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Resumen

Las practicas de maduracion y congelado (preservacion) juegan un papel fundamental
en la palatabilidad de la carne. Este estudio evalué el efecto de los métodos de
preservacion (PM) sobre los atributos de calidad de la carne vacuna de novillos
terminados (F) en pastura (P: n = 15) o grano (G: n=15). Se utilizaron 60 bifes
(longissimus thoracis et lumborum, LTL) de novillos de raza britanica y menores de
2,5 afios. Los PM fueron maduracion seca en bolsa (DAb) y hiumeda al vacio (WA)
por 40 dias + 180 dias de congelado (Fr): (DAb + Fr) y (WA + Fr). Ademas de los
métodos de maduracion (AM), se considero la combinacion de ambos por un periodo
total de 40 dias, sin posterior congelado: DAb por 20 dias + WA 20 dias (DW) y WA
20 dias + DAb 20 dias (WD). La luminosidad (L*) de la carne de los novillos
terminados con G fue mayor que la de los terminados a P (P < 0,01). Considerando los
PM, DADb + Fr mostro los valores méas bajos (P < 0,01) de L*, a* y b* comparandolo
con DAb, WA y WA + Fr. Esta misma diferencia se observo en un mayor recuento de
bacterias psicotroficas (PSY) y Enterobacteriaceae (ENT) que WA + Fr, DAb y WA
(P <0,01). Respecto a los AM, la WD presentd mayor recuento de bacterias PSY y
bacterias totales (TBC) (P < 0,05) que los otros tres tratamientos (DAb, WA y DW).
Una mayor concentracion de acidos grasos poliinsaturados (AGPI y AGPI n6) y acido
conjugado linoleico (ACL) (P < 0,05) fue observada en todos los AM de carne novillos
terminados en P, mientras que los saturados y monoinsaturados (AGS y AGMI) fueron
mayores en DW y WD de G (P<0,01). Los analisis sensoriales reportaron
calificaciones aceptables para todos los PM, presentando la DAb mayores
concentraciones de aldehidos, lo que se asocia a sabores intensos de la carne, de
preferencia en algunos mercados de excelencia. La WA podria satisfacer la demanda
de los consumidores por terneza y jugosidad. Ambas ofrecen estrategias valiosas para
producir carne de alta calidad para los mercados nacionales y de exportacion.
Diferentes métodos de maduracidn seguidos por un periodo de congelado podrian ser
usados para exportar carne con atributos de calidad requeridos por el consumidor.
Palabras clave: vacunos, dieta de terminacion, maduracion seca en bolsa,

congelacion, atributos de calidad.
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Summary

Aging and freezing practices play a fundamental role in meat palatability. This work
studied the effects of preservation methods (PM) on meat quality attributes, from steers
finished on pasture (P: n=15) or grain (G: n=15). 60 striploins (longissimus thoracis et
lumborum, LTL) from British breed steers younger than 30 months were used. The PM
assessed dry aging in a bag (DAb) and wet aging (WA) for 40 days, followed by frozen
storage (Fr) for 180 days, in two conditions: (DAb+Fr) and (WA+Fr). Additionally,
aging methods (AM) included combinations of both for a total period of 40 days
without subsequent freezing: DAb for 20 days + WA for 20 days (DW) and WA for
20 days + DAb for 20 days (WD). Lightness (L*) meat from G-finished steers was
lighter than that on P-finished (P<0.01). Considering PM, DAb+Fr samples had the
lowest L*, a*, and b* values (P<0.01) compared to DAb, WA, and WA. This
difference was also observed in higher counts of psychrotrophic bacteria (PSY) and
Enterobacteriaceae (ENT) than WA+Fr, DAb, and WA (P<0.01). Regarding AM, WD
presented higher counts of PSY and total bacteria (TBC) (P<0.05) than the other three
treatments (DAb, WA, and DW). Greater concentrations of polyunsaturated fatty acid
(PUFA, PUFA n6) and conjugated linoleic acid (CLA) (P<0.01) were observed in all
AM from P-finished and in WD from G-finished steers. At the same time, saturated
(SFA) and monounsaturated (MUFA) were greater in DW and WD from G-finished
steers (P<0.05). Sensory analyses reported acceptable ratings for all PM, with DAb
presenting higher aldehyde concentrations associated with intense meat flavors
preferred in some premium markets. WA could satisfy consumer demand for
tenderness and juiciness. Both offer valuable strategies for producing high-quality
meat for domestic and export markets. Different aging methods, followed by a freezing

period, can be used to export meat with the quality attributes that consumers require.

Keywords: beef, finishing diet, dry aging bag, freezing, quality attributes
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1. Introduccion
1.1. Contexto

El éxito de la cadena carnica vacuna se fundamenta en proporcionar productos
de alta calidad para satisfacer la demanda de los consumidores mas exigentes. Desde
un enfoque fucional y sensorial, la calidad de la carne hace referencia a los atributos
que satisfacen las preferencias del consumidor, tales como la terneza, la jugosidad, el
sabor, el color y la inocuidad (Huffman et al., 1996). La disposicién a pagar mas por
un producto carnico esta impulsada por su palatabilidad, donde la terneza, la jugosidad
y el sabor son los atributos mas relevantes (Igo et al., 2013; Smith et al., 2008). Las
practicas de procesamiento de la carne, en particular la maduracion y el congelado,

cumplen un papel fundamental en su color y palatabilidad (Jeremiah et al., 1972).

1.1.1. Métodos de preservacion de la carne

Diversas técnicas de preservacion de la carne han sido desarrolladas para
satisfacer la demanda del crecimiento de la poblacion humana. Desde tiempos
antiguos, los humanos han utilizado una variedad de técnicas para preservar el
alimento y luego consumirlo (Pal y Devrani, 2018). La carne deteriorada pierde su
textura, sabor y valor nutricional, y se produce un alimento no inocuo para consumo
humano. En ausencia de técnicas de preservacion adecuadas, el deterioro, la actividad
microbiana, las reacciones enzimaticas y quimicas y los cambios fisicos son
inevitables. Por lo tanto, la carne es preservada usando una variedad de métodos que
incluyen enfriado o refrigeracion, congelado, curado, ahumado, enlatado, procesos
térmicos, deshidratacion, irradiacién, uso de quimicos y aplicacion de presion
(Cassens, 1994; Cheftel, 1995; Norton et al., 2009; Zhou et al., 2010). Las estrategias
de conservacion mas utilizadas en carnes de exportacién son el enfriado y el

congelado.
1.1.1.1. Maduracion de la carne y sus distintas formas

La maduracion es el proceso inmediato al establecimiento del rigor mortis por
el cual la carne mejora su terneza mediante la accidn del sistema proteolitico propio

del masculo. EI proteoma constituye el componente principal del tejido muscular y



desempefia un papel fundamental en los cambios bioquimicos que ocurren durante la
transformacion del musculo en carne, durante el periodo post-mortem temprano y a lo
largo del proceso de maduracion de la carne. Este proceso influye sobre otros atributos
como el color, la estabilidad oxidativa (Vitale et al., 2014), los compuestos volatiles
precursores del sabor y la capacidad de retencion del agua (CRA) (Huff-Lonergan y
Lonergan, 2005). De esta forma, afecta la calidad y el valor comercial de la carne (Kim
et al., 2018). Las condiciones Optimas para la maduracién y el efecto que presentan
algunos factores sobre las condiciones intrinsecas del producto final no han sido
enteramente comprendidas. Es sabido que la duracién, asi como las condiciones de
maduracion de la carne, tienen un efecto diferencial sobre su calidad, dependiendo de
factores tales como la especie animal, la raza, la edad, la dieta, el tipo de musculo y el
grado de marmoreo o marbling (Kim et al., 2018). Por otro lado, los factores que mas
influyen en la vida util de la carne refrigerada son la carga inicial de microrganismos,
las condiciones de temperatura y humedad y el tipo de envasado (Nethra et al., 2023).
Por lo tanto, para asegurar una calidad sensorial 6ptima, los procesos de maduracion
deben disefiarse a medida, considerando todos estos factores.

Tradicionalmente, la maduracion se lograba dejando la canal, los cuartos de la
canal o el corte de carne en una cAmara en condiciones controladas de temperatura,
humedad relativa y velocidad del aire. Al surgir la herramienta del envasado al vacio,
los cortes seleccionados se pudieron madurar controlando la atmosfera dentro del
envase y prevenir contaminacion del ambiente. Tambien resulté en mejoras en el
rendimiento, el procesamiento, el transporte y la vida Gtil de la carne. Actualmente,
estos métodos de maduracién son los que se contindan practicando en la industria
frigorifica por los procesadores y vendedores minoristas. Ellos son los denominados
maduracion seca (dry aging: DA) y maduracién himeda (wet aging: WA). Ambos
procesos mejoran la terneza de la carne, pero el sabor es el atributo dominante en el
cual radica la diferencia entre ambos tipos de maduracion (lida et al., 2016; Kim et al.,
2016).

