The evaluation was 

performed by four trained persons (blind to treatment allocation), and the average score 

was used for statistical analysis.  

3.4.2.3. Chemical analyses 

The procedures of the Association of Official Analytical Chemists (AOAC; 2005) 

were used to analyze DM (method 934.01), ash (method 942.05) and EE (method 

920.39) content in samples of diet ingredients and feces. The N content of diet 

ingredients, feces and urine were determined according to the Dumas method using a 

TruSpec CN equipment (Leco Corp. St. Joseph, MI, USA). Analysis of NDF in feed 

ingredients and feces was carried out according to Van Soest et al. (1991) and that of 

ADF and lignin according to Robertson and Van Soest (1981). All fiber analyses were 

carried out using an Ankom 220 Fiber Analyzer unit (Ankom Technology Corp., 

Macedon, NY, USA) and results were expressed exclusive of residual ash. 

Concentrations of VFA in ruminal fluid were analyzed by gas chromatography using a 

Shimadzu GC 2010 chromatography (Shimazdu Europa GmbH, Duisburg, Germany) 

provided with a TR-FFAP column (30 m x 0.53 mm x 1 µm; Supelco, Madrid, Spain) 

according with the procedure described by García-Martinez (2005), whereas NH3-N 

concentrations were determined by phenol-hipochlorite method of Wheatherburn 

(1967). 

Plasma concentrations of amino acids were determined by high-performance liquid 

chromatography (HPLC) as described by Frank and Powers, (2007), whereas those of 

albumin, globulins, total proteins, urea, cholesterol and the enzymes LDH, ALP, CPK, 

GOT, GPT and GCT were determined using an automatic biochemistry analyzer 

(Hitachi 7020; Hitachi High Technologies, Inc., Ibaraki, Japan). 

3.4.2.4. Statistical analyses 

Data on feed intake, growth performance, ruminal fermentation, meat composition, 

digestibility and N balance were analyzed using a one-way analysis of variance using 

the GLM PROC of the SAS (SAS, 2017). Data on plasma concentrations of amino acids 

and metabolites were analyzed as a mixed model with repeated measures over time 

using the PROC MIXED of SAS (SAS, 2017). The model included the diet, time and 
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their interaction as fixed effects, and the lamb as random effects. The level of statistical 

significance was set at P < 0.05, and P values between 0.05 and 0.10 were considered 

trends. 

3.4.3. Results and Discussion 

The proportion of each by-product in the diet was selected from the results of in 

vitro studies by our group (Jiménez, 2018) and published in vivo studies (Bampidis and 

Robinson, 2006; Molina-Alcaide and Yáñez-Ruíz, 2008). The DCP contained (as-fed 

basis) 6.25, 4.86, 17.9 and 3.28 % of ashes, CP, NDF and EE, respectively, whereas 

these values were 5.32, 26.4, 37.1 and 9.81 % for corn DDGS, and 14.0, 7.48, 46.4 and 

2.91 % for EOC. The chemical composition of the used by-products was within the 

range of values reported in the literature (Marcos et al., 2019b; Sauvant et al., 2017). 

The two concentrates, were formulated to have similar CP and NDF contents, but the 

BYP concentrate resulted in slightly greater CP amount than expected. The proportion 

of potentially human-edible ingredients in each concentrate was calculated as proposed 

by Wilkinson (2011), and it was decreased from 64.4 % in the control concentrate to 

38.7 % in the BYP concentrate, showing that feeding BYP to lambs resulted in lower 

competition with human nutrition. 

3.4.3.1. Feed intake, growth performance, diet digestibility and nitrogen balance 

As shown in Table 3.4.2, there were no differences between the two experimental 

groups in either concentrate or straw intake, indicating that BYP palatability was not 

negatively affected by the inclusion of by-products. Barley straw intake was low in both 

groups, averaging 4.64 and 5.29 % of total DM intake for control and BYP-fed lambs, 

respectively, which is in agreement with the low straw intake observed in previous 

studies by our group in light lambs under similar feeding conditions (Carro et al., 2006; 

Haro et al., 2019). Both concentrates had similar NDF content (Table 3.4.1), but the 

fiber of DDGS and DCP is rapidly degraded in the rumen (NRC, 2001) and it might 

therefore be less effective at stimulating rumination; however, the lambs fed the BYP 

concentrate did not augmented their intake of straw to increase their intake of physically 

effective fiber. 

There were no differences between groups in final BW, average daily gain (ADG) 

and feed conversion rate. In agreement with these results, feeding the BYP concentrate 

did not affect carcass weights (P ≥ 0.704) or carcass yield compared with control 

concentrate. Values for these parameters were in the range previously reported by others 

for light lambs fed high-cereal concentrates and slaughtered at about 25-26 kg BW 

(Manso et al., 1998; Carro et al., 2006; Carrasco et al., 2009; Haro et al., 2019). The 

lack of differences between groups in growth performance is consistent with their 

similar energy intake, which averaged daily 0.840 and 0.834 forage units for meat 

production (UFV) for control and BYP groups, respectively. 
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Table 3.4.2. Initial and final body weight, feed intake, average daily gain, feed 

conversion rate, carcass weights and carcass yield of light lambs fed either a 

high-cereal concentrate (control) or a concentrate including by-products (BYP)1. 

Item Control (n = 12)  BYP (n = 12) SEM2 P = 

Initial body weight (kg) 13.6 13.9 0.95 0.595 

Feed intake (g/d)     

Concentrate 828 854 77.9 0.568 

Straw  40.3 47.7 13.40 0.341 

Total  869 902 77.9 0.463 

Final body weight (kg) 26.2 26.4 1.25 0.744 

Average daily gain (g/d) 284 288 32.9 0.844 

Feed conversion rate (g 

concentrate/g) 
2.92 2.97 0.320 0.747 

Carcass traits     

Hot carcass weight (kg) 14.4 14.2 0.76 0.704 

Cold carcass weight (kg) 13.6 13.6 0.90 0.987 

Cold carcass yield (%) 51.9 51.5 2.15 0.765 
1 BYP concentrate contained 18 % corn DDGS, 18 % dried citrus pulp and 8 % 

exhausted olive cake (as-fed basis); 2 Standard error of the mean. 

Digestibility of both DM and organic matter (OM) was greater (P < 0.001) for 

control than for BYP concentrate (Table 3.4.3), but there were no differences (P ≥ 

0.120) between concentrates in the digestibility of CP, NDF and ADF. The lower DM 

and OM digestibility of the BYP concentrate might be partly due to its lower content in 

non-structural carbohydrates (35.2 vs. 45.7 % for BYP and control concentrates, 

respectively), that is a highly-digestible fraction, and its greater lignin content (1.79 vs. 

2.80 %). Values of diet digestibility were in the range reported by others for lambs fed 

high-cereal diets (Carro et al., 2006; Blanco et al.,2014a; Blanco et al., 2014b; Haro et 

al., 2019) and diets including olive cake (Owaimer et al., 2004) or dehydrated citrus 

pulp (Sharif et al., 2018). 

The greater (P = 0.024) N intake of the BYP-fed lambs was due to the greater CP 

content of BYP compared with the control concentrate, as there was no differences 

between groups in concentrate intake (Table 3.4.3). The daily fecal N excretion of BYP 

group was also greater (P = 0.012) than that for control group, but differences 

disappeared when fecal N excretion was expressed as proportion of the ingested N, 

which is consistent with the lack of differences in CP digestibility. There were no 

differences between groups in the amount of urinary and retained N, either expressed as 

g / d or as a proportion of the ingested N. Values of N retention were in the range of 

those previously reported for young growing lambs fed diets with similar CP levels 

(Carro et al., 2006; Awawdeh et al., 2019). 
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Table 3.4.3. Diet digestibility and nitrogen balance in light lambs fed either a 

high-cereal concentrate (control) or a concentrate including by-products (BYP)1. 

Item Control (n = 9) BYP (n = 9) SEM2 P = 

Digestibility (%)     

Dry matter 79.1 74.4 0.74 < 0.001 

Organic matter 81.4 76.7 0.69 < 0.001 

Crude protein 75.2 73.1 0.97 0.141 

Neutral detergent fiber 53.3 54.8 1.80 0.570 

Acid detergent fiber 47.6 52.0 1.91 0.120 

Nitrogen (N) balance     

N intake (g / d) 21.8 24.1 0.66 0.024 

Fecal N     

g / d 5.40 6.49 0.273 0.012 

% of ingested N 24.8 26.9 0.969 0.141 

Urinary N     

g / d 4.73 5.17 0.598 0.616 

% of ingested N 21.4 21.4 2.28 0.988 

Retained N     

g / d 11.7 12.5 0.55 0.312 

% of ingested N 53.8 51.7 2.21 0.519 
1 BYP concentrate contained 18 % corn DDGS, 18 % dried citrus pulp and 8 % 

exhausted olive cake (as-fed basis); 2 Standard error of the mean. 

3.4.3.2. Ruminal fermentation and plasma metabolites 

There was no effect (P ≥ 0.247) of the type of concentrate on post-mortem ruminal 

pH, total VFA concentrations, molar proportions of individual VFA or acetate / 

propionate ratio (Table 3.4.4). The pH values and acetate / propionate ratios were 

similar to those reported for lambs fed high-cereal concentrates and straw (Rodríguez et 

al., 2009; Blanco et al., 2014a; Andrés et al., 2018; Haro et al., 2019). The lower (P = 

0.003) NH3-N concentrations in the rumen of BYP-fed lambs compared with control-

fed lambs might indicate lower CP degradability in the BYP-concentrate. In fact, DDGS 

protein has lower ruminal degradability than other concentrate feeds such as soybean 

and palm meal (NRC, 2001; Benchaar et al., 2013), which were replaced in the BYP-

concentrate. In addition, 50.8 % of the CP in the EOC was bound to the ADF, indicating 

low N availability (NRC, 2001). Concentrations of NH3-N in the rumen of control-fed 

lambs were adequate for microbial growth (Firkins et al., 2007), but those in BYP-fed 

lambs might have been limiting. However, the lack of differences in any of the ruminal 

parameters measured precludes this hypothesis.  
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Table 3.4.4. Ruminal parameters measured post-mortem and rumen wall color in light lambs 

fed either a high-cereal concentrate (control) or a concentrate including by-products (BYP)1. 

Item Control (n = 12) BYP (n = 12) SEM2 P = 

pH  5.40 5.62 0.126 0.263 

NH3-N (mg/l) 69.2 45.7 2.17 0.003 

Total volatile fatty acids (VFA; mM) 140 130 15.1 0.643 

Molar proportions (mol / 100 mol)     

Acetate 52.8 52.8 1.71 0.987 

Propionate 33.2 33.6 2.17 0.900 

Butyrate 9.26 8.18 0.939 0.424 

Isobutyrate 0.58 0.45 0.090 0.332 

Isovalerate 0.67 0.54 0.104 0.388 

Valerate 3.01 3.80 0.297 0.073 

Caproate 0.56 0.68 0.131 0.516 

Acetate/propionate ratio (mol/mol) 1.77 1.64 0.175 0.593 

Rumen wall colour3 2.19 3.19 0.402 0.092 
1 BYP concentrate contained 18 % corn DDS, 18 % dried citrus pulp and 8 % exhausted 

olive cake (as-fed basis); 2 Standard error of the mean; 3 Scored from 1 (pale) to 5 (dark). 

The reasons for the trend (P = 0.092) to darker color of the ruminal epithelium in the 

lambs fed the BYP-concentrate are unclear. Darker color of ruminal epithelium is 

usually associated to keratinized tissue (Carrasco et al., 2017), but the lack of 

differences between the two groups of lambs in both growth performance and most 

ruminal parameters would indicate that ruminal absorption was not negatively affected 

in the BYP-fed lambs. 

There were no effects (P ≥ 0.109) of the diet on plasma concentrations of any amino 

acid, and no diet x sampling day interactions (P ≥ 0.151) were detected (Table 3.4.5). 

These results are consistent with the lack of differences between groups in growth rates 

and CP digestibility, and indicate no amino acid limitation in the BYP group compared 

with the control one. Changes in plasma amino acids due to dietary modifications are 

the consequence of modifications in the flow of total amino acids into the duodenum, 

including amino acids from both dietary and microbial origin. The lack of differences 

between groups in plasma amino acids concentrations supports the hypothesis that 

microbial protein synthesis was not limited in BYP-fed lambs, despite the low ruminal 

NH3-N concentrations. In agreement with previous studies (Bergen et al., 1973), 

concentrations of most amino acids increased or tended (P ≤ 0.065) to increase as lambs 

grew older, with the exception of glutamic acid, histidine, glycine, arginine, alanine, and 

cysteine that did not change over the trial. The increased amino acids concentrations at 

the end of the trial are in accordance with the greater growth rate of the lambs at this 

time, as amino acids are used for protein synthesis and tissue formation (Bergen et al., 

1973). 
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Table 3.4.5. Plasma concentrations of amino acids in light lambs fed either control 

concentrate (CON; n = 12) or a concentrate including by-products (BYP; n = 12) at 

the beginning (day 0) and end (day 42) of the trial1. 

Item  Diet  
Day P = 

0 42 SEM2 Diet Day Diet x Day 

Amino acid (µmol/l)        

Aspartic acid 
CON 34.7 39.0 

1.23 0.909 <0.001 0.156 
BYP 33.1 41.4 

Glutamic acid 
CON 177 205 

22.8 0.608 0.162 0.767 
BYP 186 227 

Asparagine 
CON 41.1 46.6 

4.57 0.742 0.065 0.439 
BYP 35.7 48.8 

Serine 
CON 57.4 75.6 

6.97 0.547 0.062 0.597 
BYP 65.7 76.2 

Glutamine 
CON 57.5 69.6 

6.86 0.902 0.053 0.721 
BYP 55.8 73.2 

Histidine 
CON 35.4 38.7 

2.36 0.238 0.132 0.841 
BYP 31.5 35.8 

Glycine 
CON 274 295 

32.5 0.312 0.871 0.433 
BYP 336 303 

Threonine 
CON 77.8 154 

14.08 0.826 <0.001 0.631 
BYP 88.5 150 

Arginine 
CON 112 139 

13.5 0.368 0.343 0.340 
BYP 112 112 

Alanine 
CON 63.3 67.0 

6.51 0.760 0.654 0.926 
BYP 66.7 69.2 

Tyrosine 
CON 58.5 72.2 

6.62 0.971 0.010 0.403 
BYP 53.4 78.8 

Cysteine 
CON 203 199 

18.8 0.824 0.786 0.914 
BYP 213 205 

Valine 
CON 103 155 

16.5 0.280 <0.001 0.267 
BYP 102 194 

Methionine 
CON 32.5 41.8 

2.42 0.859 <0.001 0.223 
BYP 29.7 45.5 

Tryptophan 
CON 28.0 35.2 

1.67 0.294 <0.001 0.387 
BYP 25.4 31.8 

Phenylalanine 
CON 47.0 53.8 

4.12 0.741 0.023 0.385 
BYP 45.2 59.6 

Isoleucine 
CON 57.5 70.4 

7.67 0.483 0.021 0.375 
BYP 56.0 83.4 

Leucine 
CON 63.8 99.1 

11.24 0.109 <0.001 0.151 
BYP 66.7 137 

Lysine 
CON 93.9 118 

10.21 0.953 0.005 0.406 
BYP 83.9 127 

Essential AA 

 

CON 539 766 
63.7 0.531 <0.001 0.422 

BYP 528 865 

Total AA 

 

CON 1752 2134 
189.3 0.654 0.064 0.934 

BYP 1833 2249 

1 BYP concentrate contained 18 % corn DDGS, 18 % dried citrus pulp and 8 % 

exhausted olive cake (as-fed basis); 2 Standard error of the mean. 
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No diet x time interactions (P ≥ 0.223) were detected in any of the metabolites 

measured in the blood of lambs (Table 3.4.6). The lack of differences between diets in 

plasma concentrations of urea (P = 0.585) is in accordance with the similar 

concentrations of amino acids observed in both groups of lambs.  

Table 3.4.6. Plasma concentrations of metabolites in light lambs fed either a high-

cereal concentrate (control; n = 12) or a concentrate including by-products (BYP; n 

= 12) over the trial1. 