Mientras que la WA consiste en el envasado al vacio y conservacion de cortes
de carne entre 0 °C y 3 °C de temperatura hasta congelarse o ser consumida, la DA

tradicional o convencional consiste en el madurado de canales enteras o cortes, sin



envasado y conservados entre 0 °C y 3 °C con estricto control de temperatura,
humedad y velocidad del aire. EI periodo puede ir de 10 a 28 dias e incluso mas (Kim
et al., 2018), con un menor rendimiento a medida que dicha duracién es mayor. Esto
es debido a la disminucidn de peso por pérdidas de humedad y recortes, pero que, por
otro lado, produce una carne con sabor agregado Unico (Dashdorj et al., 2016). Se ha
demostrado que una intensidad en la percepcién del sabor de la carne vacuna (umami)
es mayor con elevados niveles de marbling (equivalente a abundant en la escala
USDA) y madurada en seco (lida et al., 2016). Sin embargo, Berger et al. (2018)
encontraron que la DA puede mejorar la calidad sensorial de la carne proveniente de
animales alimentados con pastura y con bajo marbling (Slight, escala USDA), sin
impactar negativamente sobre los aspectos microbiologicos.

Si bien el envasado al vacio se utiliza tipicamente en WA, la industria carnica ha
introducido un sistema integrado de ambos procesos conocido como maduracion seca
en bolsa (dry aging bag: DAb). Este sistema utiliza bolsas altamente permeables al
vapor de agua y produce un efecto como la DA tradicional. Sin embargo, mejora el
rendimiento del corte (menores pérdidas de peso), limita la contaminacion microbiana
y proporciona eficiencia en la gestion del proceso, sin afectar la calidad del producto
(Ahnstrom et al., 2006).

Los resultados obtenidos de los efectos de la maduracion (DA y WA) sobre la
calidad de carne han sido inconsistentes. Kim et al. (2017), combinando los dos
procesos de maduracion (las canales maduradas en seco y los bifes en himedo),
encontraron una mejora en el rendimiento de los cortes y una reduccion de los costos
operativos y de capacidad de frio sin comprometer el impacto positivo en la

palatabilidad al consumo de la DA. Este sistema combinado se denomina stepwise
(SW).
1.1.1.2. Congelado de la carne

El congelado es la técnica dptima para preservar la calidad original de la carne
fresca. Previene el crecimiento microbiano e inhibe la actividad enzimatica; ademas
mantiene el mayor contenido de nutrientes durante el congelado (temperaturas -10 a -

18 °C), con una pequefa pérdida durante el proceso de descongelado. Es uno de los



métodos mas comunes Y eficientes para preservar, almacenar y comercializar carne de
alta calidad, evitar la estacionalidad de la oferta e incrementar la disponibilidad en el
mercado de las carnes maduradas (Kim et al., 2017). Sin embargo, en la carne
congelada se inician varios cambios fisicos-quimicos que podrian conducir al deterioro
de la calidad. Por lo tanto, es reducida su percepcion de aceptabilidad en general al ser
comparada con la enfriada (Farouk et al., 2003). Estudios recientes han encontrado que
los efectos adversos del congelado sobre la calidad de la carne pueden ser reducidos
mediante una maduracion adecuada previa al congelado, manteniendo los beneficios
de esta Gltima sobre la calidad (Farouk et al., 2012; Kim et al., 2011, Rehman et al.,
2024).

1.1.2. Efecto de la dieta de terminacién del animal

Multiples factores influyen en la aceptabilidad global de la carne vacuna por
parte del consumidor. Factores de produccién animal como la edad a la faena, la
nutricion, la genética, sexo/castracion, asi como los factores post mortem, influyen en
la palatabilidad de la carne vacuna. De particular importancia es la dieta animal, la
cual es conocida por el rol fundamental que juega e influye en las caracteristicas de la
canal y en los atributos de calidad de los productos carnicos (French et al., 2001,
Calkins y Hodgen, 2007). La dieta de terminacidn a base de granos mejora el sabor de
la carne comparado con la carne de animales terminados en pasturas, principalmente
debido a un aumento en la deposicion de grasa intramuscular (GIM) o marbling
(Schroeder et al., 1980; Hedrick et al., 1983). Los panelistas sensoriales a menudo
utilizan términos como sabor a pescado, a caza, a hierba o a leche para describir los
productos de carne vacuna provenientes de animales alimentados con pasto, en
contraste con el término grasa vacuna, utilizado para describir la carne de animales
alimentados con granos (Melton et al., 1990; Larick y Turner, 1990). Sin embargo, la
investigacion (Daley et al., 2010) sugiere que las dietas basadas en pasto pueden
mejorar significativamente la composicion de acidos grasos (AG) y el contenido de
antioxidantes de la carne bovina, aungue con impactos variables en la palatabilidad
general. Las dietas a base de pasto mejoran los isdbmeros totales de acido linoleico
conjugado (CLA) (C18:2), el &cido transvaccénico (TVA) (C18:1 t11), un precursor



del CLA, y los AG omega-3 (n-3), en términos de g/g de grasa. Sin embargo, para
nuestro trabajo en particular nos interesa estos Ultimos como precursores del acido
graso linolénico (C18:3 n3) por ser un importante precursor del sabor y aroma de la
carne. En otro aspecto, la protedbmica ha sido reconocida por la mayoria de los
investigadores, porque permite una mejor comprension de los mecanismos de interés
en la produccion animal, incluidos los atributos de calidad de la carne. Estas moléculas
(proteinas) impactan en los atributos de calidad, pero mas importante ain, actian como
precursores del sabor (Kim et al., 2018).

1.1.3. Situacién en Uruguay

El Uruguay exporta el 80 % de la carne bovina que produce, el 86 % de esta en
forma de carne congelada y el 11 % enfriada. Esta ultima se exporta en su totalidad
envasada al vacio (o madurado en himedo), con un valor econdémico superior al de la
carne congelada (INAC, 2020; INAC, 2019; MGAP, 2019). Aungue no existe una
normativa especifica que regule el proceso de la maduracién en himedo de manera
detallada, se aplican las disposiciones generales del Reglamento Bromatologico
Nacional y las normativas del Instituto Nacional de Carnes (INAC, 2023) relacionadas
con la manipulacion, almacenamiento y comercializacion de carnes refrigeradas. El
manejo de la carne congelada esta regulado por las mismas normativas y en reglamento
citado para la carne refrigerada, que establecen requisitos para su almacenamiento,
transporte y comercializacion, con el objetivo de garantizar la inocuidad y calidad del
producto.

La investigacion nacional se ha enfocado en evaluar el efecto de la maduracién
himeda sobre la calidad de la carne (Brito et al., 2014; Franco et al., 2009)
considerando ademas el sistema de terminacion de los animales y las practicas de
manejo previo a la faena (Del Campo et al., 2010; Brito et al., 2009; Del Campo et al.,
2008). También se ha determinado el valor nutricional (Cabrera et al., 2010; De la
Fuente et al., 2009; Realini et al., 2004), la aceptabilidad del consumidor (Del Campo
et al., 2018; Campo et al., 2006) y la calidad sensorial (Font-i-Furnols et al., 2006) de

la carne, utilizando en todos los estudios el método de la maduraciéon hiumeda.



Sin embargo, en los Ultimos afios ha habido un mayor interés en el proceso de
maduracion seca por parte de proveedores y minoristas en los paises occidentales
(Hanagasaki y Asato, 2018). Més recientemente, muchos de los paises asiaticos (58 %
del destino de exportacion del Uruguay en 2020) han mostrado gran interés por este
tipo de maduracion (Dashdorj et al., 2016). Ademas este interés, aunque en volumen
pequefio se ha desarrollado en el mercado interno. Las normativas de maduracion en
seco de carne en Utruguay, también se encuentran en el Reglamento Nacional de
Carnicerias (Decreto N° 31/021, apartado 4.4.7 y 4.4.8). Las condiciones de
maduracion deben cumplir con los siguientes rangos de especificaciones: temperatura
de -1°C a 4°C, humedad relativa menor o igual a 85% Yy velocidad de aire mayor o
igual 0,5 m/s.

En este contexto, buscando alcanzar un producto prémium, la propuesta es
evaluar los distintos sistemas de maduracion considerando la alternativa de posterior
congelado en carne de animales terminados a corral y en pasturas sobre aspectos
fisicoquimicos, microbiolégicos y sensoriales vinculados a la calidad de la carne. Los
tipos de maduracion a evaluar son himedo (envasado al vacio), seco en bolsa y

combinando (stepwise) en el mismo periodo de cuarenta dias.

1.2. Hipotesis

Los meétodos alternativos de preservacion de carne (maduracion seca en bolsa
con o sin posterior congelado y el proceso stepwise) mejoran los atributos de
palatabilidad como el sabor, en la carne de novillos provenientes de sistemas de
engorde de pasto o de grano, al ser comparada con la maduracién himeda con y sin

posterior congelado.

1.3 Objetivos

1.3.1. Objetivo general

Evaluar el efecto de diferentes procesos de maduracion (seca en bolsa, himedo
y stepwise) con y sin posterior congelado sobre las caracteristicas fisicoquimicas,
microbioldgicas y sensoriales de la carne de proveniente de novillos de dos sistemas

de engorde: pasto vs. grano.