  Day   P = 

Item2 Diet 0 21 42 SEMd
3 SEMsd

3 Diet Day Diet x Day 

Urea 

(mg / 100 ml) 

CON 22.9ab 20.3a 25.4b 
0.71 0.86 0.585 0.004 0.889 

BYP 23.1ab 22.0a 25.8b 

Albumine  

(mg / 100 ml) 

CON 2.12a 2.30a 2.53b 
0.040 0.049 0.276 <0.001 0.571 

BYP 2.28a 2.32a 2.59b 

Globulins 

(g / 100 ml) 

CON 3.18 3.32 3.55 
0.097 0.118 0.556 0.316 0.742 

BYP 3.16 3.27 3.30 

Total proteins 

(g / 100 ml) 

CON 5.30a 5.62ab 6.00b 
0.095 0.117 0.692 0.003 0.483 

BYP 5.44ab 5.38a 5.88b 

Cholesterol 

(mg / 100 ml) 

CON 54.3b 38.8a 40.1a 
1.94 2.38 0.876 <0.001 0.952 

BYP 53.8b 37.3a 40.6a 

LDH  

(Units / L) 

CON 502a 670b 653b 
12.8 15.7 0.638 <0.001 0.538 

BYP 495a 706b 673b 

ALP 

 (Units / L) 

CON 2.15a 1.45a 5.08b 
0.293 0.359 0.592 <0.001 0.922 

BYP 2.18a 1.70a 5.30b 

CPK  

(Units / L) 

CON 102a 201b 123a 
9.9 12.1 0.780 <0.001 0.954 

BYP 96.6a 203b 114a 

GOT  

(Units / L) 

CON 45.2a 70.8b 72.5b 
2.18 2.675 0.522 <0.001 0.889 

BYP 45.6a 72.5b 76.6b 

GPT  

(Units / L) 

CON 5.62a 13.1c 9.54b 
0.436 0.534 0.755 <0.001 0.738 

BYP 6.09a 12.6c 8.92b 

GGT  

(Units / L) 

CON 101 98.1 106 
3.43 4.20 0.114 0.215 0.223 

BYP 102 122 117 
a,b,c Within a row, means with different superscript differ (P < 0.05); 1 BYP concentrate 

contained 18 % corn DDGS, 18 % dried citrus pulp and 8 % exhausted olive cake (as-fed 

basis); 2 LDH: Lactate dehydrogenase, ALP: alkaline phosphatase, CPK: creatine 

phosphokinase, GOT: glutamic oxaloacetic transaminase, GPT: glutamic pyruvic 

transaminase, GCT: gamma-glutamyl transpeptidase; 3 SEMd and SEMsd: Standard error of 

the mean for diet and sampling day effects, respectively. 

Plasma urea concentrations reflect the amount of urea produced in the liver from 

amino acid catabolism (Calsamiglia et al., 2010), although they are also highly affected 



 

118 
 

by the amount of NH3-N absorbed from the rumen. The similar (P ≥ 0.276) levels of 

albumin, globulins and total proteins in the plasma of both groups agree well with the 

lack of differences in plasma concentrations of amino acids and urea. Plasma 

concentrations of these metabolites, excepting globulins, increased with time. The 

normal (Lestingi et al., 2015; Xu et al., 2019; Lobón et al., 2020) and similar levels of 

cholesterol and enzymes activities (LDH, ALP, CPK, GOT, GPT and CGT) observed in 

both groups over the trial indicate that feeding the BYP diet did not negatively affect 

liver function. 

Finally, it is worth to mention that under the conditions of our study the cost of 

control and BYP concentrates was 0.270 and 0.262 € / kg, respectively, resulting in a 

calculated cost of concentrate per kg of gain was 0.787 and 0.777 € per control and 

BYP concentrate, respectively. However, these results can vary, as feed prices are 

highly volatile. 

3.4.4. Conclusions 

Our results indicate that a mixture of corn DDGS, DCP and EOC can replace 44 % 

of cereal grains and protein feeds in the concentrate for light lambs without negatively 

affecting feed intake, growth performance and health of lambs. The use of these by-

products reduced the potentially human-edible ingredients in the concentrate from 64.4 

% to 38.7 %, and decreased slightly the feeding costs. In situations of high prices of 

cereals and protein feeds, using by-products by lamb farmers can be more economically 

profitable than in the present study. 
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Simple Summary: Consumers demand safe and healthy animal products produced 

with minimal environmental impact. The use of agroindustrial by-products in animal 

feeding can alleviate pollution caused by their accumulation, but investigations into 

their effects on animal-product quality are required. We analyzed the influence of 

replacing 44 % of conventional feeds in a high-cereal concentrate (CON) with 

agroindustrial by-products (BYP concentrate; distillers dried grains with solubles, 

dried citrus pulp, and exhausted olive cake) on meat quality of fattening light lambs. 

Two groups of lambs were fed each of the concentrates and barley straw ad libitum 

from 13.8 to about 26.0 kg of body weight. The pH, chemical composition, color, and 

texture parameters of the meat were not affected by the type of concentrate. Feeding 

the BYP concentrate significantly reduced lipid oxidation of meat after 6 days of 

refrigerated storage, which might be related to the greater content of polyphenols in 

this concentrate. Compared with CON-fed lambs, the meat from BYP-fed lambs had 

lower saturated and greater polyunsaturated fatty acid content. In summary, feeding the 

tested by-products did not change the composition of the meat but increased its shelf-

life and improved its fatty acid profile. 

Abstract: The aim of this study was to assess the effects of replacing 44 % of 

conventional feeds in a high-cereal concentrate (CON) with by-products (BYP 

concentrate; 18 % corn distillers dried grains with solubles, 18 % dried citrus pulp, and 

8 % exhausted olive cake) on the meat characteristics and fatty acid (FA) profile of 

fattening light lambs. Two groups of 12 Lacaune lambs were fed concentrate and 

barley straw ad libitum from 13.8 to 26.0 kg of body weight. There were no 

differences (P ≥ 0.130) between groups in the pH, chemical composition, color, and 

texture parameters and in the estimated proportions of pigments in the Longissimus 

dorsi. Feeding the BYP concentrate reduced the concentration of thiobarbituric acid 

reactive substances (TBARS) in the meat after 6 days of refrigerated storage 

(unmodified atmosphere), probably due to the greater polyphenol content in this 

concentrate. Compared with CON-fed lambs, the meat and the subcutaneous fat from 

BYP-fed lambs had lower saturated and greater polyunsaturated FA content as well as 

greater n-6 / n-3 FA. In summary, feeding a blend of corn distiller dried grains with 

solubles, dried citrus pulp, and exhausted olive cake did not change the composition of 

the meat but improved its antioxidant status and FA profile. 

Keywords: meat quality; fatty acid; meat oxidation; corn distillers dried grains with 

solubles; citrus pulp; exhausted olive cake 

3.5.1. Introduction 

Compared with other livestock productions such as poultry and pork meat, 

ruminant meat is associated with both a greater environmental cost and consumer 

perception of a less healthy product, mainly due to its high content in saturated fat 

(Salami et al., 2019). The use of agroindustrial by-products in ruminant diets not only 
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contributes to reducing environmental problems caused by the accumulation of by-

products and to decreasing animal product carbon footprints (Gerber et al., 2014) but 

also can improve the quality of products and the meat shelf-life stability (Vasta et al., 

2008; Salami et al., 2019) due to the presence of bioactive compounds in some by-

products, like vitamins, unsaturated fatty acids (FA), and phytochemicals. 

Recently, de Evan et al. (2020c), reported that 44 % of conventional feeds in a 

high-cereal concentrate for fattening lambs can be replaced by a mixture of corn dried 

distiller grains with solubles (DDGS), dried citrus pulp (DCP), and exhausted olive cake 

(EOC) without affecting lamb performance. Both DCP and EOC are rich in polyphenols 

and other bioactive compounds (Bampidis and Robinson, 2006; Molina-Alcaide and 

Yáñez-Ruíz, 2008; Marcos et al., 2019b), and therefore, they might improve lamb meat 

composition and might increase meat shelf-life stability (Luciano et al., 2013; Lanza et 

al., 2015). In addition, DDGS are by-products of the ethanol industry rich in unsaturated 

FA and their inclusion in the diet can modify the lipid composition, oxidative stability, 

and sensory characteristics of lamb meat (Kawęcka et al., 2018). The polyphenols in the 

by-products can also modify the rumen biohydrogenation of the unsaturated FA, 

resulting in improved quality of the fat of animal products. Some studies have 

investigated the effects of each of these by-products on lamb performance, but 

information on their effects on meat quality is more limited. Our hypothesis was that 

feeding a combination of DDGS, DCP, and EOC to fattening light lambs may modify 

meat FA profiles towards a more unsaturated profile and may increase meat shelf-life 

stability. Therefore, the objective of this study was to evaluate the characteristics of the 

meat of lambs fed a concentrate containing these by-products. 

3.5.2. Materials and Methods 

This is a companion paper to the study of de Evan et al. (2020c), who reported the 

effects of by-product (BYP) concentrate on growth performance, diet digestibility, 

blood parameters, and ruminal fermentation of the lambs. The animals used in this 

experiment were cared for and handled in accordance with the Spanish guidelines for 

experimental animal protection. All experimental procedures, including slaughtering, 

were approved by the General Direction of Livestock and Agriculture of the 

Community of Madrid (approval number PROEX 035/17).  

3.5.2.1. Diets and Animals  

Diets and animals are described in detail by de Evan et al. (2020c) and are only 

briefly summarized here. Two groups of 12 Lacaune male lambs each (13.8 ± 0.25 kg 

initial body weight) were penned individually in 1 m × 1 m pens with slatted floor and 

equipped with two feeders and an automatic drinker. Each experimental group was 

randomly assigned to one of the two dietary treatments: a high-cereal concentrate 

(CON) and a concentrate including agroindustrial by-products (BYP). The ingredients, 
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chemical composition, and FA profiles of both concentrates are shown in Table 3.5.1. 

Both concentrates had similar content in neutral detergent fiber (NDF), but the crude 

protein (CP) and ether extract (EE) contents were greater in the BYP than in the CON 

concentrate. 

Table 3.5.1. Ingredients, chemical composition, and fatty acid (FA) profiles of 

experimental concentrates 1. 

Item CON BYP 

Ingredients (% as fed)   

Corn 33.0 26.8 

Barley 20.0 - 

Wheat 10.0 10.0 

Soybean meal 47% 12.2 10.2 

Palm meal 8.8 - 

Colza meal 2.5 2.5 

Wheat bran 10.0 3.0 

Dry citrus pulp - 18.0 

Corn DDGS - 18.0 

Olive cake - 8.0 

Others 2 3.5 3.5 

Chemical composition (%, as fed basis)   

Dry matter  89.7 88.6 

Ashes 4.82 5.97 

Crude protein  16.2 17.5 

Ether extract  3.75 6.44 

Neutral detergent fiber  19.2 19.5 

Acid detergent fiber  7.47 9.31 

Acid detergent lignin 1.79 2.80 

Total soluble polyphenols 3 0.175 0.536 

FA profile (g/100 g total FA) 4   

C12:0 7.36 0.296 

C14:0 2.86 0.382 

C16:0 22.5 21.4 

C16:1 n-9 0.172 0.002 

C18:0 2.90 2.89 

C18:1 n-9 28.4 36.4 

C18:2 n-6 35.1 37.8 

C20:0 0.350 0.436 

1 Ingredients and chemical composition were reported by de Evan et al. (2020c). 2 For both 

concentrates: 1.2 % calcium soap, 1.0 % calcium carbonate, 0.8 % sodium bicarbonate, 0.3 

% NaCl, and 0.2 % vitamin-mineral premix. 3 Expressed as gallic acid equivalents. 4 All 

isomers of each monounsaturated FA are included. 
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3.5.2.2. Slaughter Procedure and Sampling 

The experiment lasted for six weeks, and lambs were slaughtered at about 26 kg of 

body weight in two different days (6 lambs of each treatment per day) at a commercial 

slaughterhouse located 20 km away from the experimental farm. The slaughter 

procedure followed commercial practices in Spain and involved head electrical stunning 

and severing of the carotid arteries and jugular veins. After slaughter and dressing, the 

pH of the Longissimus dorsi (at the thoracic vertebrae (T) T13 rib level) and 

Semitendinosus muscles was measured using a penetration electrode adapted to a 

portable pH meter with a temperature probe (Hanna Instruments pH meter HI-9025; 

Hanna Instruments SL, Eibar, Spain). The measurements were repeated after 24 h of 

chilling at 4 °C, and two measurements were made for each muscle at each time. In 

addition, color was measured on the subcutaneous fat of the tail root at 24 h after 

slaughter, and one sample of this fat was taken and frozen (−20 °C) until analysis of FA 

profiles. 

The whole Longissimus dorsi from the left side of the carcass of each lamb was 

dissected and divided in several pieces. The portion between T12 and T13 (about 2 cm) 

was immediately frozen (−20 °C) and stored before freeze-drying and chemical 

composition analyses. The piece between T13 and the lumbar vertebrae (L) L6 (about 

10 cm length) was vacuum-packed and frozen (−20 °C) until texture analysis. The 

portion between T9 and T12 was used to assess the evolution of color, lipid oxidation, 

and FA profile over a 6-day ageing period and was subdivided into 3 equal pieces 

(about 25 g each). The color of the samples taken for analyses of initial time (day 0) was 

measured, and samples were then vacuum-packed and frozen (−20 °C) for analyses of 

lipid oxidation and FA profile. The 2 remaining portions from each lamb were placed 

on Styrofoam trays, which were overwrapped with an oxygen-permeable polyvinyl 

chloride film and stored in the dark at 2 °C until analyses. Color was measured after 1 h 

of blooming, and after that, samples were immediately vacuum-packed and frozen (−20 

°C) for further analyses of lipid oxidation (3- and 6-day storage samples) and FA profile 

(6-day storage samples). 

3.5.2.3. Sensory Characteristics and Meat Shelf Life  

The color was evaluated using a CM-2500c Minolta Spectophotometer (Minolta 

Co., Osaka, Japan) with illuminant D65, visual angle 10°, and 8-mm measurement 

aperture. The calibration was performed as described by de la Fuente-Vázquez et al. 

(2014) using standard white tiles prior to color measurements. The color was measured 

three times on each sample, and values were averaged before statistical analysis. The 

color coordinates were expressed by the CIELAB system (CIE, 2004) as L* 

(brightness), a* (red-green index), and b* (yellow-blue index). Chroma (C*) and hue 

angle (h*) values were calculated as C* = (a*2 + b*2)0.5 and h* = tan−1 (b*/a*), 
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respectively. In addition, the myoglobin, metmyoglobin, and oxymyoglobin proportions 

on the meat surface were estimated by measuring the absorbances (A) at 473, 525, 572, 

and 690 nm according to the procedure of Krzywicki (1979) with some modification 

proposed for lamb meat by de la Fuente-Vázquez et al. (2014). The values were 

calculated as myoglobin (%) = 2.375 × (1 – ((A473 – A690)/(A525 – A690))) × 100, 

metmyoglobin (%) = (1.395 – ((A572 – A690)/(A525 – A690))) × 100, and oxymyoglobin 

(%) = 100 − (myoglobin + metmyoglobin). 

Texture analyses were performed on Longissimus dorsi samples (about 30 g) as 

described by Díaz et al. (2014). Briefly, samples were thawed at 4 °C, removed from 

their packaging and blotted dry without pressing, and cooked into air bags in a water 

bath (75 °C, 30 min). After that, samples were cooled at room temperature for 30 min 

and removed from the cooking bags, and the exudate juice was gently cleaned before 

cutting the samples into pieces (1 × 1 cm cross section; 2 cm length) parallel to the 

muscle fiber direction. Texture was then measured using a TA-XT2 Texture Analyser ® 

(Stable Micro Systems, Surrey, UK) equipped with a Warner–Bräzler blade. The 

parameters measured were the maximum shear force (newton / cm2), shear firmness 

(newton / s cm2), and total area defined as the total work performed to cut the sample or 

the area under the curve (toughness; newton s / cm2). 

Lipid oxidation of Longissimus dorsi samples at 0, 3, and 6 days of storage was 

assessed by measuring the concentrations of thiobarbituric acid reactive substances 

(TBARS) and conjugated dienes (CDs). The TBARS concentration was measured as 

described by Maraschiello et al. (1999), and the results were expressed as g 

malonaldehyde (MAE) / kg meat. Conjugated dienes (CDs) were analyzed in the same 

samples according to the method described by Srinivasan et al. (1996) with the 

modifications proposed by Juncachote et al. (2006), and their concentration was 

expressed as μmol / g of meat using the molar extinction coefficient of 25,200 M−1 

cm−1. Both analyses were conducted in duplicate, and the absorbance of extracts was 

measured in a Thermo Scientific Evolution 220 spectrophotometer (Thermo Fisher 

Scientific, Madrid, Spain) at 532 and 233 nm for TBARS and CD, respectively. 

3.5.2.4. Analyses of Chemical Composition and Fatty Acid Profile 

For analysis of moisture content in the Longissimus dorsi, 5 g of muscle was 

homogenized in a crucible with sea sand, 5 mL of ethanol was added, and the samples 

were dried at 102 °C. The ash and ether extract contents of freeze-dried samples of 

Longissimus dorsi were analyzed in duplicate following the Association of Official 

Analytical Chemists (AOAC, 2005) procedures (ID 048.13 and 945.16, respectively). 

The nitrogen (N) content was assessed by the Dumas combustion method using a Leco 

FP258 N Analyzer (Leco Corporation, St. Joseph, MI, USA). The content in total 

soluble polyphenols in both concentrates was analyzed using the spectrophotometric 

Folin Ciocalteu assay as described by Singleton and Rossi (1965), and results were 
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reported as gallic acid equivalents (GAE). Other chemical analyses of the concentrates 

have been described by de Evan et al. (2020c). 

The lipids from lyophilized samples of Longissimus dorsi (200 mg) at 0 and 6 days 

of storage were extracted in duplicate as described by Segura and López-Bote (2014). 

Briefly, samples were homogenized in dichloromethane-methanol (8:2; vol / vol) using 

a mixer mill (MM400; Retsch technology, Stuttgart, Germany) and centrifuged (8 min, 

10,000 rpm). The solvent was evaporated under a nitrogen stream, and the lipids were 

dried by vacuum desiccation before weighting for total lipid content determination. 