1.3.2. Objetivos especificos

1. Determinar el efecto de dos tipos de maduracion, seca en bolsa vs. humedo,
durante un periodo de cuarenta dias y posterior congelado durante 180 dias, sobre las
caracteristicas de color, pérdidas por coccion, fuerza de corte, perfil y oxidacion
lipidica, microbiolégicas y sensoriales (panel de consumidores) de la carne
proveniente de novillos de dos sistemas de engorde (pasto vs. grano).

2. Determinar el efecto de dos secuencias de maduracion (stepwise), veinte dias
seca en bolsa + veinte dias hiimeda vs. veinte dias hiimeda + veinte dias seca en bolsa,
comparado con los métodos en forma individual, sobre las caracteristicas de color,
pérdidas por coccion, fuerza de corte, perfil y oxidacion lipidica, microbiologicas y
sensoriales (panel de consumidores) de carne proveniente de novillos de dos sistemas
de engorde (pasto vs. grano).

3. Determinar el efecto de dos tipos de maduracion, seca en bolsa vs. huimedo,
durante un periodo de cuarenta dias, sobre los compuestos volatiles del sabor y su
relacion con los atributos sensoriales (panel de entrenados) de la carne proveniente de
novillos de dos sistemas de engorde (pasto vs. grano).

4. Determinar el efecto de dos tipos de maduracion, seca en bolsa vs. himedo,
durante un periodo de cuarenta dias, sobre la protedmica del musculo longissimus
thoracis et lumborum (LTL) proveniente de novillos de dos sistemas de engorde (pasto

VS. grano).

1.4. Estructura general de la tesis

El capitulo 1 desarrolla la introduccion al tema, la hipotesis, los objetivos y el
esquema general de la tesis (Figura 1). La figura 1 esquematiza como se realiz
(disefio) el trabajo para lograr los diferentes obejtivo planteados.

El Capitulo 2 ofrece un marco tedrico robusto para entender por qué y como
los métodos de maduracion afectan la calidad de la carne. Los Capitulos 3 (OE-1) y 4
(OE-2) representan el eje central del experimento, donde se comparan los distintos
métodos de preservacion y maduracion bajo dos dietas de terminacion, evaluando
variables fundamentales como color, terneza, &cidos grasos, oxidacion lipidica,

recuento microbiolégico y como influyen en la aceptabilidad sensorial (sabor, terneza



y aceptabilidad global). En el Capitulo 5 (OE-3) se profundiza en la relaciéon quimica-
sensorial, explicando por qué ciertos métodos de maduracién combinados con
diferentes dietas de terminacion resultan en sabores distintos a través del analisis de
compuestos volatiles. Finalmente, el Capitulo 6 (OE-4) aborda el nivel mas profundo
haciendo una caracterizacion de los mecanismos moleculares subyacentes mediante
protedmica, que podrian estar explicando los resultados encontrados, mediante las
transformaciones musculares (masculo Longissimus Thoracis et Lomborum: LTL)
post-mortem. En el Capitulo 7 unifica toda esta evidencia experimental para discutir
cémo cada variable contribuye o no a validar la hipotesis central. Este disefio permite
abordar la hipotesis de manera solida y multidimensional, posicionando la tesis como
un estudio completo que conecta tecnologias de maduracion con impacto sensorial,

microbiologico, quimico y molecular de la carne.

Novillos < 3 afos — CRUZAS BRITANICAS
n=30

Terminados a PASTURAS Terminados a GRANO
n=15 n=15
DAb WA — DAb WA
DAb+C WA+C D DAb+C WA+C
e
DW WD I D DW WD
—p
carne carne
1 L |
1 + b b i 1 l I ! }
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Cap.5., OE-3 Cap.6., OE-4

Figura 1. Esquema general de la estructura de la tesis de acuerdo con los factores
estudiados: dieta de terminacion (Pastura y Grano) y los métodos de preservacion (DADb:
maduracién seca en bolsa- 40 dias; WA: maduracion himeda- 40 dias; DAb+C: DAb +
congelado- 180 dias; WA+C: WA + congelado- 180 dias) y los métodos de maduracion (DADb;
WA; DW: DAb- 20 dias + WA- 20 dias; WD: WA- 20 dias + DAb- 20 dias). I: Bife izquierdo;
D: Bife derecho. Las variables estudiadas fueron: Color, pérdidas por coccion (PPC), fuerza
de corte (FC), perfil de acidos grasos (AG), oxidacion lipidica (TBARs), conteo
microbiologico de superficie (Micro) y panel de consumidores (P. Cons.), compuestos

volatiles (VOC), protedmica (Prot) y panel de entrenados (P. Entren)



En el capitulo 2 se presenta una revision bibliografica, a la cual se le otorgd
mencion por parte del Comité de Seguimiento en la defensa del proyecto de doctorado
y fue sugerida para una publicacion cientifica en la modalidad review. La misma sera
enviada a la revista arbitrada Latin American Archives of Animal Production (ALPA).

Los capitulos 3, 4, 5y 6 desarrollan los objetivos especificos de la tesis 1, 2, 3
y 4, respectivamente.

El capitulo 3 contiene el articulo publicado en la revista arbitrada Meat and
Muscle Biology. El objetivo fue aportar informacion sobre el efecto de dos tipos de
maduracion de la carne proveniente de animales terminados en dos tipos de dietas
(pastura y grano), sobre las caracteristicas fisicoquimicas, microbioldgicas y
sensoriales  fueron  registradas 'y analizadas en  Uruguay (INIA
Tacuarembo). https://doi.org/10.22175/mmb.17695

El capitulo 4 contiene el articulo publicado en la revista arbitrada Meat and

Muscle Biology. El objetivo fue adicionar un novedoso méetodo de maduracion donde,
ademas de estudiar los dos métodos anteriores, se evaludé una combinacién de los dos

(stepwise) en el mismo periodo de tiempo. https://doi.org/10.22175/mmb.18055

El capitulo 5 refiere a los compuestos volatiles del sabor y su relacion con los
atributos sensoriales de la carne. También sera enviado a la revista arbitrada Meat and
Muscle Biology.

En el capitulo 6 se presentan los resultados del analisis de proteémica efectuado
en Teagasc (Irlanda) (al igual que el de volatiles). Se ha determinado enviar este
articulo a la revista arbitrada Food Research International.

En el capitulo 7 se desarrolla la discusién general de todos los resultados
abordado en el trabajo de tesis, para lograr una sintesis conjunta.
El capitulo 8 plantea las principales conclusiones de la tesis y, por altimo, en el

capitulo 9 se presenta la bibliografia usada en los capitulos 1y 7.
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2.1. Introduction

Aging refers to the meat tenderization process that occurs through the action of
endogenous muscle enzymes found in living animals, which assume a different role in
post-mortem meat. Most of this factor tends to emerge in the biochemical changes in
tissues during the post-mortem period, which begins immediately after the harvesting
process starts and continues until the carcass is fabricated into wholesale or retail cuts
(England et al., 2013). The two primary contributors to the muscle transformation of
meat are fluctuations in tissue temperatures and pH, primarily due to the biochemical
changes that take place post-mortem in the muscle (Graser, 2001).

Muscle pH values decline from a physiological pH of nearly 7.4 in living beef
animals to around 5.4 or lower in the fresh meat cuts of most animals (Lomiwes et al.,
2014). Temperature is also critical for preserving biological integrity. Body
temperature and that of the corresponding carcass change from the homeostatic set
point of approximately 38°C in living animals to very close to 0°C 24 hours after
slaughter (Huff-Lonergan et al., 1996).

During the aging period, many changes occur in the properties of meat: the first
occurs at the ultrastructural level in the muscle myofibril. The cathepsins were the first

enzymatic system considered in studies focused on the mechanisms of meat
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tenderization. Calpains received much more attention than cathepsins primarily due to
their ability to alter the Z-line density, a modification often observed post-mortem,
even though this change is not correlated with tenderness (Taylor et al., 1995). More
recently, several lines of evidence have supported the potential role of the 20S
proteasome in this process (Ouali et al., 2006; Taylor et al., 1995). Z disc degradation
leads to weakening, fragmentation, and degradation associated with specific proteins,
including desmin, nebulin, and titin, resulting in the formation of new polypeptides.
However, the larger contractile proteins, myosin and actin, remain unaffected, even
after 56 days of postmortem aging (Goll et al., 1991).

Immediately after slaughter, beef has been reported to elicit a sour taste and
possess little beefy flavor even if cooked (Shahidi, 1994). Improvement of meat taste
and flavor involves increased free amino acids and peptides in meats during post-
mortem aging. Especially, the increase in free amino acids is thought to contribute to
the enhancement of brothy taste, including umami flavor, while an increase in peptides
is responsible for imparting mildness. The increase in peptides is caused by the action
of cathepsins B and L, and calpains on muscle proteins, while the increase in free
amino acids is caused by the action of aminopeptidases C, H, and P on the peptides
during post-mortem aging (Nishimura, 1998).

Aging is influenced by the live animal’s history before slaughter, including the
effects of pre-slaughter stress; it can be affected even more significantly by the
muscle’s rigor temperature and the duration of aging. Additionally, the rate of aging
varies both between and within muscles across different species, and even within the
same animal (Devine and Dikeman, 2004). Post-mortem aging is a value-adding
process that has been widely practiced by the global meat industry for years. Various
aging methods are employed, ranging from traditional carcass hanging to packaging
sub-primals or portion cuts in vacuum bags, followed by refrigerated storage for a
specified period (Kim et al., 2018).