Fatty acid methyl esters were prepared by transesterification using a mixture of sodium 

methylate–methanol and were methylated in the presence of sulfuric acid as detailed in 

Segura and López-Bote (2014). The fatty acid methyl esters were separated using a gas 

chromatograph (HP 6890 Series GC System; Hewlett Packard Co., Avondale, PA, 

USA) equipped with a flame ionization detector and an HP-Innowax polyethylene 

glycol column (30 m × 0.316 mm × 0.25 µm; J&W Scientific/Agilent Technologies, 

Santa Clara, CA, USA) and using nitrogen as a carrier gas. Results were expressed as 

percentage of total FA identified. The same method was used to analyze the FA profile 

of subcutaneous fat of the tail root. The extraction of lipids from feeds (concentrate 

samples; 200 mg) followed the procedure of Sukhija and Palmquist (1988) as detailed 

by Rodríguez et al. (2017), and the preparation and identification of fatty acid methyl 

esters were conducted as described before. 

3.5.2.5. Statistical Analyses 

Normal distribution of data was assessed by the Shapiro–Wilk (1965) test. Data 

obtained at a simple time point (chemical composition of meat, color, fatty acid profile, 

and health indexes of the subcutaneous fat) were analyzed as a one-way ANOVA using 

PROC GLM of the Statistical Analysis System (SAS, 2017), in which the diet was the 

main effect and lamb was the experimental unit. Data measured over time (pH, color, 

lipid oxidation parameters, FA profile, and health indexes of meat) were analyzed with 

the PROC MIXED of Statistical Analysis System (SAS, 2017) as a mixed model with 

repeated measures, in which the diet, sampling time, and their interaction were 

considered fixed effects and either the lamb or its meat was a random effect. 

Significance was declared at P < 0.05, and trends were declared at P < 0.10. When a 

significant effect of time was detected, means were compared by the Tukey test.  

3.5.3. Results and Discussion 

The present study analyzes the quality of meat from lambs fed either a high-cereal 

concentrate or a concentrate containing corn DDGS, DCP, and EOC. Previously, de 

Evan et al. (2020c) showed that there were no differences between concentrates in 

growing performance, digestibility of nutrients, and animal health of the lambs. There 

were also no differences in hot and cold carcass weights, which reached 14.4 and 13.6 
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kg for the CON and 14.2 and 13.6 kg for the BYP groups, respectively (de Evan et al., 

2020c). The greater content of total soluble polyphenols in the BYP compared with the 

CON concentrate was attributed to the inclusion of DCP and EOC. The EOC contained 

2.03 % of total soluble polyphenols (dry matter (DM) basis), which is in agreement with 

the values ranging from 0.4 to 2.9 % reported by others for EOC samples (Marcos et al., 

2019b; Alburquerque et al., 2004). Likewise, total soluble polyphenol content of the 

DCP used in our study (1.33 %; dry matter basis) was similar to the values reported by 

Gorinstein et al. (2001) but slightly greater than the values reported by others (Ramful 

et al., 2010; Ramful et al., 2011). It has been shown that the content in total soluble 

polyphenols of DCP is highly variable, as it varies with the type of citrus fruit (lemon, 

orange, etc.) and the fruit fraction, being greater in the peels than in the pulp of the fruit 

(Gorinstein et al., 2001; Fattouch et al., 2007).  

The main differences between concentrates in the FA profile were observed in the 

contents of lauric (C12:0) and myristic (C14:0) acids, which were lower in the BYP 

than in the CON concentrate, and in the oleic acid (C18:1 n-9), which was greater in the 

BYP concentrate. Compared with CON, the BYP concentrate contained less saturated 

FA (SFA; 36.0 vs. 25.4 %, respectively). This is in agreement with previous studies in 

which diets including DDGS, DCP, or EOC were tested (Luciano et al., 2013; Lanza et 

al., 2015; Kawęcka et al., 2018), and it was attributed to the high proportion of 

unsaturated FA in DDGS, DCP, and EOC (Bampidis et al., 2006; Molina-Alcaide and 

Yáñez-Ruíz, 2008; Pecka-Kielb et al., 2017). 

One of the main factors determining meat quality is its pH, which influences the 

organoleptic characteristics of the meat (Pascual-Alonso et al., 2015). As shown in 

Table 3.5.2, no differences between diets were observed in the pH of the Longissimus 

dorsi and Semitendinosus muscles, and no interactions of diet × time were detected. As 

expected, pH decreased (P < 0.001) at 24 h postmortem in both muscles, reaching 

values below 6.0 within the range of optimal commercial quality (Beriain et al., 2000). 

The pH values observed in this study are in good agreement with those previously 

reported for the meat of lambs fed high-concentrate diets and slaughtered at similar 

body weight (Beriain et al., 2000; Teixeira et al., 2005; Haro et al., 2020a) and for 

lambs receiving diets including the same by-products (Foti et al., 2003; Awawdeh et al., 

2019).  

A bright red color in lamb meat is desirable and attractive for consumers (Ripoll et 

al., 2019). Although meat color can be strongly affected by the diet, in our study, there 

were no differences (P ≥ 0.130) between diets in any color parameter or in the estimated 

concentrations of pigments (Table 3.5.3) and no diet × time interactions were detected 

(P ≥ 0.608), indicating that changes in color over the storage period were not affected 

by dietary treatment. These results are in accordance with the lack of differences 

between diets in pH and chemical composition of the meat. In contrast, some authors 
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have reported a discoloration of beef meat when crude olive cake was included in the 

diet at greater levels than that used in the present study (Humada et al., 2014; Chiofalo 

et al., 2020), and Lanza et al. (2001) observed that the inclusion of 10 % of orange pulp 

and 10 % carob pulp in the diet of Barbaresca lambs decreased the lightness and 

intramuscular fat content of the meat.  

Table 3.5.2. Values of pH of Longissimus dorsi and Semitendinosus muscles at 0 and 

24 h post-slaughter in fattening light lambs fed either a high-cereal concentrate 

(CON) or a concentrate including by-products (BYP) 1. 

  Time  P = 

Muscle Concentrate 0 h 24 h SEM 2 Concentrate Time 
 Concentrate × 

Time 

Longissimus 

dorsi 

CON 6.67 5.88 
0.010 0.427 <0.001 0.881 

BYP 6.63 5.81 

Semitendinosus 
CON 6.28 5.89 

0.011 0.183 <0.001 0.597 
BYP 6.18 5.82 

1 The BYP concentrate contained 18 % corn dried distiller grains with solubles 

(DDGS), 18 % dried citrus pulp, and 8 % exhausted olive cake (as-fed basis). 2 

Standard error of the mean. 

Refrigerated storage of the meat affected all color parameters and the estimated 

concentrations of the pigments with the exception of h*, which remained unchanged 

(Table 3.5.3). Lightness (L*) increased from days 0 to 3, recovering the original values 

by day 6 of storage, whereas a*, b*, and C* increased by day 3, followed by a 

stabilization thereafter. Similar increases in b* and C* have been observed by Ripoll et 

al. (2013) and de la Fuente-Vázquez et al. (2014) during refrigerated storage in 

atmospheric conditions of lamb meat for 7 days. In contrast, Inserra et al. (2014) 

reported significant decreases of a* and C* values in lamb meat after 6 days of 

refrigerated storage in atmospheric conditions. Several factors can influence the stability 

of the meat color under the same storage conditions, and the diet of the animals and the 

composition of the meat have been identified as the main ones (de la Fuente-Vázquez et 

al., 2014;Bellés et al., 2019), helping to explain differences among studies.  

The color of the meat depends on many factors, but the concentration of myoglobin 

and its chemical state is one of the most important factors involved (Bellés et al., 2019). 

The oxymyoglobin is responsible for the bright-red color in meat, but its oxidation to 

brown-colored metmyoglobin during meat ageing leads to meat discoloration (de la 

Fuente-Vázquez et al., 2014). In agreement with previous studies (de la Fuente-Vázquez 

et al., 2014; Bellés et al., 2019), myoglobin decreased (P < 0.001) and both 
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metmyoglobin and oxymyoglobin increased (P < 0.001) over the 6 days of storage for 

both dietary treatments. Every time meat is allowed to bloom, oxymyoglobin is formed 

(Avilés et al., 2014), and that is in accordance with the observed increases in a * and b * 

coordinates at days 3 and 6 compared with day 0. Meat with more than 40 % 

metmyoglobin has been reported to be downgraded by trained consumer panels (Greene 

et al., 1971; Mancini et al., 2003), but in our study, the estimated proportions were 

lower than this level in all samples. All these results would indicate high color stability 

in the meat of lambs from both groups. 

The diet had no influence (P ≥ 0.166) on chemical composition and texture 

parameters of the Longissimus dorsi (Table 3.5.4). Chemical composition of the meat 

was within the range reported by others (Sañudo et al., 2000; Manso et al., 2009; de la 

Fuente-Vázquez et al., 2014; Haro et al., 2019) for lambs from different breeds 

slaughtered at similar body weight. Our results agree with those from other studies 

reporting that inclusion of corn DDGS (Kawęcka et al., 2018), DCP (Caparra et al., 

2007), or EOC (Kotsampasi et al., 2017) in the concentrate for fattening lambs had no 

effects on chemical composition of meat. Some studies reported that the inclusion of 

corn DDGS in the diet of Rambouillet lambs (20 % DDGS, Whitney and Braden, 2010) 

and Wrzosówka lambs (45% DDGS, Kawęcka et al., 2018) resulted in a more delicate 

texture. Lanza et al. (2001) observed that feeding 10 % of orange pulp and 10 % carob 

pulp to Barbaresca lambs increased the tenderness of their meat. Differences among 

studies in the composition and inclusion rate of the by-products, in the breed of the 

animals, and in their weight and age at slaughter can explain the discrepancies with our 

results.  

  



 

129 
 

Table 3.5.3. Evolution of color parameters of the Longissimus dorsi of light lambs fed either a high-cereal concentrate (CON) or a 

concentrate including by-products (BYP) during storage at 2 °C 1. 

  Time (days)   P = 

Item Diet  0 3 6 EEMD 
2 EEMT 

2 Diet Time 
Diet × 

Time 

Color           

L* 
CON 55.4 a 57.0 b 56.3 ab 

0.25 0.30 0.895 0.006 0.942 
BYP 55.8 a 57.1 b 56.3 ab 

a* 
CON 11.7 a 13.9 b 13.4 b 

0.21 0.26 0.998 <0.001 0.965 
BYP 11.7 a 13.9 b 13.2 b 

b* 
CON 15.3 a 18.0 b 17.8 b 

0.20 0.24 0.864 <0.001 0.987 
BYP 15.4 a 18.0 b 17.9 b 

C* 
CON 19.3 a 22.8 b 22.3 b 

0.27 0.33 0.933 <0.001 0.986 
BYP 19.4 a 22.8 b 22.3 b 

h* 
CON 52.7 52.4 53.3 

0.30 0.37 0.928 0.142 0.959 
BYP 52.8 52.4 53.6 

Myoglobin  

(%) 

CON 61.9 b 17.1 a 15.3 a 
1.41 1.73 0.130 <0.001 0.667 

BYP 56.3 b 15.4 a 13.4 a 

Metmyoglobin (%) 
CON 15.8 a 26.9 b 34.8 c 

0.36 0.44 0.592 <0.001 0.881 
BYP 15.8 a 30.2 b 35.3 c 

Oxymyoglobin (%) 
CON 22.3 a 53.3 b 48.9 b 

1.45 1.78 0.224 <0.001 0.608 
BYP 27.9 a 54.4 b 51.3 b 

a,b,c Within each variable, mean values in the same row with different superscripts differ (p < 0.05). 1 The BYP concentrate contained 18 % corn DDGS, 

18 % dried citrus pulp, and 8 % exhausted olive cake (as-fed basis). 2 EEMD and EEMT: standard error of the mean for diet and time effects, respectively. 
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Table 3.5.4. Chemical composition and texture parameters of the Longissimus 

dorsi muscle of light lambs fed either a high-cereal concentrate (CON) or a 

concentrate including by-products (BYP) 1. 

Item 
Concentrate  

CON BYP SEM2 P = 

Chemical composition (%)     

Moisture  71.7 72.0 1.72 0.636 

Protein  22.5 22.6 1.59 0.837 

Fat  4.42 4.11 0.228 0.573 

Ash 1.28 1.29 0.085 0.813 

Texture parameters     

Shear firmness (newton / s cm2) 15.4 17.1 0.83 0.166 

Shear force (newton / cm2) 41.1 46.0 2.72 0.209 

Total area (newton s / cm2) 184 197 10.5 0.301 

1 The BYP concentrate contained 18 % corn DDGS, 18 % dried citrus pulp, 

and 8 % exhausted olive cake (as-fed basis). 2 Standard error of the mean. 

The lipid oxidation of the meat over a 6-day storage period was assessed by 

measuring the concentrations of TBARS and CD (Figures 3.5.1 and 3.5.2). The TBARS 

is one of the most widely used assays for measuring malondialdehyde, an end product 

of lipid peroxidation, whereas the CDs are primary lipid oxidation products generated in 

the oxidation of polyunsaturated FA (PUFA, Pegg, 2001). There was a trend (P = 

0.095) for a significant diet × time interaction for TBARS concentration, but the diet did 

not affect TBARS levels in the meat (P = 0.134). Some authors (Lanari et al., 1995; 

Morán et al., 2012; Guerra-Rivas et al., 2016) have reported that the dietary 

administration of antioxidants to fattening lambs reduced the accumulation of 

malondialdehyde concentration and improved the resistance of meat to oxidative 

deterioration. Feeding antioxidant-rich by-products to lambs is a feasible option to 

increasing the daily intake of antioxidants. In fact, Inserra et al. (2014) and Luciano et 

al. (2013) fed lambs with concentrates containing high levels of DCP (24 and 35 %) and 

olive cake (25 %), respectively, and observed a reduction in TBARS levels in meat 

compared with those for lambs fed high-cereal concentrates, indicating an improvement 

in the oxidative stability of the meat. Inserra et al. (2014) attributed this improvement to 

the greater polyphenol content of the DCP-containing concentrates compared with the 

control one. In our study, the CON and BYP concentrates contained 1.95 and 6.05 g of 

gallic equivalents (GAE) / kg DM, respectively, but no differences between groups in 

the TBARS concentrations were detected when data were analyzed as repeated 

measures. However, TBARS levels after 6 days of storage were 2.4 times greater for 

CON than for BYP-fed lambs, and when these data were analyzed independently, 

differences between groups reached the significance level (P = 0.026; SEM = 0.0720; n 

https://www.sciencedirect.com/topics/medicine-and-dentistry/thiobarbituric-acid-reactive-substance
https://www.sciencedirect.com/topics/medicine-and-dentistry/malonaldehyde


 

131 
 

= 12). In agreement with previous studies (Morán et al., 2012; Luciano et al., 2013; 

Inserra et al., 2014), the TBARS concentrations increased (P < 0.001) with storage time, 

but whereas, in the CON lambs, values increased from day 3 to day 6, TBARS 

concentrations in BYP lambs remained stable from day 3 thereafter. These results 

would indicate greater oxidative stability of the meat from the BYP-fed lambs after 6 

days of storage. It should be noticed that TBARS concentrations in all samples were 

below 0.5 mg MDA / kg meat, which is the proposed threshold for the detection of off-

flavors (rancidity) by a trained sensory panel (Lanari et al., 1995).  

 

Figure 3.5.1. Effect of the dietary treatment (CON and BYP) and storage time 

(0, 3, and 6 days) on the concentration of TBARS (expressed as mg 

malonaldehyde (MDA) / kg meat) measured in lamb meat stored in unmodified 

atmosphere at 2 °C. a, b, c Within each dietary treatment, different superscripts 

indicate differences between days of storage (P < 0.05). In repeated measures 

ANOVA, values of P were 0.134, < 0.001, and 0.095 for diet, time, and diet × 

time interaction, respectively, and standard error of the mean (SEM) values 

were 0.0326 and 0.0399 for diet and time effects, respectively. 

As shown in Figure 3.5.2, concentrations of CD were not affected either by the diet 

(P = 0.219) or the storage time (P = 0.642), and no diet × time interaction was detected 

(P = 0.740). The PUFA are preferential substrates for lipid oxidation in the muscle 

(Morrissey et al., 1998), and in our study, feeding the BYP concentrate resulted in 

greater deposition of PUFA in the meat (P = 0.003; Table 3.5.5) compared to CON 

lambs. An increase in PUFA concentration can negatively influence the oxidative 

stability of meat, as the FA susceptibility to oxidation increases with increasing 

unsaturation degree (Scislowski et al., 2005). The lack of differences between diets in 

CD concentrations in our study might be due to the small differences in total PUFA 

concentration in the meat after slaughter (9.23 and 10.5 % of total FA for CON and 
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BYP meat, respectively). In addition, the concentrations of CD in the meat of both 

groups remained stable over the storage period, indicating that no extensive PUFA 

oxidation took place. This is in agreement with the lack of reduction in the proportion of 

any of the PUFA analyzed (Table 3.5.5). In contrast, the proportion of total 

monounsaturated FA (MUFA) decreased (P = 0.035) after 6 days of storage, which is in 

agreement with the increased TBARS concentrations in the meat of both groups at day 

6, as malondialdehyde is an end product of both MUFA and PUFA peroxidation (Xia 

and Budge, 2017). Our results are in accordance with those of Luciano et al. (2013), 

who analyzed the effects of feeding lambs with a concentrate containing 25 % olive 

cake to lambs and who observed stronger differences between experimental treatments 

in TBARS than in CD concentrations in the meat.  