This review provides an overview of the techniques used to age meat and their

effects on various meat attributes.
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2.2. Packing options and preservation methods

There are numerous packaging options for raw, chilled, and processed meat that
enhance the desired properties for storage and display. Most packaging options have
been previously reviewed (McMillin, 2008), including air-permeable, vacuum, and
modified atmosphere (MAP) systems with low or high oxygen levels. Air-permeable
packaging uses films with holes, pores, or perforations that allow oxygen to diffuse
from the atmosphere, leading to oxymyoglobin formation on the surface of the meat.
Vacuum packaging employs negative pressure to remove ambient air by sealing
formed packages while maintaining the vacuum state. Modified atmosphere packaging
eliminates the gaseous environment and replaces it with a preferred gaseous
atmosphere, typically involving blends rather than a single type of gas (McMillin,
2008).

While the food industry generally trends toward developing packaging materials
with high barrier properties to extend shelf life, a novel and unconventional innovation
has emerged: a plastic material designed with the opposite approach. Traditional high-
quality foods—preserved through salting, drying, and smoking—often struggle to
meet modern demands for rapid processing, enhanced food safety, and high product
yields. A new type of food-processing bag has been introduced to address these
challenges. This material features lower gas barrier properties, a high water vapor
transmission rate, and a secure bacterial seal, making it particularly suitable for certain
traditional products. Nonetheless, within the meat industry, the most commonly used
aging methods—both by small-scale processors and large commercial packers—

remain dry aging and wet aging (Ahnstrém et al., 2006).

2.2.1. Dry aging

Dry aging is a traditional method that involves storing carcasses, primals, or
subprimals in cold rooms without protective packaging at temperatures of 0-3°C for
several weeks (Savell, 2008). This method is commonly employed by small to
medium-sized meat processors and purveyors serving upscale hotels, restaurants, and
gourmet markets. Dry-aging is known to enhance the palatability attributes of meat,

especially a unique dry-aged flavor producing descriptive determinants such as brown-
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roasted, beefy/brothy, buttery, nutty, roasted nut and sweet (Campbell et al., 2001,
Kim et al., 2016; O’Quinn et al., 2012; Warren and Kastner, 1992). Dry aging is
considered an expensive process due to the higher product weight loss resulting from
shrinkage and moisture loss, as well as labor costs associated with the aging process
(Parrish et al., 1991; Savell, 2008).

2.2.2. Wet aging

In contrast to dry aging, wet aging is the dominant method for post-mortem
aging. It is particularly effective when cuts are well vacuum-packaged and maintained
at temperatures between -1 and 2 °C. Its benefits include a significant reduction in
product weight loss, minimized trim loss, space efficiency, prolonged shelf-life while
retaining palatability, decreased operational facility costs, and compatibility with
automation and efficient product flow (Kim et al., 2018). Wet aging enhances
tenderness but results in undesirable flavor characteristics such as bloody, serumy,

metallic, and sour (Warren and Kastner, 1992).

2.2.3. Dry-aged bag

The dry-aging bag is an innovative packaging technology introduced in recent
years that combines key features of both wet aging and traditional dry aging (Ahnstrém
et al., 2006; DeGeer et al., 2009). This method allows for the development of dry-aged
flavor characteristics while providing significantly higher saleable yields, primarily
due to reduced weight loss during aging and decreased trim loss after aging (Dikeman
et al., 2013; Eastwood et al., 2016). Dry-aged beef sub-primals in the specialized bag
system showed similar sensory traits as traditionally dry-aged counterparts, while
achieving substantially higher saleable yield through lower weight loss during aging,
reduced trim loss after aging, and decreased microbial contamination (Ahnstrom et al.,
2006; DeGeer et al., 2009; Dikeman et al., 2013; Stenstromet et al., 2014).

2.2.4. Stepwise aging

The stepwise aging system combines both methods mentioned, using the dry-
aging method first on the carcass and then wet-aging in beef sub-primal cuts (Kim et

al., 2017), or in cuts packaged in a water-permeable bag after wet-aging in a water-

13



impermeable barrier bag. Another stepwise option is to change the order of the
methods by aging steaks, wet first and then dry (Ha et al., 2019; Campbell et al., 2001).
Stepwise aging (dry-wet or wet-dry) could serve as an easily applicable processing
strategy that might increase the saleable yield of dry-aged meat while reducing energy
and operating costs compared to conventional carcass dry-aging, without

compromising any of the positive impacts of dry-aging on eating quality attributes.

2.2.5. Freezing

Freezing is a preservation process where meat is cooled to temperatures below
standard cooling (-1 °C), resulting in ice crystal formation. The freezing of large tissue
pieces typically occurs under thermal gradients, with high freezing rates in the outer
regions in contact with the refrigerant medium and decreasing toward the thermal
center of the sample. Bevilacqua et al. (1979) and Bevilacqua and Zaritzky (1980)
performed histological analyses of frozen meat tissues under conditions where heat
flow was either parallel or perpendicular to the muscle fibers. Their findings revealed
that intracellular ice formation took place only within a narrow zone adjacent to the
area in direct contact with the cooling medium, where high freezing rates were applied.
The authors defined the freezing rate (tc) as the time required to lower the temperature
at a specific point in the tissue from —1 °C (the onset of freezing in beef) to —7 °C, at
which approximately 80% of the water is converted to ice. As the freezing rate
decreased, intracellular ice formation was no longer observed; instead, extracellular
ice columns developed at the expense of intracellular water. This dehydration process
led to distortion and irregularity in the shape of the muscle fibers.

Many studies have reported that freezing can increase meat tenderness before or
after aging (Grayson et al., 2014; Lagerstedt et al., 2008; Shanks et al., 2002).
However, freezing and thawing can increase weight loss by purging and reducing the
sensory quality of meat due to lipid and protein oxidation caused by damaged muscle
cells and tissues that release pro-oxidative enzymes (Kim et al., 2017). Other studies
have examined the effect of freezing rate and the temperature at which meat is stored
on meat quality (Boles and Swan, 1996; Petrovic et al., 1993). Although these results

are not unanimous, they all agree that a higher freezing rate and a lower storage
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temperature improve meat quality. However, Farouk et al. (2003) indicated that
freezing at rates higher than those typically achieved through blast freezing (rapid air
cooling) and storing at temperatures below -18 © C may have little or no effect on the
quality of frozen meat.

2.3. Effects of aging methods on Quality meat Attributes

Although inconsistent sensory results exist in the scientific literature, several
groups have previously reported positive impacts of different aging methods on the
eating quality attributes of beef loins, as summarized in Table 1.

Significant improvements in meat palatability attributes occur through
cytoskeletal myofibrillar protein degradation by endogenous proteases during the
aging process (Lepper-Blilie et al., 2016; Kemp et al., 2010; Huff-Lonergan and
Lonergan, 2005; Kristensen and Purslow, 2001; Spanier et al., 1997).

Tenderness, juiciness, and flavor are currently the significant attributes of beef
palatability, and tenderness is considered the most influential (Miller et al., 2001;
Savell et al., 1987). However, to improve meat quality, significant changes occurred
in other attributes, such as color, lipid and protein profiles, and microbial properties,

during aging.
2.3.1. Tenderness

Both trained sensory panels and instrumental methods provide reliable
assessments of relative differences in meat tenderness. The acceptability of a given
level of tenderness can only be determined by the ultimate users: the consumers. More
data is needed on the relationship between consumer impressions of meat tenderness
and objective measures of tenderness (AMSA, 2016).

Most studies report no significant differences in shear force between the various
aging methods, irrespective of cut type (short loins, strip loins, bone-in shell,
boneless), marbling score (slight, small, moderate, modest), or gender (steers, heifers,
cow) (Berger et al., 2018; lida et al., 2016; Gudjonsddttir et al., 2015; DeGeer et al.,
2009; Smith et al., 2008; Dikeman et al., 2013). Furthermore, other studies have

indicated that tenderness is likely influenced by the duration of the process, regardless
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of the aging method employed. In this context, Lepper-Blilie et al. (2016) and
Kahraman and Gurduz (2018) reported that tenderness improved linearly with the
length of aging post-slaughter without statistical improvement (differences)
attributable to the aging method during the period extending beyond 21 d and 28 d.
Lepper-Blillie et al. (2016) compared short loin bone-in (BI) versus striploin boneless
(BL), across two marbling scores (SI50 and Sm50), maturity A50 to A100, in wet (W)
and traditional dry (D), and reported that Warner-Bratzler shear force (WBSF) was not
affected by aging method or loin type, although bone-in tended to have higher WBSF
compared to boneless. Regardless of aging period and loin type, the loin was classified
as very tender (<2.8 kgF) and it was noted that dry-aged beef boneless loins
(longissimus dorsi) generally exhibited higher tenderness (sensory) than dry-aged
bone-in, while wet-aging produced intermediate tenderness for both boneless and
bone-in loins. Additionally, the authors pointed out that the slight further decrease in
shear force after three weeks of dry aging cannot justify a prolonged aging period when
considering the economic and flavor attribute data. Meanwhile, DeGeer et al. (2009)
discovered that bone-in loins had higher moisture content than boneless ones, and they
demonstrated a small, although not significant, tenderness (sensorial) advantage for
dry aging bone-in steaks.