 

Figure 3.5.2. Effect of the dietary treatment (CON and BYP) and storage time (0, 

3, and 6 days) on the concentration of conjugated dienes (CD; expressed as 

µmol/g meat) measured in lamb meat stored in unmodified atmosphere at 2 °C: in 

repeated measures ANOVA, values of P were 0.219, 0.642, and 0.740 for diet, 

time, and diet × time interaction, respectively, and standard error of the mean 

(SEM) values were 0.0265 and 0.0325 for diet and time effects, respectively. 

Ruminant meat is usually regarded as less healthy for humans than the meat of 

other species such as poultry and pig, which is mainly due to its high content in SFA 

Lanza et al., 2015. The differences in the FA profile of the two concentrates used in our 

study were reflected in the meat FA profile, as lambs fed the BYP concentrate had 

lower proportions of total SFA (P = 0.001) and greater of total MUFA (P = 0.035) and 

PUFA (P = 0.021) than those fed the CON one. There were also differences between 

groups in the individual FA, and the meat from BYP-fed lambs had lower (P ≤ 0.026) 

proportions of C15:0, C16:0, and C17:0 and tended to greater proportions of C20:0 (P = 

0.089). Similarly, proportions of C16:1 n-9, C20:1 n-9, C18:2 n-6, C18:3 n-3, and 

C18:4 n-3 were greater (P ≤ 0.036) in the BYP compared with CON lambs. Similar 

results were obtained by others when lambs were fed concentrates containing either 
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corn DDGS (Gravador et al., 2020) or dried citrus pulp (Rodrigues et al., 2010; Lanza et 

al., 2015; Francisco et al., 2018). The lack of differences (P = 0.251) between groups in 

the proportion C18:1 n-9 observed in our study agrees with the results of Kotsampasi et 

al. (2017), who did not observe differences in this FA in lambs fed destoned EOC, and 

it was attributed to both the low fat content of the EOC (2.91 %, DM basis) and the low 

level of inclusion in the BYP concentrate (8 %). In contrast, several studies have 

reported increases in the proportion of C18:1 n-9 in the meat of lambs by feeding crude 

olive cake (Mele et al., 2013; Sucu et al., 2018). In agreement with previous results in 

lambs fed high-concentrate diets (Haro et al., 2020a; Manso et al., 2009; Castro et al., 

2005), for both groups of lambs, the most abundant FA was (C18:1 n-9), followed by 

C16:0 and C18:0. Although there were no differences (P = 0.157) between groups in the 

peroxidability index of the meat, the meat from BYP-fed lambs had lower (P ≤ 0.003) 

values in the atherogenic and thrombogenic indexes and a greater (P < 0.001) 

hypocholesterolaemic / hypercholesterolaemic ratio (hH), altogether indicating a 

healthier FA profile compared with CON lambs. Finally, it should be noticed that the 

column used for the FA analysis did not allow precise identification of cis and trans 

isomers of unsaturated FA (Amores and Virto, 2019), and therefore, differences 

between groups in the meat FA profile are limited to the FA identified. 

The storage of meat for 6 days resulted in subtle changes in the SFA and MUFA 

profiles, as the proportions of C14:0 tended to decrease (P = 0.088) and those of C20:1 

n-9 increased (P = 0.009), with no changes detected for other SFAs and MUFAs. In 

contrast, the proportions of most of the analyzed PUFAs were affected by meat storage. 

The proportions of C18:2 n-6, C20:3 n-6, C20:4 n-6, C22:4 n-6, and C22:6 n-3 were 

increased (P ≤ 0.036) and those of C18:3 n-3 and C18:4 n-3 were reduced (P = 0.043 

and 0.076, respectively) after 6 days of storage, resulting in greater (P = 0.021) PUFA 

proportions in the meat compared with day 0. Whereas no diet × time interaction was 

observed for any SFA and MUFA, significant interactions (P ≤ 0.049) were detected for 

C20:3 n-6, C20:5 n-3, and C22:4 and trends (P ≤ 0.095) were detected for C18:2 n-6, 

C20:4 n-6, and C22:6 n-3. Majewska et al. (2016) also observed similar changes after 

refrigerated storage of lamb meat for 1 month, which were attributed to the hydrolytic 

processes and changes in chemical composition occurring during storage. In contrast, a 

reduction in the proportions of PUFA as storage time increased has been reported by 

others (Álvarez et al., 2009; Orkusz et al., 2020), especially when meat contained high 

proportions of PUFA and was packed in a high-oxygen modified atmosphere. Changes 

in the FA profiles of meat depend not only on the FA composition and saturation degree 

but also on the processing methods, storage conditions (temperature, time, atmosphere, 

etc.), and the concentrations of pro and antioxidants (Amaral et al., 2018). The 

peroxidability index increased (P = 0.013) over the storage period, but the rest of 

indexes were not affected by storage. 
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Table 3.5.5. Fatty acid (FA) profile, peroxidation index, and indexes related to 

human health of intramuscular fat of the Longissimus dorsi muscle of light lambs fed 

either a high-cereal concentrate (CON) or a concentrate including by-products 

(BYP)1. 

Item  Diet  
Day P = 

0 6 SEM2 Diet Day Diet × Day 

Fatty acid (% of total fatty acids)       

C14:0 
CON 3.97 3.94 

0.067 0.212 0.088 0.203 
BYP 3.78 3.58 

C15:0 
CON 0.34 0.34 

0.007 0.026 0.383 0.646 
BYP 0.27 0.27 

C16:0 
CON 23.7 23.7 

0.095 <0.001 0.220 0.349 
BYP 21.9 22.1 

C17:0 
CON 1.20 1.19 

0.020 0.006 0.143 0.565 
BYP 0.99 0.95 

C18:0 
CON 14.2 14.4 

0.17 0.399 0.179 0.056 
BYP 14.0 13.4 

C20:0 
CON 0.12 0.12 

0.005 0.089 0.377 0.257 
BYP 0.14 0.13 

Total saturated FA (SFA) 
CON 43.6 43.7 

0.25 0.001 0.279 0.170 
BYP 41.0 40.4 

C14:1 n-5 
CON 0.19 0.20 

0.004 0.178 0.658 0.153 
BYP 0.18 0.17 

C16:1 n-7 
CON 2.25 2.23 

0.020 0.077 0.695 0.490 
BYP 2.06 2.06 

C16:1 n-9 
CON 0.27 0.29 

0.011 0.036 0.257 0.985 
BYP 0.31 0.32 

C17:1 
CON 0.76 0.77 

0.006 0.004 0.126 0.470 
BYP 0.57 0.59 

C18:1 n-7 
CON 5.74 5.58 

0.114 0.625 0.950 0.203 
BYP 5.96 6.10 

C18:1 n-9 
CON 37.8 37.7 

0.235 0.251 0.122 0.237 
BYP 39.2 38.5 

C20:1 n-9 
CON 0.18 0.19 

0.004 0.002 0.009 0.542 
BYP 0.21 0.22 

Total monounsaturated FA 

(MUFA) 3 

CON 47.2 46.9 
0.16 0.085 0.035 0.450 

BYP 48.5 48.0 

1 The BYP concentrate contained 18% corn DDGS, 18 % dried citrus pulp, and 8 % exhausted olive cake 

(as-fed basis). 2 Standard error of the mean. 3 All isomers of each unsaturated FA are included. 4 

Calculated as proposed by Arakawa and Sagai (1986): peroxidability index = (% monoenoic × 0.025) + 

(% dienoic × 1) + (% trienoic × 2) + (% tetraenoic × 4) + (% pentaenoic × 6) + (% hexaenoic × 8). 5 

Calculated as proposed by Ulbricht and Southgate (1991): atherogenic index = (C12:0 + 4 × C14:0 + 

C16:0)/(MUFA + n-6 PUFA + n-3 PUFA) and thrombogenic index = (C14:0 + C16:0 + C18:0)/(0.5 × 

MUFA + 0.5 × n-6 PUFA + 3 × n-3 PUFA + (n-3/n-6)). 6 Hypocholesterolaemic/hypercholesterolaemic 

ratio calculated as proposed by Santos-Silva et al. (2002): ((C18:1 n-9 + C18:2 n-6 + C20:4 n-6 + C18:3 

n-3 + C20:5 n-3 + C22:5 n-3 + C22:6 n-3)/(C14:0 + C16:0)). 
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Table 3.5.5. (Continuation) Fatty acid (FA) profile, peroxidation index, and indexes 

related to human health of intramuscular fat of the Longissimus dorsi muscle of light 

lambs fed either a high-cereal concentrate (CON) or a concentrate including by-

products (BYP)1. 

Item  Diet  
Day P = 

0 6 SEM2 Diet Day Diet × Day 

Fatty acid (% of total fatty acids)       

C18:2 n-6 
CON 6.13 6.20 

0.134 <0.001 0.036 0.095 
BYP 7.60 8.13 

C18:3 n-3 
CON 0.28 0.27 

0.002 0.000 0.043 0.817 
BYP 0.33 0.33 

C18:4 n-3 
CON 0.16 0.16 

0.002 0.002 0.076 0.339 
BYP 0.22 0.21 

C20:2 n-6 
CON 0.28 0.28 

0.011 0.586 0.112 0.139 
BYP 0.28 0.31 

C20:3 n-6 
CON 0.13 0.14 

0.006 0.752 0.017 0.049 
BYP 0.12 0.15 

C20:4 n-6 
CON 1.62 1.70 

0.092 0.834 0.015 0.090 
BYP 1.42 1.83 

C20:5 n-3 
CON 0.10 0.10 

0.002 0.614 0.617 0.003 
BYP 0.09 0.10 

C22:4 n-6 
CON 0.28 0.30 

0.012 0.465 0.001 0.019 
BYP 0.27 0.34 

C22:5 n-3 
CON 0.02 0.01 

0.001 0.804 0.390 0.202 
BYP 0.01 0.01 

C22:6 n-3 
CON 0.22 0.23 

0.007 0.258 0.001 0.071 
BYP 0.19 0.23 

Total polyunsaturated FA 

(PUFA) 3 

CON 9.23 9.39 
0.258 0.003 0.021 0.076 

BYP 10.5 11.6 

Peroxidability index 4 CON 19.1 19.6 
0.62 0.157 0.013 0.064 

 BYP 19.7 22.6 

Atherogenic index 5 CON 0.71 0.70 
0.009 <0.001 0.276 0.401 

 BYP 0.63 0.61 

Thrombogenic index 5 CON 1.14 1.34 
0.015 0.003 0.157 0.185 

 BYP 1.02 0.98 

hH ratio 6 CON 1.68 0.15 
0.017 <0.001 0.785 0.703 

 BYP 1.90 1.92 

1 The BYP concentrate contained 18% corn DDGS, 18 % dried citrus pulp, and 8 % exhausted olive cake (as-fed 

basis). 2 Standard error of the mean. 3 All isomers of each unsaturated FA are included. 4 Calculated as proposed by 

Arakawa and Sagai (1986): peroxidability index = (% monoenoic × 0.025) + (% dienoic × 1) + (% trienoic × 2) + (% 

tetraenoic × 4) + (% pentaenoic × 6) + (% hexaenoic × 8). 5 Calculated as proposed by Ulbricht and Southgate 

(1991): atherogenic index = (C12:0 + 4 × C14:0 + C16:0)/(MUFA + n-6 PUFA + n-3 PUFA) and thrombogenic 

index = (C14:0 + C16:0 + C18:0)/(0.5 × MUFA + 0.5 × n-6 PUFA + 3 × n-3 PUFA + (n-3/n-6)). 6 

Hypocholesterolaemic/hypercholesterolaemic ratio calculated as proposed by Santos-Silva et al. (2002): ((C18:1 n-9 

+ C18:2 n-6 + C20:4 n-6 + C18:3 n-3 + C20:5 n-3 + C22:5 n-3 + C22:6 n-3)/(C14:0 + C16:0)). 
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There were no differences (P ≥ 0.616) between groups in the color parameters of 

the subcutaneous fat of the tail root (Table 3.5.6), but the FA profile was markedly 

affected by diet. The proportion of C16:0 and C17:0 was lower (P ≤ 0.011) in the BYP-

fed lambs than in those fed the CON diet, resulting in a lower proportion (P = 0.001) of 

total SFA. C16:1 n-9 and C17:1 were the only MUFAs affected by the diet, and their 

proportion increased for C16:1 n-9 (P = 0.008) and tended to decrease for C17:1 (P = 

0.076) by feeding the BYP concentrate. The greatest difference between diets was 

observed in the PUFA, as all PUFA proportions were greater (P ≤ 0.019) in the BYP-

fed lambs compared with those fed the CON concentrate. As a consequence, the 

proportion of total PUFA in the subcutaneous fat of the tail root was 1.5 times greater 

(P < 0.001) in the BYP group than in the CON one, and the fat from BYP lambs had a 

greater (P < 0.001) peroxidability index. As reported in previous studies in lambs 

(Arakawa and Sagai, 1986; Lourenço et al., 2007; Manso et al., 2009), changes in FA 

profile induced by diet were greater in the subcutaneous than in the intramuscular fat. 

As discussed by Manso et al. (2009), this can be attributed to the greater deposition rate 

of the subcutaneous fat compared with the intramuscular fat during the finishing period 

and to the fact that subcutaneous fat is more responsive to changes in dietary FA supply 

(Demirel et al., 2004). Similarly to that observed for the meat, there were no differences 

(P = 0.322) between groups in the peroxidability index of the fat but the fat from BYP-

fed lambs had a healthier FA profile as indicated by the lower (P ≤ 0.012) atherogenic 

and thrombogenic indexes and the greater (P = 0.002) hH ratio. 
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Table 3.5.6. Color parameters, fatty acid (FA) profile, peroxidation index, and 

indexes related to human health of the subcutaneous fat of the tail root of light lambs 

fed either a high-cereal concentrate (CON) or a concentrate including by-products 

(BYP) 1. 

 Concentrate   

Item Control BYP SEM 2 P = 

Color     

Lightness (L*) 76.7 76.4 0.88 0.764 

Redness (a*) 3.53 3.59 0.363 0.911 

Yellowness (b*) 14.1 14.6 0.72 0.616 

Chromaticity (C*) 14.5 15.1 0.77 0.626 

Hue (h*) 76.0 76.6 0.96 0.701 

FA (% of total FA)     

C14:0 4.55 4.40 0.192 0.605 

C15:0 0.70 0.62 0.060 0.341 

C16:0 23.6 22.0 0.33 0.003 

C17:0 2.00 1.53 0.120 0.011 

C18:0 10.79 9.73 0.564 0.196 

C20:0 0.11 0.11 0.005 0.459 

Total saturated FA 41.7 38.4 0.62 0.001 

C14:1 n-5 0.95 0.82 0.084 0.280 

C16:1 n-7 2.73 2.87 0.108 0.379 

C16:1 n-9 0.29 0.37 0.019 0.008 

C17:1 1.36 1.11 0.096 0.076 

C18:1 n-7 6.75 6.59 0.675 0.871 

C18:1 n-9 41.4 42.7 0.87 0.294 

C20:1 n-9 0.21 0.21 0.007 0.559 

Total monounsaturated FA 53.7 54.7 0.65 0.284 
1 The BYP concentrate contained 18 % corn DDGS, 18 % dried citrus pulp, and 8 % 

exhausted olive cake (as-fed basis). 2 Standard error of the mean. 3 All isomers of each 

unsaturated FA are included. 4 Calculated as proposed by Arakawa and Sagai (1986): 

peroxidability index = (% monoenoic × 0.025) + (% dienoic × 1) + (% trienoic × 2) + (% 

tetraenoic × 4) + (%pentaenoic × 6) + (% hexaenoic × 8). 5 Calculated as proposed by 

Ulbricht and Southgate [68]: atherogenic index = (C12:0 + 4 × C14:0 + C16:0)/(MUFA + n-

6 PUFA + n-3 PUFA) and thrombogenic index = (C14:0 + C16:0 + C18:0)/(0.5 × MUFA + 

0.5 × n-6 PUFA + 3 × n-3 PUFA + (n-3/n-6)). 6 

Hypocholesterolaemic/hypercholesterolaemic ratio calculated as proposed by Santos-Silva 

et al. (2002): ((C18:1 n-9 + C18:2 n-6 + C20:4 n-6 + C18:3 n-3 + C20:5 n-3 + C22:5 n-3 + 

C22:6 n-3)/(C14:0 + C16:0)). 
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Table 3.5.6. (Continuation) Color parameters, fatty acid (FA) profile, 

peroxidation index, and indexes related to human health of the subcutaneous fat of 

the tail root of light lambs fed either a high-cereal concentrate (CON) or a 

concentrate including by-products (BYP) 1. 

 Concentrate   

Item Control BYP SEM 2 P = 

FA (% of total FA)     

C18:2 n-6 3.83 5.88 0.236 <0.001 

C18:3 n-3 0.29 0.37 0.015 0.001 

C18:4 n-3 0.20 0.31 0.024 0.005 

C20:2 n-6 0.12 0.15 0.004 <0.001 

C20:3 n-6 0.03 0.04 0.002 0.019 

C20:4 n-6 0.12 0.19 0.010 <0.001 

Total polyunsaturated FA 3 4.60 6.94 0.260 <0.001 

Indixes     

Peroxidability index 4 7.24 10.20 0.322 <0.001 

Atherogenic index 5 0.72 0.64 0.019 0.012 

Thrombogenic index 5 1.05 0.90 0.027 0.001 

hH ratio 6 1.63 1.87 0.049 0.002 
1 The BYP concentrate contained 18 % corn DDGS, 18 % dried citrus pulp, and 8 % 

exhausted olive cake (as-fed basis). 2 Standard error of the mean. 3 All isomers of each 

unsaturated FA are included. 4 Calculated as proposed by Arakawa and Sagai (1986): 

peroxidability index = (% monoenoic × 0.025) + (% dienoic × 1) + (% trienoic × 2) + (% 

tetraenoic × 4) + (%pentaenoic × 6) + (% hexaenoic × 8). 5 Calculated as proposed by 

Ulbricht and Southgate [68]: atherogenic index = (C12:0 + 4 × C14:0 + C16:0)/(MUFA + n-

6 PUFA + n-3 PUFA) and thrombogenic index = (C14:0 + C16:0 + C18:0)/(0.5 × MUFA + 

0.5 × n-6 PUFA + 3 × n-3 PUFA + (n-3/n-6)). 6 

Hypocholesterolaemic/hypercholesterolaemic ratio calculated as proposed by Santos-Silva 

et al. (2002): ((C18:1 n-9 + C18:2 n-6 + C20:4 n-6 + C18:3 n-3 + C20:5 n-3 + C22:5 n-3 + 

C22:6 n-3)/(C14:0 + C16:0)). 

3.5.4. Conclusions 

Our results indicate that 44 % of cereal grains and protein feeds in the concentrate 

for fattening light lambs can be replaced with a mixture of corn DDGS, DCP, and EOC 

without affecting the pH, chemical composition, and color of the meat. However, the 

use of this mixture changed the FA content of subcutaneous and intramuscular fat to a 

healthier profile, which has practical implications for human health. In addition, lipid 

oxidation after 6 days of refrigerated storage was reduced, possibly due to the 

polyphenols supplied by the by-products, indicating that feeding the BYP concentrate to 

lambs can help to increase the shelf life of the meat. The use of locally produced by-
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products in lamb feeding would also contribute to circular economy and to lowering the 

carbon footprint of meat.  
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CHAPTER 4. GENERAL DISCUSSION 
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The first objective of this Doctoral Thesis was to analyze the variability in chemical 

composition and the in vitro ruminal fermentation of discarded pieces and different 

fractions of Brassica vegetables produced in Spain, and it was addressed in Experiment 

1. All vegetables tested belong to Brassica genus and therefore have common 

characteristics, but each species has its own peculiarities. A total of 12 different 

vegetable samples (three replicates per each) were studied: four leave cabbages 

(Brussels sprouts (BS), white cabbage, savoy cabbage, and red cabbage); leaves, stems 

and florets of both cauliflower (CAU) and romanesco (ROM); and stems and florets of 

broccoli (BRO).  

All samples studied were characterized by high moisture content (Figure 4.1), and 

their DM content ranged from 5.64 (white cabbage) to 16.3 % (BS). Within the group of 

leave cabbages, BS had the greatest DM content, being also greater than that for any of 

the fractions tested. The vegetables with florets (CAU, ROM and BRO) were separated 

into fractions for their study. All CAU fractions showed similar DM content, but florets 

from ROM and BRO had greater DM content than leaves and stems. Our values agree 

with previous studies (Ngu and Ledin, 2005; Campas-Baypoli et al., 2009; Marino et 

al., 2010; Bekhit et al., 2013; Wadhwa and Bakshi, 2013; Kazemi et al., 2016) reporting 

moisture content above 85 % for Brassica vegetables.  

 

Figure 4.1. Dry matter content (%) of Brassica vegetables (BS: Brussels sprouts; WC: 

white cabbage; SC: savoy cabbage; RC: red cabbage) and vegetable fractions (CAU-L: 

cauliflower leaves; CAU-S: cauliflower stems; CAU-FL: cauliflower florets; ROM-L: 

romanesco leaves; ROM-S: romanesco stems; ROM-FL: romanesco florets; BRO-S: 

broccoli stems; BRO-FL: broccoli florets). 
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The high moisture content makes Brassica vegetables highly perishable and 

therefore they should be rapidly used or conserved by using a preservation method that 

avoid losses of nutritive value. The most commonly preservation methods are sun 

drying and ensiling (Bakshi et al., 2007; Wadhwa and Bakshi, 2013). All samples had 

low-medium NDF content (on DM basis), ranging from 17.5 % for BS to 32.3 % for 

CAU leaves (Figure 4.2). The four tested cabbages species had NDF contents between 

23.5 and 28.0 %, with SC having the greatest content and the WC the lowest one. These 

values were lower than those reported by Nkosi et al. (2016) and Lamba et al. (2016), 

who analyzed discarded pieces and leaves of cabbage, respectively, and reported NDF 

contents between 32.2 and 35.2 %, but our values are in the range of 19.6 to 27.2 % 

observed by others (Mekasha et al., 2002; Kazemi et al., 2016; Mahgoub et al., 2018). 

The NDF content of leave cabbages was similar to that in CAU, ROM and BRO florets 

(24.6, 23.8 and 23.6 %, respectively), but CAU and ROM leaves had greater NDF 

levels (32.3 and 30.3 %, respectively). Whereas CAU stems had more NDF than florets, 

the opposite was observed for ROM and BRO. Lower NDF content (26.5 to 28 % DM) 

in CAU leaves have been reported by others (Wadhwa et al., 2006; Wadhwa and 

Bakshi, 2013; Lamba et al., 2016), but similar values (20.5 to 24.2 % DM) were 

obtained for BRO (Madrid et al., 2002; Marino et al., 2010; Meneses et al., 2020). 

 

Figure 4.2. Neutral detergent fiber content (%; dry matter basis) of Brassica vegetables 

(BS: Brussels sprouts; WC: white cabbage; SC: savoy cabbage; RC: red cabbage) and 

vegetable fractions (CAU-L: cauliflower leaves; CAU-S: cauliflower stems; CAU-FL: 

cauliflower florets; ROM-L: romanesco leaves; ROM-S: romanesco stems; ROM-FL: 

romanesco florets; BRO-S: broccoli stems; BRO-FL: broccoli florets). 
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There was low variability among samples in their ADF content (DM basis), which 

ranged from 10.3 % for BS to 20.6 % for ROM leaves (Figure 4.3). The four types of 

leave cabbages had similar ADF levels (15.4 - 17.6 % DM) with the exception of BS 

that showed significantly lower values (10.3 %). Similar values were reported by 

Kazemi et al. (2016), but greater ADF contents (22.9 to 23.6 %) were obtained by 

others (Mekasha et al., 2002; Ngu and Ledin, 2005; Nkosi et al., 2016). Similar to that 

observed for NDF, CAU and ROM leaves had the greatest ADF levels (about 20.5 %), 

and florets were the fractions with the lowest ADF content (< 14.0 %). The ADF 

content of CAU leaves agrees well with previously reported values (Ngu and Ledin, 

2005; Wadhwa and Bakshi, 2013), but our values for BRO were lower than those 

obtained by others (Madrid et al., 2002;Marino et al., 2010).  

Figure 4.3. Acid detergent fiber content (%; dry matter basis) of Brassica vegetables 

(BS: Brussels sprouts; WC: white cabbage; SC: savoy cabbage; RC: red cabbage) and 

vegetable fractions (CAU-L: cauliflower leaves; CAU-S: cauliflower stems; CAU-FL: 

cauliflower florets; ROM-L: romanesco leaves; ROM-S: romanesco stems; ROM-FL: 

romanesco florets; BRO-S: broccoli stems; BRO-FL: broccoli florets).  

All samples had low levels of lignin, with values being lower than 1.0 % in BS, and 

CAU, ROM and BRO florets (Figure 4.4). Leaves and stems from ROM were the most 

lignified samples, but their lignin content did not reach 4.1 % DM. The low ADL 

content of Brassica vegetables has been previously reported (Madrid et al., 2002; Ngu 

and Ledin, 2005; Ibrahim et al., 2011; Wadhwa and Bakshi, 2013), with maximum 

values of 5.5 % of lignin (DM basis). Consequently, the NDF of Brassica vegetables 

was low lignified (< 9 g lignin / 100 g NDF for most samples excepting ROM), and 

therefore it is expected to be high degradable in the rumen.  
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Figure 4.4. Lignin content (%; dry matter basis) of Brassica vegetables (BS: Brussels 

sprouts; WC: white cabbage; SC: savoy cabbage; RC: red cabbage) and vegetable 

fractions (CAU-L: cauliflower leaves; CAU-S: cauliflower stems; CAU-FL: cauliflower 

florets; ROM-L: romanesco leaves; ROM-S: romanesco stems; ROM-FL: romanesco 

florets; BRO-S: broccoli stems; BRO-FL: broccoli florets).  

 

Brassica vegetables are a good source of CP (Figure 4.5), as all the samples 

analyzed contained more than 19.0 % of CP (DM basis) excepting BS (15.0 %). Florets 

had the greatest CP levels, ranging from 25.0 to 33.0 % of DM. Campas-Baypoli et al. 

(2009) also observed that florets were the BRO fraction with the greatest CP content, 

and others (Ngu and Ledin, 2005; Wadhwa et al., 2006; Marino et al., 2010) reported 

similar CP contents (18.7 – 23.3 % of DM) for cabbage wastes to those obtained in our 

study. The CP insoluble in neutral detergent solution (NDICP) includes insoluble and 

undegradable CP (NRC, 2001). This fraction was low (< 10 % of total CP) for BS, 

ROM florets, and both BRO fractions, and ranged from 13.1 to 19.9 % of total CP for 

the rest of samples. 

Brassica samples were characterized by high sugars content (Figure 4.6) that ranged 

from 16.3 % of DM in ROM leaves to 41.4 % in BS. Florets have lower sugars content 

(20.6 % of DM; values averaged for CAU, ROM and BRO) than stems (30.1 %). In 

accordance with our results, others (Ngu and Ledin, 2005; Wadhwa et al., 2006; 

Wadhwa and Bakshi, 2013) have reported high sugars content in Brassica vegetables. 
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Figure 4.5. Crude protein content (%; dry matter basis) of Brassica vegetables (BS: 

Brussels sprouts; WC: white cabbage; SC: savoy cabbage; RC: red cabbage) and 

vegetable fractions (CAU-L: cauliflower leaves; CAU-S: cauliflower stems; CAU-FL: 

cauliflower florets; ROM-L: romanesco leaves; ROM-S: romanesco stems; ROM-FL: 

romanesco florets; BRO-S: broccoli stems; BRO-FL: broccoli florets).  

 

Figure 4.6. Sugars content (%; dry matter basis) of Brassica vegetables (BS: Brussels 

sprouts; WC: white cabbage; SC: savoy cabbage; RC: red cabbage) and vegetable 

fractions (CAU-L: cauliflower leaves; CAU-S: cauliflower stems; CAU-FL: cauliflower 

florets; ROM-L: romanesco leaves; ROM-S: romanesco stems; ROM-FL: romanesco 

florets; BRO-S: broccoli stems; BRO-FL: broccoli florets). 
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In general, the chemical composition of the samples used in our study agrees well 

with values reported in the literature, although some differences were also noticed. As 

pointed out by Bakshi et al. (2016), the chemical composition of Brassica wastes is 

influenced by many factors, such as species and variety, the stage of growth of the plant, 

harvesting season, soil types and growth environment. Moreover, the fraction of the 

plant included in the wastes and the processing conditions can influence the obtained 

results, as whole pieces, fractions, harvest wastes and commercial wastes have been 

investigated in different studies. 

Finally, the metabolizable energy (ME) content of all Brassica samples and three 

reference feeds (barley grains, sugar beet pulp (SBP) and wheat distillers dried grains 

with solubles (DDGS)) was estimated from the gas production at 24 h of incubation 

(G24; mL gas / 200 mg of DM) and the content in CP and EE (g / kg DM) using the 

equation proposed by Menke and Steingass (1988): ME (MJ / kg DM) = 2.04 + 0.1448 

x G24 + 0.0036 x CP + 0.0243 x EE, and values are shown in Figure 4.7. The ME 

content of Brassica samples ranged between 9.4 and 11.1 MJ / kg DM. The samples of 

BS, WC and leaves from CAU and ROM had values lower but close to 10.0 MJ ME / 

kg DM, being similar to those for SBP and DDGS (9.6 and 9.7 MJ / kg DM, 

respectively). Florets from CAU, ROM and BRO were the samples with the greatest 

ME content (10.5 to 11.5 MJ / kg DM), with values close to that of barley (11.1 MJ / kg 

DM). Other authors have reported slightly greater (Wadhwa et al., 2006; Mahgoub et 

al., 2018) or lower (Marino et al. 2010; Kazemi et al., 2016; Lamba et al., 2016; García-

Rodriguez et al., 2019) ME contents for Brassica vegetables. Altogether, these results 

indicate that the Brassica vegetables can be a good source of energy for ruminants.  

In vitro incubations with ruminal fluid were conducted to assess the ruminal 

fermentation of all tested samples. As expected from their chemical composition, the 

potential gas production (PGP) was high for all samples (Figure 4.8), confirming 

previously reported results (Wadhwa and Bakshi, 2013; Durmic et al., 2016; Kazemi et 

al., 2016; Lamba et al., 2016), and ranged from 221 for ROM florets to 275 mL / g DM 

for BS. The gas produced is directly related with the amount of OM fermented (Menke 

et al., 1979) and the samples rich in sugars (BS and stems from CAU, ROM and BRO) 

had the greatest PGP values. All Brassica samples had PGP values greater than DDGS, 

but lower than barley and SBP. The high CP content of most Brassica samples might 

have lowered their potential gas production, as CP fermentation generates less gas than 

that of carbohydrates (Cone and Van Gelder, 1999) and therefore the potential 

fermentation of CP-rich feeds can be underestimated by the gas production technique.  
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Figure 4.7. Metabolizable energy content (MJ / kg DM) of Brassica vegetables (BS: 

Brussels sprouts; WC: white cabbage; SC: savoy cabbage; RC: red cabbage) and 

vegetable fractions (CAU-L: cauliflower leaves; CAU-S: cauliflower stems; CAU-FL: 

cauliflower florets; ROM-L: romanesco leaves; ROM-S: romanesco stems; ROM-FL: 

romanesco florets; BRO-S: broccoli stems; BRO-FL: broccoli florets), barley grains 

(Barley), sugar beet pulp (SBP) and wheat distillers dried grains with solubles (DDGS). 

Figure 4.8. Potential gas production (mL / g DM) of Brassica vegetables (BS: Brussels 

sprouts; WC: white cabbage; SC: savoy cabbage; RC: red cabbage) and vegetable 

fractions (CAU-L: cauliflower leaves; CAU-S: cauliflower stems; CAU-FL: cauliflower 

florets; ROM-L: romanesco leaves; ROM-S: romanesco stems; ROM-FL: romanesco 

florets; BRO-S: broccoli stems; BRO-FL: broccoli florets), barley grains (Barley), sugar 

beet pulp (SBP) and wheat distillers dried grains with solubles (DDGS). 
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Due to the high values of PGP and rates of gas production (c) and the low Lag 

values, the DM effective degradability (DMED) estimated from gas production and the 

potential DM degradability were high for all samples, ranging from 41.2 % for ROM 

leaves to 54.1 % for ROM stems (Figure 4.9). With the exception of CAU and ROM 

leaves, all tested samples had DMED values similar or even greater than that of barley 

grains, which would confirm their rapid and extensively fermentation in the rumen.  

As shown in Figure 4.10, the CP was highly degradable in the rumen (> 80 % 

degraded after 12-h of in situ incubations), with values reaching up to 95.1 % for BRO 

spouts. These results indicate that Brassica vegetables are good sources of rumen-

degradable CP, but their by-pass CP fraction would be unimportant.  

 

 

Figure 4.9. Dry matter effective degradability (%) of Brassica vegetables (BS: Brussels 

sprouts; WC: white cabbage; SC: savoy cabbage; RC: red cabbage) and vegetable 

fractions (CAU-L: cauliflower leaves; CAU-S: cauliflower stems; CAU-FL: cauliflower 

florets; ROM-L: romanesco leaves; ROM-S: romanesco stems; ROM-FL: romanesco 

florets; BRO-S: broccoli stems; BRO-FL: broccoli florets), barley grains (Barley), sugar 

beet pulp (SBP) and wheat distillers dried grains with solubles (DDGS). 
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Figure 4.10. In situ crude protein degradability (12 h incubation) of Brassica vegetables 

(BS: Brussels sprouts; WC: white cabbage; SC: savoy cabbage; RC: red cabbage) and 

vegetable fractions (CAU-L: cauliflower leaves; CAU-S: cauliflower stems; CAU-FL: 

cauliflower florets; ROM-L: romanesco leaves; ROM-S: romanesco stems; ROM-FL: 

romanesco florets; BRO-S: broccoli stems; BRO-FL: broccoli florets).  