There is limited literature on the effects of stepwise aging (or combined aging)
on meat quality attributes, particularly tenderness, and the available findings are
somewhat contradictory. For instance, Zhang et al. (2019) reported no significant
differences in instrumental tenderness (measured as shear force) between dry-aged
beef aged continuously for 21 days and beef aged using a stepwise protocol. In
contrast, Kim et al. (2017) found that stepwise aging significantly reduced shear force
values (<2.66 kgF; P < 0.05) compared to traditional dry-aging methods (2.94 kgF),
indicating enhanced tenderness. These divergent results may be attributed to
differences in the type of beef used: lean bull beef with lower fat content (Zhang et al.,
2019) and higher levels of intramuscular fat (USDA low-choice) (Kim et al., 2017).
Such compositional differences could influence how muscle tissue responds to aging

conditions and explain the inconsistency in tenderness outcomes.
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2.3.2. Flavor

Meat flavor consists of taste and aroma—sensations caused by the
chemoreception of compounds present in the meat. Considerable increases in beef
flavor occur during aging due to the release of flavor-related compounds. Evaluating
the precursors to these flavor compounds, including fatty acids (FA), reducing sugars,
and free amino acids (FAA), offers insight into changes in eating quality resulting from
different aging parameters (Foraker et al., 2020). However, the flavor of cooked meat
originates from thermally induced reactions during heating, primarily the Maillard
reaction and the degradation of lipids (Mottram and Elmore, 2010).

The primary precursor of meat flavor can be categorized into water-soluble
components and lipid fragments. The primary water-soluble flavor precursors are
believed to include free sugars, sugar phosphates, nucleotide-bound sugars, free amino
acids, peptides, nucleotides, and other nitrogenous compounds, such as thiamine
(Mottram, 1996). The degradation of lipids in cooked meat generates volatile
compounds such as aliphatic hydrocarbons, aldehydes, ketones, alcohols, carboxylic
acids, and esters. Oxygenated heterocyclic compounds, including lactones and
alkylfurans, arise from the oxidation of fatty acid components in lipid molecules
(Martins et al., 2000; Yaylayan et al., 2000; Maga, 1994).

The increase in free amino acids in meats during post-mortem aging is mainly
due to the actions of aminopeptidases C, H, and P on the peptides produced from meat
proteins by means of cathepsins and calpains (Nishimura, 1998). Free amino acids and
peptides play significant roles in eliciting the characteristic tastes of foods. Associated
with a bitter taste are valine, tyrosine, isoleucine, phenylalanine, tryptophan, and
leucine; with a sweet taste, alanine, methionine, glutamine, glycine, glucose, lactate,
and succinate; with a sour taste, aspartic and glutamic acid, histidine, asparagine,
succinate, and lactate; with a salty flavor, glutamic and aspartic acid; and with a
savory/beefy taste (umami taste), glutamate (Glu), aspartate (Asp), carnosine, and
inosine monophosphate (IMP) (Nishimura et al., 1988).

The umami/beefy taste and flavor characteristic of aged meat arises from a
complex interaction among sulfur-containing amino acids, aspartic acid, glutamic

acid, nucleotide compounds, and B-histidyl dipeptides (Dashdorj et al., 2015).
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Monosodium glutamate (MSG), monosodium aspartate, and inosinic acid (IMP) are
well known to contribution to umami in meat (YYamaguchi and Kirnizuka, 1979). Free
amino acids, with the exception of Glu and Asp, do not evoke umami. However, they
have been shown to synergistically enhance umami in the presence of IMP and MSG,
even when their levels are below the threshold values (Yokotsuka et al., 1969).

Aging decreases the concentrations of glycogen and glucose 6-phosphate
significantly from day 4 to day 15 (Meinert et al., 2009), while prolonged aging
increases the ribose content of meat (Koutsidis et al., 2008b). As there is no increase
in the concentration of total reducing sugars during the first 7 days of aging, but a
significant increase afterward, another pool of metabolites could yield sugars upon
enzymatic hydrolysis (Koutsidis et al., 2008b). It has been reported that a prolonged
(over 28 days) wet aging regime has tremendously increased volatile compounds
important to aroma development (Ba et al., 2014). Koutsidis et al. (2008a, 2008b)
reported increased levels of 20 out of 22 measured amino acids during the wet aging
period of 3-21 days (vacuum packed and stored at 4 °C). The amino acids that
presented the most considerable fold change at 21 days compared to 3 days were
serine, threonine, leucine, isoleucine, methionine, valine, and tryptophan. In contrast,
alanine, b-alanine, glycine, and glutamine remained relatively stable.

According to Kim et al. (2016), the concentrations of eight of the thirty-two
metabolites differed significantly between the dry-aged group and the wet-aged
control group during 21 days of aging. Tryptophan, phenylalanine, valine, tyrosine,
glutamate, isoleucine, and leucine were more abundant in the dry-aged beef samples
than in the wet-aged samples, while IMP was more abundant in the wet-aged group.
Kim et al. (2016) indicated that the primary contributor to higher levels of many
metabolites in the dry-aged group is the concentration following the evaporation of
water during the dry-aging treatment. The authors explained that these metabolites are
linked to meat flavor as precursors in the Maillard reactions or through the Strecker
degradation.

A sensory consumer panel (120 consumers) from New Zealand ranked higher
flavor scores in the dry-aged beef compared to the wet-aged beef counterpart, despite

the lower levels of IMP (Kim et al., 2016). This observation could suggest that
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glutamate (and possibly other free amino acids observed), which was present in higher
abundance in the dry-aged beef compared to the wet-aged counterpart, may play a
more significant role in influencing consumer preference for beef flavor (Nishimura et
al., 1988). The interaction between USDA quality grade (Choice vs. Select) and aging
method (wet vs. dry) for the level of beef flavor was reported by Smith et al. (2008).
In this study, consumers rated US Choice wet-aged steaks higher than US Select steaks
from either the wet or dry treatments. However, dry-aged Select steaks did not differ
in level of beef flavor ratings from the dry-aged Choice steaks.

While it is generally agreed that wet or dry aging improves meat flavor, not all
studies report a noticeable positive impact of extended aging on meat flavor
development (Lepper-Blilie et al., 2016; Brewer and Novakofski, 2008). Lepper-Blilie
et al. (2016) found that the aging period affects the overall aged flavor of the loins
across different aging methods (dry or wet) and loin types (short loins and strip loins).
Panelist responses for loin steaks aged 42 and 49 days indicated higher (1 = extremely
bland; 8 = extremely flavorful; AMSA, 2016) aged flavor compared to those aged for
14 and 21 days. Campbell et al. (2001) and Warren and Kastner (1992) discovered that
dry aging of beef enhances beefy flavor compared to wet aging, in studies involving
USDA Choice and Prime loins (IMF > 6%), revealing a stronger perception of beefy
flavor. Spanier et al. (1997) reported that after 4 days (a short aging period) of wet
aging at 4 °C, desirable flavor traits such as sweetness and beefy flavor improved,
whereas longer aging periods resulted in an increase of undesirable traits like bitterness
and sourness. Campo et al. (1999) also found that prolonged wet aging (up to 21 days)
heightened the overall flavor intensity of livery odor development in loins from various
breeds.

Several hundred volatile compounds derived from lipid degradation have been
found in cooked meat, including aliphatic hydrocarbons, aldehydes, ketones, alcohols,
carboxylic acids, and esters. In general, these compounds result from the oxidation of
the fatty acid components of lipids. Lipid oxidation in meat is a process whereby
polyunsaturated fatty acid (PUFAS) reacts with reactive oxygen species (ROS) leading
to a series of secondary reactions, which result in lipid degradation and the

development of oxidative rancidity (Amaral et al., 2018). Such reactions may lead to
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rancid off-flavors during long-term storage; however, in cooked meat, these reactions
occur quickly and provide a different profile of volatiles that contribute to desirable
flavors. Unsaturated fatty acids undergo autooxidation much more readily than those
that are saturated. The autoxidation mechanism of free radicals in nature and the
reaction have been extensively reviewed (Mottram and Elmore, 2010).

The extended lipid oxidation in post-mortem meat is highly dependent on the
origin of the meat, type of muscle, species, and storage conditions (Estevez, 2015). A
study on the muscles of pasture-fed cattle reported the presence of two to three times
more PUFAs with three or more double bonds than those of grain-fed cattle. At the
same time, there was lower lipid stability, except when there was a-tocopherol
supplementation or a high level of antioxidants in the pasture-fed cattle. Although the
high content of PUFA in meat is considered desirable from a nutritional point of view,
it can affect oxidative meat stability. Dietary antioxidant supplementation is a common
way to solve this problem (Li and Liu, 2012). On the other hand, Zhang et al. (2021)
indicated that the stepwise (dry bag and wet) aging treatment did not significantly
impact the oxidation of lipids and proteins. This may be due to the dry-aging bag
barrier function reducing the potential oxidation (lower TBARS than dry-aging).