 

To study the relationships between chemical composition and gas production 

parameters of Brassica samples, a correlation analysis was performed (n = 36), and 

Pearson coefficients and P values are shown in Table 4.1. Ash cannot be fermented in 

the rumen, which explains the negative correlations (P ≤ 0.001) of ash content with 

PGP, average gas production (AGP), potential DM degradability (PDMD) and DMED. 

Both NDF and ADF are less fermentable than other fractions (i.e. CP, sugars), thus 

explaining their negative relationships (P ≤ 0.024) with all gas production parameters 

except Lag, which is the time before gas production starts. Lag showed positive 

correlations (P ≤ 0.002) with ash, NDF and ADF content. Rumen fermentation of EE 

does not produce gas, and EE content was negatively correlated (P ≤ 0.028) with both 

PGP and AGPR. Sugars content showed positive correlations (P ≤ 0.004) with PGP, c, 

AGPR and DMED, and negative with Lag (P = 0.008), due to their extensive and 

rapidly fermentation by ruminal microorganisms.  
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Table 4.1. Pearson coefficients and P values (in brackets) of the correlations between 

chemical composition fractions and gas production parameters (n = 36). Only 

correlations with P < 0.05 are shown. 

Item 1  
PGP 

(ml/g) DM) 

c 

(/h) 

Lag 

(h) 

AGPR 

(ml/g DM) 

PDMD 

(%) 

DMED 

(%) 

Ash 
-0.538 

(0.001) 
 

0.503 

(0.002) 

-0.525 

(0.001) 

-0.649 

(<0.001) 

-0.684 

(<0.001) 

CP 
-0.504 

(0.002) 
     

NDF 
-0.438 

(0.008) 

-0.372 

(0.025) 

0.623 

(<0.001) 

-0.570 

(<0.001) 

-0.670 

(<0.001) 

-0.772 

(<0.001) 

ADF 
-0.364 

(0.029) 

-0.375 

(0.024) 

0.637 

(<0.001) 

-0.536 

(0.001) 

-0.655 

(<0.001) 
-0.778 

(<0.001) 

EE 
-0.417 

(0.011) 
  

-0.366 

(0.028) 
  

Sugars 
0.590 

(<0.001) 

0.483 

(0.003) 

-0.433 

(0.008) 

0.647 

(<0.001) 
 

0.468 

(0.004) 

1 CP: crude protein; NDF: neutral detergent fiber; ADF: acid detergent fiber; EE: ether 

extract; PGP: potential gas production; c: fractional rate of gas production; Lag: time 

before starting gas production; AGPR: average gas production rate; PDMD: potential 

dry matter degradability; DMED: dry matter effective degradability. All chemical 

fractions are expressed as g/100 g dry matter. 

Correlations between chemical composition and fermentative parameters are shown 

in Table 4.2. Total VFA production was negative correlated (P ≤ 0.042) with NDF and 

ADF, and positively (P = 0.004) with sugars content, reflecting the lower fermentability 

of fiber fractions compared with sugars. The positive correlations (P ≤ 0.008) between 

the molar proportions of acetate and cell wall fractions (NDF, ADF and lignin) is 

consistent with the fact that acetate is a main end-product of fibrolytic microorganisms 

(Van Soest, 1994). Propionate is a main end product of starch and sugars fermentation, 

and its molar proportion was positively correlated (P < 0.001) with sugars content. 

Minor VFA are produced in the deamination of branched amino acids (Wallace and 

Cotta, 1998), which explains the positive relationship (P ≤ 0.001) between their molar 

proportion and both CP content and NH3-N concentrations.  
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Table 4.2. Pearson coefficients and P values (in brackets) of the correlations between 

chemical composition fractions and fermentative parameters (n = 36). Only correlations 

with P < 0.05 are shown. 

 
  Molar proportions (mol / 100 mol) 

 

Item 1  Total VFA 
(mmol/vial) 

Ac/Pr 
(mol/mol) 

Acetate Propionate Butyrate 
Minor 
VFA 

NH3-N 
(mg / L) 

CP    
-0.436 

(0.008) 
 

0.550 

(0.001) 

0.822 

(<0.001) 

NDF 
-0.597 

(<0.001) 

0.645 

(<0.001) 

0.760 

(<0.001) 

-0.573 

(<0.001) 

-0.675 

(<0.001) 

-0.423 

(0.010) 
 

ADF 
-0.341 

(0.042) 

0.661 

(<0.001) 

0.816 

(<0.001) 

-0.561 

(<0.001) 

-0.661 

(<0.001) 

-0.579 

(<0.001) 
 

LIG   
0.433 

(0.008) 
  

-0.495 

(0.002) 
 

EE      
0.570 

(<0.001) 

0.512 

(0.001) 

Sugars 
0.472 

(0.004) 

-0.542 

(0.001) 

-0.399 

(0.016) 

0.609 

(<0.001) 
  

-0.524 

(0.001) 

1 CP: crude protein; NDF: neutral detergent fiber; ADF: acid detergent fiber; LIG: 

lignin; EE: ether extract; VFA: volatile fatty acids; Ac/Pr: acetate / propionate ratio; 

Minor VFA: calculated as the sum of isobutyrate, isovalerate, and valerate. All 

chemical fractions are expressed as g/100 g dry matter. 

Finally, the relationships between the chemical fractions and the 12-h in situ rumen 

degradability and in vitro intestinal digestibility of DM and N were analyzed (Table 

4.3). As expected, DM rumen degradability showed negative correlations (P ≤ 0.034) 

with non-fermentable (ash and lignin) and less fermentable fractions (NDF and ADF), 

and a positive correlation (P < 0.001) with sugars content, which are highly 

fermentable. Both CP and NDICP were negatively correlated (P ≤ 0.003) with N rumen 

degradability, indicating that samples with greater CP had lower N degradability and 

confirming the low degradability of the CP linked to NDF. The negative correlation (P 

= 0.016) between EE content and N rumen degradability would reflect the negative 

effect of fat on growth of some rumen bacteria. The in vitro intestinal digestibility of 

DM and N was negatively correlated with ash and ADF content of the samples (P ≤ 

0.048), which might reflect the low digestibility of these fractions. In general, the 

observed correlations between chemical composition and rumen fermentation agreed 

well with that was reported in the literature (Van Soest, 1994; NRC, 2001). 
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Table 4.3. Pearson coefficients and P values (in brackets) of the correlations between 

chemical composition fractions and 12-h in situ rumen degradability and in vitro 

intestinal digestibility of dry matter and nitrogen (n = 36). Only correlations with P < 

0.05 are shown. 

 Rumen degradability (%)  Intestinal digestibility (%) 

Item 1 Dry matter Nitrogen  Dry matter Nitrogen 

Ash 
-0.448 

(0.006) 
 

 -0.519 

(0.001) 

-0.332 

(0.048) 

CP  
-0.517 

(0.001) 

 
  

NDF 
-0.731 

(<0.001) 
 

 
  

ADF 
-0.699 

(<0.001) 
 

 -0.553 

(<0.001) 

 

-0.353 

(0.035) 

LIG 
-0.354 

(0.034) 
 

 -0.363 

(0.029) 
 

NDICP  
-0.476 

(0.003) 

 
  

EE  
-0.401 

(0.016) 

 
  

Sugars 
0.513 

(0.001) 

0.578 

(<0.001) 

 
  

1 CP: crude protein; NDF: neutral detergent fiber; ADF: acid detergent fiber; LIG: 

lignin; NDICP: neutral detergent insoluble crude protein; EE: ether extract. All 

chemical fractions are expressed as g/100 g dry matter. 

The second objective of this Doctoral Thesis was to investigate the potential of 

Brassica vegetables to be included in ruminant diets, and it was addressed in 

Experiment 2. Three vegetable samples were selected from the information obtained in 

Experiment 1, based on their chemical composition and in vitro ruminal fermentation. 

Brussels sprouts were selected because they had the greatest content in DM, sugars and 

CP of all leave cabbages tested. Cauliflower was selected over ROM because there were 

only small differences in the in vitro fermentation of both vegetables, and the world 

production of CAU is considerably greater than that of ROM (FAOSTAT, 2020). 

Finally, BRO was chosen due to its high CP and sugars content. Experiment 2 assessed 

the in vitro ruminal fermentation of mixed diets for dairy sheep including different 

levels (0, 8, 16 and 24 % of the concentrate, corresponding to 4.8, 9.6 and 14.4 % of 

total diet) of the selected vegetables (BS, CAU and BRO). In addition, the in situ 

ruminal degradation kinetics of DM and N was determined for BS and BRO diets. The 

control diet was the same for all vegetables and was a common diet for dairy sheep that 
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included 40 % alfalfa hay and 60 % of a high-cereal concentrate. All experimental diets 

were formulated to have similar CP and NDF content.  

A similar response was observed for the three vegetables, and increasing their 

inclusion level in the diet augmented both PGP and total VFA production, indicating 

that the diets including BS, CAU or BRO were more extensively fermented than the 

control one. However, there were differences among vegetables in their effects on VFA 

profile. The inclusion of BS in the diet resulted in greater molar proportions of 

propionate and less of butyrate compared with the control diet, whereas the diets with 

CAU and BRO increased the proportions of acetate and decreased that of propionate 

and butyrate. As a consequence, increasing BS amounts in the diet decreased the 

acetate:propionate ratio, whereas both CAU and BRO increased this ratio. 

Concentrations of NH3-N after 24 h of in vitro fermentation were only increased for 

BRO diets, which is in accordance with the greater rumen degradability of BRO-CP 

(reaching 95.1 % for the florets) compared with BS (91.4 %) and CAU (< 89.0 % for all 

analyzed fractions) and with the low NDICP fraction of BRO (7.9 % of total CP). The 

differences observed in the response to the dietary inclusion of BS, CAU and BRO are 

due to differences in the composition of the vegetables, but also in the feed ingredients 

that were replaced in the diets. Although BS, CAU and BRO contain multiple bioactive 

compounds (Dominguez – Perles et al., 2010; Neugart et al., 2018) that could have 

influenced methane production, no effects were observed for any of the diets studied, 

indicating a lack of antimethanogenic compounds in any of them. Similarly, Durmic et 

al. (2016) reported no antimethanogenic activity of two samples of BRO with different 

content in organosulfur compounds in in vitro incubations. 

The measurement of the in situ degradability of BS and BRO diets confirmed the in 

vitro results. The inclusion of increasing amounts of BS or BRO in the diet resulted in 

significantly greater values of the soluble fraction (a) of both DM and CP, and lower 

values of the non-soluble but potentially degradable fraction (b), with the total 

potentially degradable fraction (a + b) remaining unchanged. The inclusion of BS in the 

diet increased the effective degradability of DM and CP, whereas that of BRO-CP 

tended to increase. 

The batch cultures used in Experiments 1 and 2 are very useful in vitro systems, but 

they can be maintained only for short-time periods and do not allow long-term 

adaptation of ruminal microorganisms to the diet. Therefore, a long-term in vitro 

experiment was conducted with Rusitec fermenters (Experiment 3) to test the in vitro 

ruminal fermentation of diets containing discarded pieces of BS and BRO. This 

experiment was also designed to assess the effects of these vegetables on microbial 

protein synthesis (MPS), as to our knowledge this point had not been investigated 

previously. Microbial protein synthesis can account for 60 to 85 % of total amino acids 

reaching the duodenum of the host ruminant (Storm et al., 1983; NRC, 2001), and 
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therefore diets should be formulated to maximize ruminal microbial growth in any 

ruminant production system. Both BS and BRO were selected for this trial based on the 

results of Experiment 2. A mixed diet composed of alfalfa hay and concentrate in 1:1 

ratio was formulated as the control diet. Other two experimental diets, in which 14.8 % 

of conventional feed ingredients were replaced with either dried BS (BS15) or BRO 

(BRO15), were formulated to have similar CP and NDF content to the control diet. The 

level of BS and BRO inclusion was similar to the upper level used in Experiment 2 

(14.4 %). The diets were fed to Rusitec fermenters (four fermenters / diet) to determine 

the main fermentations parameters and MPS using 15N as a microbial marker. The 

results confirmed that neither BS nor BRO had antimethanogenic properties, the high 

degradability of BRO protein, and that the inclusion level used (< 15 %) did not have 

any negative effect on ruminal fermentation. In fact, VFA production remained 

unchanged and the degradability of some feed fractions was even increased for BS15 

and BRO15 diets compared with the control diet. The study revealed some differences 

in N content and 15N enrichment of solid (SAB) and liquid (LAB) associated bacteria, 

which might indicate that the inclusion of BS or BRO in the diet promoted the growth 

of different microbial populations in the fermenters compared with the control diet; 

thus, further studies are needed to test this hypothesis. Nevertheless, there were no 

differences among diets in total MPS (mg microbial N / d), although the BRO15 diet 

promoted greater MPS in the liquid phase of the fermenters compared with both control 

and BS15 diets. All diets had similar efficiency of microbial growth (microbial N / kg 

organic matter fermented), and the values were within the range considered as adequate 

by the NRC (2001) indicating that all diets provided balanced energy and N for ruminal 

microbial growth. These results encourage further investigations to assess the influence 

of both tested vegetables on ruminant performance, animal health and products quality. 

Lastly, an in vivo experiment (Experiment 4) was designed to evaluate the effects of 

including agroindustrial by-products in the concentrate (BYP concentrate) of fattening 

light lambs (slaughtered at 26 kg body weight) on productive parameters and quality of 

carcass and meat. Three agroindustrial by-products, highly produced in the 

Mediterranean area, were chosen: dried citrus pulp (DCP), corn DDGS, and exhausted 

olive cake (EOC). The proportion of the each by-product in the concentrate was selected 

from previous in vitro (Jimenez, 2018) and in vivo (Bampidis and Robinson, 2006; 

Molina-Alcaide and Yañez-Ruiz, 2008) studies, and it was 18 %  for DCP and DDGS, 

and 8 % for EOC. The by-products replaced different amounts of feed ingredients and 

decreased the potentially human-edible ingredients (Wilkinson, 2011) from 64.4 % in 

the control concentrate to 38.7 % in BYP, resulting in lower competition with human 

feeding. The two concentrates were formulated to contain similar CP and NDF levels, 

but the BYP concentrate had greater content in total soluble polyphenols due to the 

inclusion of DCP and EOC. Furthermore, the BYP concentrate had less saturated fatty 

acid (FA) profile, which was attributed to the high concentration of unsaturated FA in 
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the three by-products, as reported previously (Bampidis et al., 2006; Molina-Alcaide et 

al., 2010; Pecka-Kielb et al., 2017). 

The inclusion of the by-products in the concentrate did not affect its palatability, as 

indicated by the lack of differences in feed intake between both groups of lambs. No 

differences were detected between groups in productive parameters, and all values were 

in the range reported by others (Manso et al., 1998; Carro et al., 2006; Carrasco et al., 

2009; Haro et al., 2019) for light lambs fed high-cereal concentrates and slaughtered at 

similar body weights. The digestibility of DM and OM was lower for BYP than for the 

control concentrate, possibly due to its lower content in non-structural carbohydrates, 

but this did not affect negatively growth performance. The type of concentrate did not 

affect the ruminal parameters measured post-mortem, excepting NH3-N concentrations 

that were significantly lower in BYP-fed lambs compared with those receiving the 

control concentrate. This was attributed to the low ruminal degradability of CP from 

corn DDGS and EOC, but it did not affect plasma amino acid concentrations in the 

lambs. Similarly, no differences between groups were detected in other plasma 

metabolites and enzymes, all of which showed physiological values (Xu et al., 2019; 

Lobón et al., 2020), indicating that the inclusion of the tested by-products did not affect 

negatively liver function. 

No effects of concentrate were observed on pH, color, chemical composition or 

texture of the meat, which had common values for light fattening lambs (Beriain et al., 

2000; Caparra et al., 2007; Sañudo et al., 2008; Manso et al., 2009; Ripoll et al., 2013; 

De la Fuente-Vázquez et al., 2014). The most marked differences between experimental 

groups were observed in the lipid oxidation and FA profile of meat. The lipid oxidation 

of meat was determined over 6 days of storage by measuring the concentrations of 

thiobarbituric acid reactive substances (TBARS) and conjugated dienes (CD), which are 

end products of lipid oxidation and primary products of the PUFA oxidation, 

respectively. The results indicated that after 6 storage days the meat from the BYP-fed 

lambs had greater oxidative stability, possibly due to the polyphenols of the by-

products, and this would increase the meat shelf life. 