Generally, the odor threshold values for lipid-derived compounds are much
higher than those for the sulfur- and nitrogen-containing heterocyclic compounds in
meat volatiles derived from the water-soluble precursors. Therefore, the aroma
significance of many of these lipid-derived volatiles is not as great as that for relatively
low concentrations of the heterocyclic compounds (Mottram and Elmore, 2010).

Ryu et al. (2018) observed the microbiological composition of dry-aged meat.
They noted that changes in the microflora occur during the aging process and that fungi
could impact the quality of dry-aged meat, particularly its flavor. The influence of
fungi and mold on flavor will be discussed in the section on Superficial Microbial

Activity.

2.3.3. Color

Meat color is the most important quality trait that consumers use as an indicator

of fresh and healthy food. The color of meat, as perceived by the consumer, is mainly

20



determined by factors such as the concentration and chemical form of myoglobin, the
structure of the muscle tissue, and the muscle's ability to absorb or scatter incoming
light (Cornforth, 1994). It is uncommon for all forms of myoglobin in meat to exist in
the same state at the same time. Typically, two or more pigments will be present, but
the dominant pigment will be the most prominent. For instance, fresh meat in a retail
case usually displays the colors of oxymyoglobin and metmyoglobin; however, if
oxymyoglobin is predominant, the meat will appear red. In contrast, if 60% of the
pigments in a specific area become oxidized to metmyoglobin, that area will look
brown (Bendall and Taylor, 1972).

The exact mechanisms by which aging influences the color and oxidative
stability of muscles remain undetermined. Several intrinsic factors could be associated
with prolonged aging, such as the accumulation of pro-oxidants (e.g., heme and non—
heme iron) or the depletion of endogenous reducing compounds or antioxidants
(Bekhit et al., 2013; Kim et al., 2011). Madhavi and Carpenter (1993) and Ma et al.
(2017) reported decreased NAD+ concentration and metmyoglobin reductase activity
in the beef psoas major and longissimus lumborum muscles over 21 days of aging. A
decrease in reducing compounds such as a-tocopherol and B-carotene in Argentinian
buffalo meat was noted during a 25-day aging period (Descalzo et al., 2008). During
simulated retail display, Ma et al. (2017) suggested that instrumental color and
oxidative stability are inversely associated with aging but are also muscle-specific.

Color coordinates (CIE L* a* b* color system, 1976) are an objective form
(spectro colorimeter) to measure the meat color. The L*, a*, and b* values measure
the lightness, redness, and yellowness, respectively. Studies have not found
differences in the values of L* (lightness) and those of a* (redness) between the dry
aging, dry aging bag and wet aging methods observed at 28 days but found an effect
of aging time on lightness (Kahraman and Gurbuz, 2019; Li et al., 2013). During
extended aging periods, the luminosity decreases in dry bag aging. However, other
studies (Dikeman et al., 2013; Bertram et al., 2004) reported differences in luminosity
between the three aging methods (wet, dry bag and dry) during 28 d of aging, where
bag aging (wet and dry bag) recorded higher L* values than dry by higher reflectance

due to higher moisture content. Furthermore, wet and dry aging (35 days) did not affect
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L*, a* or b*, while L* and b* were lower and a* was higher in dry aging and stepwise

aging (wet then dry) than wet aging (56 days) (Ha et al., 2019).
2.3.4. Juiciness

Juiciness comes from two sources: moisture released by meat after the first bite
and during chewing, and saliva moisture (Winger and Hagyard, 1994). These factors
are influenced by the endpoint temperature at which meat is cooked and the
intramuscular fat content (Gagaoua et al., 2019). Research has shown a positive impact
of aging on the juiciness of beef steaks (Kim et al., 2018; Smith et al., 2008; Campbell
et al., 2001; Campo et al., 1999); the improvement in tenderness with aging may have
synergistic effects on perceived palatability, such as juiciness.

Berger et al. (2018) found that beef loin steaks from dry bag aging had greater
juiciness compared to both dry and wet aging, as determined in a consumer sensory
evaluation using meat from 100% grass-fed heifers. VVossen et al. (2022) reported
improvements in tenderness and juiciness after three weeks of dry aging (75% RH, 2
and 6 °C). However, no clear trend for juiciness was observed, with the highest score
coming at six weeks of dry aging (2 °C; 70 and 90% RH) and the lowest score at nine
weeks. DeGeer et al. (2009) noted no differences in juiciness between traditional dry
aging and dry bag aging, similar to other descriptive attribute sensory traits. The
increase in juiciness with age may be attributed to a loss of water-holding capacity and
the release of more juices as the meat is chewed, or it might result from the

concentration of fat due to moisture loss during aging (Campbell et al., 2001).

2.3.5. Superficial microbial growth

Surface microbial contamination is the main cause of off-flavor development
due to meat spoilage. Dainty et al. (1984) demonstrated that the initial signs of spoilage
are characterized by the formation of fruity, sweet-smelling esters, which are
subsequently followed by putrid sulfur compounds. Many unpleasant odors stem from
the breakdown of proteins and amino acids by anaerobic bacteria. VVolatile compounds
produced include indole, methanethiol, dimethyl disulfide, and ammonia (Dainty,

1996). A negative correlation between moisture levels and the growth of
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microorganisms (total aerobic count, yeasts, and molds) has also been reported
(Gudjénsddttir et al., 2015).

Analyses of the total aerobic bacteria indicated a significant increase in bacteria
in traditional dry-aged beef during aging. Similar patterns were observed by
Gudjonsdottir et al. (2015) in yeasts and molds in traditional dry-aged beef. However,
the microbial growth rate during dry aging is reduced or inhibited due to the low water
activity of the dry-aged beef surface (Dashdorj et al., 2016; Smith et al., 2008). Some
studies reported lower or similar total bacterial counts in dry-aged beef compared to
wet-aged beef in the meat after trimming off the outer crust (Berger et al., 2018;
Hulankova et al., 2018). Hulankova et al. (2018) found that the number of bacteria
increased notably during the first two weeks of storage; after that, the count did not
change significantly. The authors also explain that the decrease after approximately
two weeks of storage could be due to surface drying during the aging period, as the
water content decreased significantly. They note that this is produced by the growth
inhibition caused by surface drying and storage temperatures low enough to retard
growth (Campbell et al., 2001; Bernardo et al., 2020). However, other authors reported
that dry-aged steaks present a higher aerobic plate count (APC) than vacuum-packaged
ones for 14 days, and the dry aging period did not affect the aerobic count, remaining
around 4 log CFU/g. Additional reports indicated APC > 5 log CFU/g on the surface
of traditional dry-aged samples aged at RH > 65% and 2 °C (Gudjonsdéttir et al., 2015;
Lietal., 2013, 2014). After trimming, Bernardo et al. (2021) reported APC was <3 log
CFU/g for 65 and 85% RH treatments.

For psychrotrophic (PSY) counts, the surface of samples aged in a dry-aging bag
exhibited higher PSY counts than APC (Bernardo et al., 2021). Meanwhile, the
samples from the traditional dry-aging process displayed a significant increase in the
PSY count, reaching 6.22 log CFU/g. No difference was observed between the surface
and internal dry-aged beef samples from special bags.

Campbell et al. (2001) reported that anaerobic lactic acid bacteria (LAB)
increased during vacuum-packaged storage. Meanwhile, LAB counts remained below
the detection limit (<1.0 log CFU/g) in dry and dry bag aging processes after 21 days
at 65% RH according to Bernardo et al. (2021). Additionally, other studies have
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observed that LAB counts decrease in samples dry-aged at relative humidity levels
between 50% and 75% (Hulankova et al., 2018; Li et al., 2013; DeGeer et al., 2009;
Campbell et al., 2001). However, Li et al. (2014) detected an increase in LAB counts
reaching 4.4 and 3.2 log CFU/g after 19 days at 75% RH in samples of dry bags and
traditional dry aging, respectively. Ryu et al. (2018) found LAB in both longissimus
thoracis (LT) and biceps femoris (BF) muscles after 60 days of dry aging, with an
increase in LAB count up to 6 log CFU/g with aging time.

A slight increase in the populations of yeast, psychotropic aerobic bacteria, and
mold has been observed in dry-aged beef (Hulankova et al., 2018; Berger et al., 2018;
Gudjonsdottir et al., 2015; Li et al., 2013; Campbell et al., 2001), although these values
remained within acceptable microbiological quality counts (less than 5 log CFU/g)
(Feiner, 2006).