The high proportion of saturated FA (SFA) in ruminant products compared with 

other animal species makes them less healthy for humans, and modifying the FA 

towards a more unsaturated FA profile is a goal for ruminant nutritionists. The observed 

differences in the FA profile of the two concentrates were reflected in the meat FA 

profile, and BYP-fed lambs had significantly lower proportions of total SFA and greater 

of total monounsaturated (MUFA) and polyunsaturated FA (PUFA) compared with 

control lambs. These shifts resulted in lower atherogenic and thrombogenic indexes and 

greater hypocholesterolaemic/hypercholesterolaemic ratio in the meat of BYP-fed 

lambs, altogether indicating a healthier FA profile compared with the meat from control 

lambs. Similar changes in FA profile were also observed in the subcutaneous fat of the 
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tail root. It has to be noticed that both control and BYP concentrates were fed to dairy 

goats in other study (Marcos et al., 2020), and the milk from BYP-fed goats had greater 

proportions of MUFA and PUFA compared with that from goats fed the control 

concentrate, thus confirming the results of our study. Finally, it is worth to mention that 

the cost of the BYP concentrate, in which 44 % of cereals and protein feeds were 

replaced by DCP, corn DDGS and EOC, was 8 cents per kg less than the control 

concentrate. Although the cost reduction was small, in situations of high prices of 

cereals and protein feeds the use of these by-products can be more economically 

profitable for the farmers than in the present study. 
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CHAPTER 5. CONCLUSIONS 
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1. The low dry matter content (< 14 %) of all analyzed Brassica vegetables and 

their fractions (Brussels sprouts; white cabbage; savoy cabbage; red cabbage; 

leaves, stems and florets of both cauliflower and romanesco; stems and florets of 

broccoli) limits their use in practical ruminant feeding. However, the dry matter 

fraction is rich in sugars and high-degradable protein, and it was rapidly and 

extensively degraded by ruminal microorganisms. 

2. The tested vegetables are a good energy source for ruminants, with an estimated 

metabolizable energy content similar to that of barley grains for Brussel sprouts 

and all florets, and to that of sugar beet pulp for the rest of them. 

3. No antimethanogenic effects were detected for any vegetable or their fractions, 

either in short or long-term in vitro incubations. 

4. Results from short-term in vitro incubations indicate that replacing 24 % of 

conventional feed ingredients with dried Brussels sprouts, cauliflower or 

broccoli in the concentrate of mixed diets with 60 % of concentrate can increase 

diet degradability and volatile fatty acids production, but the magnitude of the 

increases would depend on the nature of the feed ingredients being replaced.  

5. In long-term in vitro fermentations, dried Brussels sprouts or broccoli can be 

included in mixed diets at 14.8 % without negatively affecting diet 

degradability, volatile fatty acids production or microbial growth. 

6. A mixture of agroindustrial by-products (corn DDGS, dried citrus pulp and 

exhausted olive cake) can replace 44% of cereals and protein feeds in the 

concentrate for fattening light lambs without affecting feed intake, growth 

performance, and meat characteristics (pH, color and texture), and resulted in 

reduced lipid oxidation and healthier fatty acid profile of meat.  

7. The use of a mixture of corn DDGS, dried citrus pulp and exhausted olive cake 

decreased feeding costs only slightly, but in situations of high prices of cereals 

and protein feeds can be more economically profitable. 
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Abstract: The objective of this study was to assess the effects of replacing of 14.8 % 

conventional feed ingredients in a mixed diet for dairy sheep (control diet) with dried 

discarded pieces of either Brussels sprouts (BS15 diet) or broccoli (BRO15 diet) on 

ruminal fermentation and microbial protein synthesis (MPS) in Rusitec fermenters. All 

experimental diets were composed of alfalfa hay and concentrate in 1:1 ratio, and were 

formulated to have similar crude protein (CP) and neutral detergent fiber (NDF) 

content. Six Rusitec fermenters (30 g dry matter (DM) / d) received the diets in two 14-

d experimental periods of 14-d each. The MPS was determined using 15N as a microbial 

marker. Fermenters fed the BRO15 diet had greater pH values (P < 0.05; 6.19) than 

those receiving the control diet (6.10), but similar (P > 0.05) to those BS15-fed (6.15). 

There were no differences (P = 0.183) among diets in total VFA production, but VFA 

profile was markedly affected. Compared with control fermenters, those fed the BS15 

and BRO15 diets had greater (P < 0.05) proportions of acetate and valerate and lower 

(P < 0.05) of propionate, resulting in greater (P < 0.05) acetate:propionate ratio for 

BS15 and BRO15 diets. The BRO15 diet promoted the greatest (P < 0.05) NH3-N 

concentrations, which was in accordance with the greatest (P < 0.05) CP degradability 

observed for this diet (0.616, 0.639 and 0.673 g / g for control, BS15 and BRO15, 

respectively). Digestibility of DM was unaffected (P = 0.109) by the diet, but BS15 

showed greater (P < 0.05) NDF digestibility than the control diet. Neither daily CH4 

production nor the CH4 / total VFA ratio differed among diets, indicating the lack of 

antimethanogenic compounds in the tested vegetables. There were no differences (P = 

0.312) among diets in MPS in the solid phase of fermenters, but BRO15 promoted 

greater (P < 0.10) MPS in the liquid phase compared with control and BS15 diets. 

Efficiency of microbial growth ranged from 29.4 to 32.2 g microbial N / kg organic 

matter fermented, and did not differ (P = 0.253) among diets. Altogether, the results 

indicate that replacing 14.8 % of highly degradable conventional ingredients in mixed 

diets with dried Brussel sprouts or broccoli can increase the degradability of some feed 

fractions without reducing microbial growth in the rumen. These results encourage 

further investigations to assess the influence of both vegetables on ruminant 

performance, animal health and products quality. 

A.1. Introduction 

The current dietary recommendations on eating five portions of fruit and vegetables 

a day and the healthy properties attributed to these foods (World Cancer Research 

Fund/American Institute for Cancer Research, 2018) have increased their consume in 

the last years. Consequently, the production of fruits and vegetables is constantly 

increasing, although estimations of the FAO (FAO, 2011) indicate that up to 55 % of 

the production can be wasted at different steps of their production (cultivation, harvest, 

storage, distribution, etc.). In the industrialized countries an important proportion of 

vegetable losses are produced in the post-harvest stage, mainly due to the high-
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demanding quality standards set by the consumers regarding vegetables appearance 

(color, shape, size, freshness, …). Moreover, some presentation formats (ready to eat, 

bagged, canned, frozen, lyophilized, …) are progressively growing in the market, thus 

increasing the amount of wastes due to the discarded fractions of vegetables (i.e. leaves, 

stems) generated in these marketing processes. Using these wastes in animal feeding 

would be an alternative that could benefit to both the processing industry and livestock 

farmers, besides reducing the environmental problems caused by their accumulation 

(Pignata et al., 2017) due to their fast degradation. 

The production of Brassica vegetables have experienced a continuous growth in the 

last years due to their healthy properties (World Cancer Research Fund/American 

Institute for Cancer Research, 2018), which are mainly due to their content in multiple 

secondary compounds (Neugart et al., 2018). In contrast with the large amount on 

information on the nutritive value of wastes and by-products of other vegetables and 

fruits (i.e. citrus fruits, tomato, olives, sugar beet, potatoes, …), wastes from Brassica 

vegetables have been little investigated, despite that they are commonly used in 

practical ruminant feeding in developing countries (Bakshi et al., 2016; Nkosi et al., 

2016). Recently, de Evan et al. (2019) and de Evan et al. (2020b) analyzed the chemical 

composition and in vitro ruminal fermentation of discarded Brassica vegetables 

(cabbages, Brussels sprouts (BS), cauliflower, broccoli (BRO) and romanesco), and 

observed that they contained high-moisture (> 83 %) but their dry matter (DM) was rich 

in sugars and crude protein (CP), being quick and extensively fermented in vitro by 

ruminal microorganisms. The same authors reported that the replacement of 14.4 % of 

conventional feeds in mixed diets with either dried BS (de Evan et al., 2019) or dried 

BRO (de Evan et al., 2020b) increased the in vitro fermentation of the diet and the in 

situ CP degradability. However, to our best knowledge there is no information available 

on the potential effects of these vegetables on microbial protein synthesis (MPS). 

Microbial protein synthesis can account for 60 to 85 % of total amino acids reaching the 

duodenum of the host ruminant (Storm et al., 1983; NRC, 2001), and therefore diets 

should be formulated to maximize ruminal microbial growth in any ruminant production 

system. In addition, the studies of de Evan et al. (2019) and de Evan et al. (2020b) were 

conducted with batch cultures of ruminal microorganisms, which are useful in vitro 

systems but do not allow long-term adaptation of microorganisms to the diet. Therefore, 

the objective of this study was to analyze the effects of replacing conventional feeds in a 

mixed diet with either BS or BRO wastes on diet fermentation, CH4 production and 

MPS in Rusitec fermenters. 

A.2. Materials and Methods 

A.2.1. Donor animals 

The ruminal content to inoculate Rusitec fermenters was obtained from four rumen-
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cannulated Assaf sheep (53.2 ± 2.15 kg of body weight) that were cared of according 

the Spanish guidelines for experimental animal protection (Royal Decree 53/2013, of 1 

February, on the protection of animals used for experimentation or other scientific 

purposes). The experimental protocol to obtain the ruminal content was approved by the 

Institutional Animal Care and Use Committee of the University of León (approval 

number ULE_014_2016). Sheep were fed a diet composed of 54 % forage and 46% 

concentrate that contained 145, 402 and 118 g of crude protein (CP), neutral detergent 

fiber (NDF) and acid detergent fiber (ADF) per kg dry matter (DM), respectively. Sheep 

were fed at a daily rate of 42 g DM / kg BW 0.75, and the diet was distributed in two 

equal meals at 09:00 and 18:00 h for four weeks before starting the Rusitec trial. 

A.2.2. Experimental diets 

Three experimental mixed diets were formulated. The control diet was composed of 

alfalfa hay and a high-cereal concentrate to resemble the mixed diets fed to dairy sheep 

in the practice. Two additional diets were formulated to include 14.8 % of discarded BS 

(BS15) or BRO (BRO15) replacing partly sugar beet pulp, soybean meal or barley 

grains in the control diet. The ingredients and chemical composition of the diets is 

shown in Table A.1. 

A.2.3. Experimental procedure and sampling 

Six Rusitec fermenters (Czerkawski and Breckenridge, 1977) were utilized in a 

design comprising two identical 14-day incubation periods. The fermenters had 600 mL 

of effective volume each, and received daily a continuous infusion of 600 mL (4.2 % / h 

dilution rate) of artificial saliva (McDougall, 1984). The general management of the 

fermenters was as described by García-Rodríguez et al. (2020). Each diet was assigned 

randomly to two fermenters within each experimental period, with the only restriction 

that an individual fermenter could not receive the same diet in both periods. Each period 

comprised 8 days for dietary adaptation and 6 days for sampling to determine the main 

fermentation parameters and MPS. 

On the first day of each incubation period, the ruminal contents to inoculate the 

fermenters were obtained from each sheep immediately before feeding, pooled, filtered 

through two layers of cheesecloth, and both fractions (solid and liquid) were taken to 

the laboratory into thermal flasks. Each fermenter was filled with 250 mL of ruminal 

fluid and 200 mL of warmed (39 °C) artificial saliva (McDougall, 1948). A nylon bag 

(100 μm pore diameter) containing 80 g of ruminal solid digesta and one bag containing 

30 g of the corresponding diet were impregnated in the ruminal fluid and saliva mixture 

before being introduced in each fermenter in order to eliminate the air and to facilitate 

the colonization of feed particles by ruminal microorganisms. Each of the following 

eight days, the fermenters were opened, the pH of their content was measured (pH-

meter Basic 20, Crison Instruments, Barcelona, Spain), and a nylon bag containing the 
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undigested diet after 48 h incubation was withdrawn and replaced with a nylon bag 

containing 30 g of the corresponding diet. The effluents were collected into flasks 

containing 20 mL of H2SO4 (20 %; vol:vol) to stop microbial fermentation, and were 

weighed daily and discarded. 

Table A.1. Feed ingredients and chemical composition of the experimental diets 

incubated in Rusitec fermenters  

Item Control BS15 BRO15 

Ingredients (% as fed)    

Alfalfa hay 50.0 50.0 50.0 

Corn  25.0 25.0 25.0 

Brussels sprouts (BS) - 14.8 - 

Broccoli (BRO) - - 14.8 

Sugar beet pulp 8.3 6.6 8.3 

Soybean meal 46% 8.3 1.7 - 

Barley  6.5 - - 

Calcium soap 0.9 0.9 0.9 

Vitamin-mineral premix 1 1.0 1.0 1.0 

Chemical composition (g / 100 g dry matter (DM), except DM) 2  

  DM (g / 100 g) 90.0 90.8 90.8 

  Organic matter (OM) 91.7 91.2 91.1 

  Crude protein (CP) 17.4 17.0 17.9 

  Ether extract (EE) 2.42 2.58 2.93 

  Neutral detergent fiber (NDF) 30.0 28.5 28.8 

  Acid detergent fiber  13.4 14.2 14.7 

  Acid detergent lignin 2.85 2.77 3.00 

  Non-structural carbohydrates 3 41.9 42.8 42.1 

1 Declared composition (g / kg mineral / vitamin premix): Vitamin A, 600,000 IU; Vitamin 

D3, 120,000 IU; Vitamin E, 1 g; Vitamin B1, 33 mg; Niacine, 1.5 g; S, 5 g; IK, 300 mg; 

SO4Fe, 1 g; ZnO, 4 g; MnO, 2 g; CoSO4, 60 mg; Na2SeO3, 30 mg; Ethoxyquin, 30 mg. 2 

Calculated from determined composition of each individual feed ingredients. 3 Calculated as 

OM – (CP + EE + NDF), all fractions expressed on DM basis. 

The MPS in the solid and liquid phase of the fermenters was measured using 15N as 

a microbial marker (Carro and Miller, 1999) on days 9 and 10 of each period. From day 

5 to 9, a solution of 15NH4Cl (98 % enrichment; Sigma Chemical Co., Madrid, Spain) 

was added to each fermenter (4.0 mg of 15N per g of dietary N daily) to label the 

microorganisms. In addition, 5 mL of a saturated HgCl2 solution were added to the 

effluent collection flasks to stop microbial growth. Each of the two sampling days, the 

content of the nylon bags withdrawn from the fermenters was weighed, homogenized 

and about 9 g were taken and lyophilized to determine DM content. The lyophilized 

samples were pooled by fermenter, ground (1 mm particle size screen) and analyzed for 
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non-ammoniacal nitrogen (NAN) and 15N enrichment. The rest of the nylon bag content 

was used to isolate the bacteria associated with the solid digesta (SAB). The content 

was mixed with saline solution (0.9 % NaCl; 3 mL / g solid), placed in Stomacher 

standard bags and homogenized with a Stomacher 400 Circulator (Seward Ltd., 

London, UK) for 3 min at 230 rpm (Mateos et al., 2016). The mixture was filtered 

through two layers of nylon cloth (100 µm pore size) and the filtrate was centrifuged at 

20,000 x g (20 min, 4 °C) to obtain a SAB pellet, which was lyophilized and analyzed 

for N and 15N enrichment. The effluents obtained from each fermenter on days 9 and 10 

were weighed and mixed. A 100-mL sample was acidified with 5 mL of H2SO4 (20 %; 

vol:vol) and frozen (-20 ºC) until NH3–N and 15N enrichment analyses. Two 150-mL 

aliquots of effluent were frozen, lyophilized to determine their DM content, and the 

lyophilized samples were analyzed for NAN and 15N enrichment. The rest of the 

effluent was used to isolate the bacteria associated with the liquid phase (LAB) by 

centrifugation as described for SAB. The LAB pellets were lyophilized before analysis 

of both N content and 15N enrichment. 

On days 11, 12, 13 and 14, the following samples were collected. The effluent 

produced in 24 h was weighed, and 5 mL samples were taken and stored frozen (-20 ºC) 

until NH3-N and volatile fatty acid (VFA) analysis. The nylon bags with the 48-h 

incubation solid residue were washed in automatic washing machine (cold water, 20 

min), dried (60 °C, 48 h) and weighed to calculate the DM degradability. The 

incubation residues were ground (1 mm screen) and their content in CP, NDF and ADF 

was analyzed. The gas produced daily was collected into hermetic bags (Tecobag, 

Tesseraux Container GMBH, Bürstadt, Germany), which were stored at room 

temperature. The content of gas in the bags was measured using a drum-type gas meter 

(model TG1; Ritter Apparatebau GmbH, Bochum, Germany), and during the process 

two samples of gas (approximately 10 mL each) from each bag were collected in 

evacuated tubes (Terumo Europe N.V., Leuven, Belgium) for analysis of CH4 

concentration. 

A.2.4. Chemical analyses 

All chemical composition analyses were conducted in duplicate on samples ground 

to pass a 1 mm screen. Dry matter (ID 934.01), ash (ID 048.13) and ether extract (EE; 

ID 920.39) content in discarded vegetables and feeds were determined following the 

procedures of AOAC (2005). The Dumas combustion method and a Leco FP258 

Nitrogen Analyzer (Leco Corporation, Saint Joseph, Michigan, United States of 

America) were used to determine the N content of feeds and residues in the nylon bags. 

The sequential analysis of NDF, ADF and acid soluble lignin was performed as 

described by Van Soest et al. (1991) and Robertson and Van Soest (1981) using an 

ANKOM 220 Fibre Analyzer unit (ANKOM Technology Corporation, Fairport, New 

York, United States of America) and polyester fiber filter bags ANKOM F57 (ANKOM 
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Technology Corporation, Fairport, New York, United States of America). The NDF 

analyses were performed with α-amylase and without sodium sulphite, and NDF, ADF 

and lignin values were expressed exclusive of residual ash.  

Concentrations of NH3–N in the effluents were determined by the colorimetric 

method as described by Weatherburn (1967), and VFA concentrations were analyzed by 

gas chromatography using a Shimadzu GC 2010 (Shimadzu Europe GmbH, Duisburg, 

Germany) provided with a TR-FFAP column (30 m x 0.53 mm x 1 µm; Supelco, 

Madrid, Spain) as described by García-Martínez et al. (2005). The analysis of CH4 

concentrations in the fermentation gas collected daily was performed by gas 

chromatography as described by Martinez et al. (2010), using a Shimazdu GC 14B 

(Shimadzu Europe GmbH, Duisburg, Germany) equipped with a flame ionization 

detector and a column packed with Carboxen 1000 (45-60 mesh, Supelco, Madrid, 

Spain). Helium was used as carrier gas and peaks were identified by comparison with a 

standard containing 10 % of CH4. Each gas sample was analyzed in duplicate. 

The analysis of 15N abundance in the solid and liquid digesta, bacterial pellets, and 

the NH3-N fraction of the fermenters effluent was performed by combustion using a 

Thermo 1112 Flash HT elemental analyzer hyphenated interfaced to a Thermo Delta V 

Advantage isotope ratio mass spectrometer (Thermo Fisher Scientific, Bremen, 

Germany). Samples of each experimental diet were also analyzed for 15N abundance. 

A.2.5. Calculations and statistical analyses 

The value of the 15N abundance in each diet was used as the natural abundance to 

calculate the 15N enrichment in the digesta (solid and liquid), bacterial pellets (SAB and 

LAB), and NH3-N samples of the fermenters receiving the corresponding diet. The 

proportion of either solid or liquid digesta NAN of microbial origin was estimated by 

dividing the 15N enrichment (atom % excess) of the NAN portion of solid or liquid 

digesta from each fermenter by the 15N enrichment of SAB or LAB pellets, respectively. 

Daily microbial N production in each digesta phase was estimated by multiplying total 

NAN in solid or liquid digesta by the proportion attributed to the microbes. Total 

microbial production was calculated as the sum of microbial N in the solid and liquid 

digesta. The proportion of SAB-N and LAB-N resulting from NH3-N capture was 

estimated by dividing the 15N enrichment of the bacterial pellet by the 15N enrichment 

of the NH3-N fraction. Finally, the efficiency of MPS was calculated by dividing total 

microbial N production (mg N / d) by the amount of OM apparently fermented (g / d), 

which was estimated from acetate, propionate, and butyrate production according to the 

equation proposed by Demeyer (1991).  

Data on ruminal fermentation parameters and diet disappearance were analyzed as a 

mixed model with repeated measures using the PROC MIXED of SAS (SAS, 2017). 

The statistical model used included as fixed effects the diet, incubation run, time, and 
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diet x time interaction, and fermenter as a random effect. Data on MPS were analyzed 

with the same model but excluding the effect of time and the diet x time interaction. 

When a significant effect (P ≤ 0.05) of diet was detected, differences among means 

were assessed by the Tukey test. 

A.3. Results and Discussion 

The BS contained 91.4, 25.8, 22.0, 12.5, and 3.51 g / 100 g DM of OM, CP, NDF, 

ADF, and EE, respectively, whereas for BRO these values were 90.7, 29.5, 20.8, 13.8, 

and 6.07 g / 100 DM, respectively. The chemical composition of both discarded 

vegetables was within the range of values reported in the literature (Muhammed et al., 

2018; de Evan et al., 2019; de Evan et al., 2020b), and both were characterized by high 

CP and medium NDF levels. The inclusion level (14.8 % of mixed diet) of the 

vegetables used in this study was based on previous results obtained by our group (de 

Evan et al., 2019; de Evan et al., 2020b,). As expected, the three diets had similar CP 

and NDF content. 

Table A.2 shows the main fermentation parameters and degradability of the 

experimental diets. There were no differences (P = 0.671) among treatments in the daily 

amount of effluent (592, 584 and 597 mL / d for control, BS15 and BRO15 diets, 

respectively), which was close to that expected from the infusion rate of artificial saliva 

(600 mL / d). The pH of the fermenters content differed (P = 0.035) among diets, with 

BR15-fed fermenters having greater values (P < 0.05) than those receiving the control 

diet. These results contrast with the similar total VFA production (P = 0.183) observed 

for the three diets, as VFA production is usually inversely related to pH values (Van 

Soest, 1994). In fact, in the present study there was a negative relationship between both 

parameters (P < 0.001; r = 0.492; n = 48). The fermentation of the diets promoted 

variable VFA profile. Compared with control fermenters, those fed the BS15 and 

BRO15 diets had greater (P < 0.05) proportions of acetate and valerate and lower (P < 

0.05) of propionate, resulting in greater (P < 0.05) acetate:propionate ratios for the diets 

containing the discarded vegetables. In addition, the BRO15 diet presented the lowest 

proportion (P < 0.05) of butyrate and isovalerate, and the greatest (P < 0.05) of 

caproate. As all diets had similar NDF and NSC content and there were no differences 

in total VFA production, the variations in VFA profile were attributed to differences in 

carbohydrate composition of diets. The tested vegetables are rich in sugars and have 

medium content in highly degradable NDF (de Evan et al., 2019; De Evan et al., 

2020b,), whereas barley has high starch content and sugar beet pulp is rich low-lignified 

NDF (NRC, 2001; FEDNA, 2019), and these differences could explain the variable 

VFA profile. 

Our results for BRO15 diet agree well with those obtained by De Evan et al. 

(2020b), who observed that including 14.4 % of dried BRO in mixed diets replacing 
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partly wheat, soybean meal and wheat bran resulted in increased acetate (61.5 vs. 62.5 

mol / 100 mol for control and BRO diets, respectively) proportions and 

acetate:propionate ratio (3.31 vs. 3.46 mol / mol), and decreased propionate (18.7 vs. 

18.2) and butyrate (15.5 vs. 15.0) proportions in in vitro fermentations with ruminal 

fluid from sheep. Similarly, Yi et al. (2015) analyzed the in vitro fermentation of diets 

with pelleted by-products from BRO (0, 10, 20, 30 and 40 %) with ruminal fluid from 

cows and observed similar changes in VFA profile and greater acetate:propionate ratio 

as the amount of the by-product in the diet increased.  

Table A.2. Effects of partial replacement of sugar beet pulp, soybean meal and barley 

grains in a mixed diet (control) with dried discarded Brussels sprouts (BS15) or broccoli 

(BRO15) vegetables on fermentation parameters and diet disappearance in Rusitec 

fermenters. 

Item 
Diet 

SEM1 P =  
Control BS15 BRO15 

Fermentation parameters      

pH 6.10 a 6.15 ab 6.19 b 0.021 0.035 

Total volatile fatty acids 

(VFA; mmol / d) 
166 169 173 1.3 0.183 

Individual VFA (mol / 100 mol)      

Acetate 57.7 a 58.6 b 60.0 c 0.17 < 0.001 

Propionate 16.8 c 15.9 b 15.3 a 0.12 < 0.001 

Butyrate 15.3 b 15.1 b 14.5 a 0.10 < 0.001 

Isobutyrate 1.74 b 1.61 a 1.68 ab 0.025 < 0.001 

Isovalerate 1.78 b 1.55 b 1.39 a 0.042 < 0.001 

Valerate 3.01 a 3.36 c 3.18 b 0.031 < 0.001 

Caproate 3.72 a 3.83 a 4.20 b 0.057 < 0.001 

Acetate/propionate (mol / mol) 3.43 a 3.70 b 3.92 c 0.036 < 0.001 

Ammonia-N (mg / L) 145 a 151 a 182 b 6.1 < 0.001 

Ammonia-N (mg / d) 86.1 a 88.7 a 106.5 b 3.97 < 0.001 

CH4 (mmol / d) 24.4 24.2 23.0 0.44 0.141 

CH4 / total VFA (mol / mol) 0.147 0.146 0.140 0.0042 0.134 

Diet degradability (g / g)      

Dry matter 0.664 0.680 0.683 0.0064 0.109 

Crude protein 0.616 a 0.639 a 0.673 b 0.0093 < 0.001 

Neutral detergent fiber 0.473 a 0.506 b 0.486 ab 0.071 0.019 

Acid detergent fiber 0.392 0.427 0.397 0.0096 0.071 

a, b, c Means in the same column not sharing a common superscript differ (P < 0.05) 
1 SEM: standard error of the mean. 
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However, our results for BR15 diet disagree with previous reports. de Evan et al. 

(2019) in an in vitro study using ruminal fluid from sheep observed no changes in 

acetate, increased propionate and decreased butyrate proportions and reduced 

acetate:propionate ratio by partly replacing corn, barley and soybean meal in a mixed 

diet with 14.4 % of dried Brussel sprouts. Differences between studies in the 

composition and characteristics of the carbohydrates of both the tested vegetables and 

the feed ingredients replaced in the diet can help to explain these controversial results. 

Thus, de Evan et al. (2019) observed that the in vitro fermentation of barley and sugar 

beet pulp (two of the feeds replaced by BS in the BS15 diet) resulted in lower 

propionate proportions compared with BS, which is consistent with the changes in VFA 

profile observed in our study. In addition, acetate proportion was greater and that of 

butyrate was lower for sugar beet pulp than for BS, which also agrees well with the 

VFA profile of BS15 diet. Changes in dietary carbohydrate composition can also 

explain that in the studies from de Evan et al. (2019) and de Evan et al. (2020b) the 

inclusion of BS or BRO in the diet increased total VFA production, but it remained 

unchanged in the present study. 

In agreement with previous in vitro results in batch cultures of ruminal 

microorganisms from cows (Yi et al., 2015) and sheep (de Evan et al., 2020b), the 

inclusion of BRO in the diet increased (P < 0.05) both the concentrations and the daily 

production of NH3-N. These results are in accordance with the greater (P < 0.05) CP 

degradability observed for BRO15 compared with control and BR15 diets (0.673, 0.616 

and 0.639 g / g, respectively). De Evan et al. (2020b) determined the in situ CP ruminal 

degradability of mixed diets either without BRO or with 14.4 % of dried BRO, and 

observed greater values of both the soluble fraction and the effective degradability of 

the CP for the diet including BRO. These results confirm the high ruminal degradability 

of CP from BRO. In contrast, there were no differences between control and BS15 diets 

in either CP degradability or concentrations and daily production of NH3-N, which 

agrees well with previous results (de Evan et al., 2019) showing that including 14.4 % 

of dried BS in a mixed diet did not affect NH3-N concentrations in batch cultures of 

ruminal microorganisms from sheep. 

The lack of differences among diets (P ≥ 0.141) in both daily CH4 production and 

CH4 / total VFA ratio indicates the lack of antimethanogenic compounds in the tested 

vegetables. Similarly, de Evan et al. (2019) and de Evan et al. (2020b) reported no 

changes in in vitro CH4 production when BS or BRO were included in mixed diets 

incubated in batch cultures, and Durmic et al. (2016) observed no antimethanogenic 

activity when two samples of BRO differing in their content in organosulfur compounds 

were fermented in vitro with ruminal fluid from sheep. 
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Table A.3. Effects of partial replacement of sugar beet pulp, soybean meal and barley 

grains in a mixed diet (control) with dried discarded Brussels sprouts (BS15) or broccoli 

(BRO15) vegetables on N content and 15N enrichment of solid-associated (SAB) and 

liquid-associated (LAB) ruminal bacteria, microbial protein synthesis (MPS) and its 

efficiency, and the amount of NH3-N captured by SAB and LAB in Rusitec fermenters.  

Item 
Diet 

SEM1 P =  
Control BS15 BRO15 

N content (g / kg dry matter)      

SAB 69.0 72.5 70.7 0.62 0.085 

LAB 76.9 a 77.9 a 86.4 b 0.99 0.016 

15N enrichment (% atoms excess) 2      

SAB 0.1986 0.1770 0.1578 0.00743 0.075 

LAB 0.4084 b 0.4025 b 0.3312 a 0.00906 0.020 

NH3-N 0.6820 b 0.6452 b 0.5506 a 0.01576 0.021 

MPS (mg N/d)      

Solid phase 250 273 256 4.6 0.312 

Liquid phase 170 153 210 11.6 0.082 

Total 420 426 466 10.1 0.268 

Efficiency of MPS (mg microbial 

N / g OM fermented) 3 
29.4 30.0 32.3 0.547 0.253 

Proportion (%) of bacterial N 

derived from NH3-N  
     

SAB 29.4 27.2 29.0 0.560 0.355 

LAB 60.1 62.3 61.0 0.204 0.073 

a, b Means in the same column not sharing a common superscript differ (P < 0.05). 1 

SEM: standard error of the mean; 2 Calculated using the 15N abundance of the 

corresponding diet; 3 Expressed as mg microbial N per g organic matter apparently 

fermented; organic matter apparently fermented was estimated from VFA production as 

described by Demeyer (1991).  

As shown in Table A.3, the SAB-N content tended to differ (P = 0.085) among 

diets, being greater (P < 0.05) for BS15 than for control diet, whereas the LAB-N 

content was greater (P < 0.05) for BRO15 compared with control and BS15 diets. These 

results might indicate that the diets containing either BS or BRO promoted the growth 

of different microbial populations in the fermenters compared with the control diet, and 

further studies are needed to test this hypothesis. Values of N content in SAB and LAB 

were similar to those reported previously in Rusitec fermenters (Carro and Miller, 2002; 

Martínez et al., 2010) and in the rumen of sheep (Rodríguez et al., 2000; Martínez et al., 

2010; Haro et al., 2020b). In paired t tests within fermenters, LAB had greater (P < 

0.001) N content than SAB (80.4 vs. 70.7 g / kg DM, respectively; values averaged 
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across diets), which is in accordance with the literature (Carro and Miller, 2002; 

Martínez et al., 2010; Haro et al., 2020b). As discussed by Haro et al. (2020b), the high 

N content in LAB is related to their larger metabolic activity (ribonucleic acids, 

enzymes, …), which is necessary to keep the high duplication rate required by the 

greater ruminal dilution rate of the liquid compared with the solid phase (Bates et al., 

1985).  

The LAB from BRO15-fermenters had lower (P < 0.05) 15N enrichment than LAB 

from fermenters fed control and BS15 diets, which might be the result of lower N 

incorporation from the NH3-N pool and greater capture of N resulting from dietary CP 

degradation. This hypothesis is consistent with the greater CP degradation observed for 

BRO15 compared with control and BS15 diets (Table A.2). The NH3-N fraction of the 

BRO15-fed fermenters had the lowest (P < 0.05) 15N enrichment that agrees well with 

the greatest NH3-N concentrations observed in these fermenters, as all fermenters 

received daily the same 15N dose and therefore greater NH3-N production would result 

in lower 15N enrichment values. Smaller 15N enrichments in SAB than in LAB have 

been widely reported in both in vitro (Carro and Miller, 1999; Martínez et al., 2010) and 

in vivo (Rodríguez et al., 2000; Martínez et al., 2010; Haro et al., 2020b) studies, and 

our results fully agree with the literature (P < 0.001; 0.1778 and 0.3807 % atoms excess 

for SAB and LAB; values averaged across diets). The smaller 15N enrichment in SAB is 

usually attributed to reduced NH3–N uptake and increased incorporation of N 

compounds derived from CP degradation of local feed particles in comparison with 

LAB (Carro and Miller, 1999; Haro et al., 2020b). 

The MPS in the solid phase of fermenters was similar (P = 0.312) for all diets, but 

BRO15 promoted greater (P < 0.05) MPS in the liquid phase than control and BS15 

diets (Table A.3). However, neither total MPS nor its efficiency differed (P ≥ 0.253) 

among diets. Values of efficiency of MPS ranged from 29.4 to 32.2 mg microbial N / g 

OM fermented, and were within the range between 25 and 35 g of microbial N / kg OM 

fermented proposed as adequate by the NRC (2001), indicating that all diets provided 

balanced energy and N for ruminal microbial growth. 

There were no differences (P = 0.355) among diets in the amount of bacterial N 

derived from NH3-N by SAB, but the amount derived by LAB tended to differ (P = 

0.073) and values for BS15 were greater (P < 0.05) compared with control diet. Dixon 

and Chanchai (2000) reported similar proportions of LAB-N derived from NH3-N (57 

% as average) in sheep fed mixed diets. The same authors measured the NH3-N uptake 

by SAB isolated from incubation residues of nylon bags containing high-protein forages 

incubated in the rumen of sheep and obtained values (24 to 37 %) similar to those in our 

study. In accordance with others (Carro and Miller, 1999; Ranilla et al., 2001) the 

amount of microbial N derived from NH3-N was lower (P < 0.001) for SAB than for 

LAB ( 28.5 and 61.1 %, respectively; values averaged across diets), possibly due to the 
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greater use by SAB of N-compounds derived from feed CP degradation. 

A.4. Conclusions 

The results indicate that replacing 14.8 % of high-quality conventional feed 

ingredients in mixed diets with dried BS or BRO can increase the degradability of some 

feed fractions and maintain VFA production and rumen microbial growth in vitro. 

These results encourage further investigations to assess the influence of both vegetables 

on ruminant performance, animal health, and products quality. In addition, the results 

confirm the established differences in N use between SAB and LAB. 
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