Samples of the meat surface from the dry aging bag showed higher mold and
yeast counts compared to the meat surface samples from the traditional dry aging
process. Molds were isolated in 33.3% of dry-aged samples and 66.6% of samples
aged in special bags (Bernardo et al., 2021). However, other studies reported higher
yeast counts in traditional dry aging than in dry aging using bags (Ahnstrom et al.,
2006; DeGeer et al., 2009). Ryu et al. (2018) found that total bacteria and yeast/mold
significantly increased in both longissimus thoracis (LT) and Biceps femoris (BF)
samples for 50 days, while their growth declined after that period. Penicillium
camemberti and Debaryomyces hansenii, which are used in cheese manufacturing,
were observed to increase during the dry aging period (40-60 days). D. hansenii has
been utilized to metabolize amino acids, produce volatile compounds, and enhance
aroma in animal foods as a strategy (Flores et al., 2017). Molds (Pilaira anomala) and
yeasts (Debaryomyces hansenii) are the primary microorganisms detected on the
surface of dry-aged beef, according to Oh et al. (2019). Oh et al. (2019) isolated mold
(P. anomala) and yeast (D. hansenii) from dry-aged beef and investigated their impact
on flavor precursors, such as the levels of free fatty acids and free amino acids, through
the lipolytic and proteolytic activities of the microorganisms. The results suggested

that mold and yeast have significant but different roles regarding flavor precursors.
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Therefore, the effect of the inoculation ratio of mold and yeast was analyzed to propose
better applications of microorganisms for the dry aging process in the industry.

Zhang et al. (2020) hypothesized that the primary proteolytic and lipolytic
processes during the early stage (1-2 weeks) of dry-aging are dominated by
endogenous enzymes (mainly calpains and lipases). Subsequently, the growth of
yeasts and molds introduces exogenous enzymes that trigger the secondary
degradation of lipids and proteins over an extended aging period. These enzymatic
reactions may result in distinct metabolite profiles (e.g., peptides and amino acids) as
flavor precursors on the crust (Zhang et al., 2021; Kim et al., 2020) and in the inner
section of the meat (Zhang et al., 2021; Lee et al., 2019), contributing to the
development of a characteristic dry-aged flavor.

2.3.5. Proteomic overview

Proteomic changes occur continuously during beef storage or aging as the
muscle transitions through and overcomes rigor mortis. Extracted muscle proteins are
commonly categorized into two fractions: the sarcoplasmic fraction, which includes
water-soluble proteins such as myoglobin, myokinase, and metabolic enzymes, and
the myofibrillar fraction, which contains structural proteins like myosin, actin,
troponin, and actinin, typically soluble in high-salt solutions or considered insoluble
(Kim, Warner, and Rosenvold, 2014; Sierra et al., 2012). Sentandreu, Coulis, and
Ouali (2002) noted that tenderness results from the degradation of myofibrillar
structures by endogenous peptidases.

Proteomics has been widely utilized in meat science, especially in identifying
biomarkers linked to beef tenderness (Gagaoua, Bonnet, & Picard, 2020b, 20213;
Picard & Gagaoua, 2020a; Zhu et al., 2021a). In addition to tenderness, proteomic
techniques have also been employed to investigate other important meat quality
attributes, such as color (Gagaoua et al., 2020a; Nair et al., 2018), water-holding
capacity (Di Lucaet al., 2016; Tao et al., 2021), and pH decline (Gagaoua et al., 2015b;
Poleti et al., 2018).
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Additionally, it has been used to assess how processing methods affect the
proteomic profile of carcasses and meat cuts. However, only a few studies have
compared aging methods between dry and wet aging.
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Tabla 1. Summary of different aging methods and parameters used, and major findings reported in scientific studies. DA: Dry-
aging; DAb: Dry-aging bags; Wet aging; WD: WA then DA. ST: Semitendinosus; LD: Longissimus dorsi; LTL: Longissimus thoracis
et lumborum; GM: gluteus medius

Aging Parameters

Source Muscles Methods
Length (days) Temp (°C) RH %)  Air flow (m/s)
Ahnstrom et al., 2006 LTL (strip loin) DA-DADb 14, 21 2.5+0.3 87+2.6 -
Ba et al., 2014 LTL,LD-ST WA 7,28 4 - -
Berger et al., 2018 LTL, loin WA-DA-DADb 4 PM+28 2 78 <0.2
Bernardo et al., 2021 LTL DA- DAD 21vs 42 2 65vs85 2.5
Brewer and Novakofski, 2008 LTL, loin WA 0,7 14 4
Campbell et al., 2001 LTL stripshortloiny ~ WA-DA-WA 7-14;7-14, 2,9, 16 2 75
Campo et al., 1990 LTL, different breeds WA 3,7,10, 14,21 4 - -
DeGeer et al., 2009 LTL (stipshenstriptoinsgy DA vs DAD 21-28 2.2 50 uv
Descalzo et al., 2008 LTL, buffalo WA 1, 15,25 2+1 - -
Dikeman et al., 2013 LTL, short loin WA-DA-DADb 8+21 2.2 - minimal
Foraker et al., 2020 LTL WA-DA-WD 3, 14, 28, 3549, 63; 21 3.1+1.2 70-90 -
DA;14+21 WD
Gudjonsdottir et al., 2015 LTL, loin DA, DADb 7,14,21 4 - -
Haetal., 2019 LTL WA-DA-WD 7,21,35,56;35,56 DA 21+35WD 21 89.4 0.75-1.2 /UV
Hulénkova et al., 2018 LT DA 12-36 1+1 85+2 05+0.2
lida et al., 2016 LTL, loin DA 4,11, 20, 30, 40, 50, 60 1-4 80-90 -
Kahraman and Girbiz, 2019 LL WA-DA-DADb 0,7,14,21, 28 05+05 80 -
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Table 1 (continued)

Aging Parameters

Source Muscles Methods
Length (days) Temp (°C) RH %)  Air flow (m/s)
Kim et al., 2011 LD, ovine WA prior Fr -1.5+0.2
Kimet al., 2016 LL WA-DA 21 lor3 0.20r0.5
Kim, J.H. et al., 2017 SM (opround,shanky ~ WA-DA 20, 40 1.0+£0.5 80-85 0.5-15
Kim, J.H. et al., 2020 LTL WA-DA 7,30 1 85 0.5
Koutsidis et al., 2008b LTL WA 1,3,7,14,21 4 - -
Leeetal., 2019 GM DA 14 or 28 4 75 0,25,5
Lepper-Blilie et al., 2016 LTL (stripishortioingy ~ DA-WA 14, 21, 28, 35, 42,49 1 70 -
Lietal. 2013 GM, striploin WA-DAb 21 2.8 91 -
Lietal., 2014 LTL, loin WA-DA-DADb 10, 21 2.9 75
Oh et al., 2019 LT WA-DA 1-3 75 0,25,5
Ryu et al., 2018 LT DA 40, 60 75-80 -
Smith et al., 2008 LT WA-DA 14, 21, 28, 35 1.0+2 8311 -
Spanier et al., 1997 SM WA - 4 -
Stenstrom et al., 2014 LTL WA-DA-DADb 15 1.6 - -
Vossen et al., 2022 LTL DA 21, 42, 63 2-6; 2 75;70-90 -
Warren and Kastner, 1992 LTL, striploin DA 3 PM+11 3.1t03.6 7843 Alr circulation every 30min
Zhang et al., 2019 LL DAb+WA;DAb  7+14; 21 2+0.5 7515 0.5,15,25;0.5
Zhang et al., 2020 LL DAb+WA;DAb  7+14; 21 2+0.5 7515 0.5,15,25;0.5
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2.4. Conclusion

Meat aging is a crucial process that enhances tenderness, flavor, and overall
palatability. It is primarily driven by biochemical and enzymatic activities that alter
muscle structure and chemical composition after slaughter. Different aging methods
influence this process. Dry aging enhances unique flavors (e.g., nutty, beefy) but is
costly due to higher weight loss and labor requirements. It develops a distinct crust
that may protect against microbial growth, but careful trimming is necessary to
maintain quality. However, wet aging dominates the industry because of reduced
weight loss, cost efficiency, and prolonged shelf life, although it may produce fewer
desirable flavors (e.g., metallic, sour). Conversely, dry-aged bags combine the benefits
of both methods, offering a higher yield and microbial safety while preserving sensory
qualities similar to those of traditional dry aging. Alternating between dry and wet
aging techniques can optimize yield and reduce energy costs without compromising
quality by incorporating both methods in a stepwise aging process. The freezing
process complements aging, influencing tenderness and sensory attributes. Freezing
rates and storage conditions are pivotal in maintaining meat quality.

From a certain perspective, the impact on meat attributes and tenderness
significantly improves with aging, with duration being more influential than method.
Extended aging beyond 21 to 28 days results in diminishing returns for tenderness
improvements. Dry aging is more effective at enhancing umami and beefy flavor due
to water loss and metabolite concentration, while wet aging can develop undesirable
flavors over prolonged periods. Both dry and wet aging enhance juiciness, often
through increased fat concentration and water release during consumption. Prolonged
aging can lead to oxidative changes that affect visual appeal (color stability). Dry-
aging methods exhibit differences in lightness (L*) due to moisture and surface drying
effects.

Aging methods influence microbial growth. Dry aging fosters distinct microbial
ecosystems that contribute to unique flavors, including molds and yeasts. Proper

management of these microbes is essential for safety and quality.
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The choice of aging method depends on the target market, economic constraints,
and the desired quality attributes. Innovations such as dry-aging bags and stepwise
aging provide flexible solutions for optimizing yield and sensory appeal. More studies
are needed to clarify consumer preferences, long-term sensory changes, and microbial
dynamics. Standardizing methodologies to evaluate tenderness, flavor, and safety

across aging processes could help improve industry practices.
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3.1. Abstract

The effect of finishing diet (F: pasture or grain) and meat preservation methods
(PM) was evaluated on beef's physicochemical, microbiological, and sensory
attributes. The PM assessed dry aging in bag (DAb) and wet aging (WA) for 40 days,
and then subjected them to frozen storage (Fr): (DAb+Fr) and (WA+Fr) for 180 days.
Sixty striploins (Longissimus lumborum, LL) from British breed steers (n=15 from
pasture and n=15 from grain-based diet) were used. Lightness (L*) was only affected
by F, where meat from grain-fed steers was lighter than that fed on pasture (P<0.01).
DAb meat had higher pH (P<0.01) and lower cooking losses (P<0.01) than WA.
DAb+Fr had the highest Psychotrophic bacteria count (PSY) compared to WA+Fr,
DAb, and WA (P<0.01). DAb and DAb+Fr increased Enterobacteriaceae (ENT)
bacteria counts (P<0.01) compared to WA and WA+Fr. DAb+Fr samples had the
lowest L*, a*, and b* values. No interaction between physicochemical characteristics
(color coordinates, pH, cooking losses, and shear force) and surface microbiological
load was observed (P>0.05). Greater polyunsaturated fatty acids (PUFA), PUFA n-3,
conjugated linoleic acid (CLA; c9, t11-18:2) (P <0.01), PUFA/SFA ratio (P <0.05),
and lower n-6: n-3 ratio (P <0.01) were observed in pasture-fed than grain-fed steers.

The consumer sensory panel showed acceptable scores for all treatments, although
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some differences between attributes were detected by cluster analysis. Different aging
methods followed by a frozen storage period, could be used to produce and export
meat with the required quality attributes to meet consumer expectations.

Keywords: beef, meat preservation; dry aging bag; finishing diet, quality
attributes

3.2. Introduction

The beef industry’s success depends on adding value to meat products, to satisfy
consumer’s demands. The willingness to pay for this product is inspired by several
attributes, among which tenderness, juiciness, and flavor are the most relevant. Post-
mortem aging improves tenderness (Campbell et al., 2001; Smith et al., 2008) through
the action of the endogenous proteolytic system, influencing other attributes, such as
flavor and overall palatability (Kim et al., 2020), affecting meat quality and its
commercial value (Kim et al., 2018; Ha et al., 2019).

There are two fundamental ways to age beef: wet and dry. Wet aging involves
vacuum packing meat into a highly moisture-impermeable bag and storing it under
refrigerated conditions (-1 to 2 °C) for a specified time. Traditional dry aging exposes
unpackaged meat directly to cooler conditions with strict temperature (0-4 °C), relative
humidity (80-85%), and airflow control (0.5-2 m/s). This process implies higher costs
associated with decreased yields and greater weight losses during aging and trimming
(Parrish et al., 1991; Warren & Kastner, 1992) but it increases the intense beefy and
roasted flavors (lida et al., 2016; Ha et al., 2019; Li et al., 2021). In the last decades,
dry aging in a highly moisture-permeable bag has been widely used. Such technology
decreases trim loss and microbial contamination, thus maximizing yield (Ahnstrém et
al., 2006). The dry aging bag acts as an oxygen barrier with the surrounding air,
limiting oxidation and its associated consequences, which include oxidative
deterioration and rancidity or off-flavor (Zhang et al., 2020; DeGeer et al., 2009).

Strategies to produce stable aged quality products (wet or dry) should be
considered, especially if the products are meant to be traded globally where a long
period of chilled/frozen storage is usually required. The advantages of frozen meat,

rather than chilled, include increased storage time and greater flexibility in inventory
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for retailers (Wheeler et al., 1990). It is thought that freezing reduces meat quality and
although research findings are not conclusive (Luzardo et al., 2024; Bernardo et al.,
2020; Coombs et al., 2017; Farouk et al., 2003), consumers tend to prefer meat that
has not been frozen and thawed.

The beef cattle diet is known to play a pivotal role in influencing carcass
composition and eating quality attributes of meat (Correa et al., 2020; Peripolli et al.,
2018). Feeding beef cattle with grain before slaughter could improve beef flavor
mainly due to an increase in the deposition of intramuscular fat compared with meat
from pasture-fed animals (Brito et al., 2014). Previous research reported that the most
significant difference in the flavors of meat from cattle fed on pasture or grain is due
to fatty acid concentration (Realini et al., 2004) and composition as they are the
primary source of aromatic compounds such as carbonyls (Melton, 1983), which plays
an important role in the interaction and generation of volatile flavor compounds (Ba et
al., 2016). Since consumer assessment is the golden standard for obtaining beef quality
differentiation, it is important to understand the effect of aging and refrigeration on the
sensory and acceptability of the product attributes by consumers.

Few studies connect the finishing diet to meat preservation methods, including
aging types and freezing processes. Consequently, there remains a need to develop and
assess effective storage strategies to mitigate the inconsistency of meat quality
associated with preservation. We hypothesized that aging methods (dry bag vs. wet
aging), with or without subsequent freezing, affect the meat quality of steers from
pasture and grain finishing systems. The main goal of this study was to evaluate the
impact of meat aging methods and subsequent frozen storage conditions on the
physicochemical, microbiological, and sensory attributes of beef from steers finished

on two different systems (pasture or grain).

3.3. Materials and methods

3.3.1. Raw materials and aging process

A total of 30 steers (under 30 months of age; British breed) finished (F) in the
pasture (n=15) qualifying for UE Hilton quota (INAC, 2013) or grain (n=15)
qualifying for UE 481 quota (MGAP, 2023) were slaughtered in a commercial meat
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processing plant (hot carcass weight: 266.5 kg and 253.2 kg, respectively). Hilton
quotas are selected cuts of beef from steers or heifers designed to produce superior
quality beef raised exclusively on pasture, according to the Uruguayan grading system.
Meanwhile, the “481” quota consists of beef cuts obtained from the carcasses of steers
and heifers under 30 months of age, fed a diet containing no less than 62% concentrates
for at least 100 days prior to slaughter. The steer herd originated from the same farm
and was selected based on age, live weight, and fat cover to establish two similar
groups. Sixty striploins (Longissimus lumborum, [LL]) were collected for analysis and
assigned to an aging method (dry bag or wet) before being stored under frozen
conditions. The striploin from the left side of each carcass was divided into three
sections: the first section, measuring 7.5 cm in length, was used for fresh (initial or
unaged) sample analysis; the second section, measuring 16 cm in length, was vacuum
packaged in dry-aging bags (DAb; TUBLIN® 10 of 50 um thick, polyamide mix with
a water vapor transmission rate of 2.5 kg/50u/m2/24 h at 38°C, 50% RH, TUB-EX
ApS, Denmark); and the third section, measuring 14 cm in length, was vacuum
packaged for wet-aging (WA; vacuum packaged in a barrier bag of 50 um thickness;
maximum oxygen transmission rate of 27 cm3/m2/24 h at 22-24°C and 0% RH, and
moisture vapor transmission rate. of 5 g/m2/24 h at 38°C and 90% RH; Cryovac®
Sealed Air Corp., BB 2620, Brazil.). The right striploin was processed in two sections
following the same procedure for DAb (19 cm) and WA (17 cm) and after 40 days of
aging were immediately frozen (Fr) at —20°C for 180 days to determine the effect of
long-term frozen storage on the quality of dry bag and wet-aged beef (DAb+Fr and
WA+Fr). The location of each meat portion from each striploin was alternated in
cranial to caudal direction among carcasses. The striploin's portions were laid out on
wire racks inside the chamber for 40 days.

During aging, the chamber was maintained at 2 + 0.5°C and a relative humidity
of 85 + 5%, with air flow recorded at an average of 0.5 m/s. Temperature and relative
humidity were recorded using three dataloggers (Electronic Temperature Instruments
Ltd., UK), to obtain real-time information at different points in the chamber. The air
velocity was recorded weekly in different chamber positions with a digital anemometer

(HoldPeak 866A digi, China), averaging 0.5 m/s. The meat portions were relocated
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into the chamber every 8 days to prevent any potential confounding effects of location
within the chamber. After 40 days of aging, the left striploin portions (DAb and WA)
were divided into steaks (2.5 cm) for different analyses. Meanwhile, the right striploin
portions (DAb+Fr and WA+Fr) were split into steaks after the frozen periods (40 d
aging + 180 d frozen) for different analyses.

3.3.2. Instrumental color

By determinate instrumental color (AMSA, 2012), one steak per loin section,
from each treatment, was measured after blooming for 45 min under simulated retail
display light at 4°C. Frozen samples were thawed at 4°C for 24 hours before
determinations were carried out. The surface color was measured using a colorimeter
(Minolta Chroma Meter CR-400; Konica Minolta Sensing Inc., Japan) fitted with an
illuminant C, a standard observer of 2 grade and 8 mm of opening size and previously
calibrated using a standard white tile. CIE L*a*b* (Commission Internationale de
I’Eclairage, 1976) color space values: L* (lightness), a* (redness), and b* (yellowness)
were taken per triplicate on the lean surface of each steak. Values were averaged to

obtain a mean for each sample.

3.3.3. Cooking losses and Warner-Bratzler Shear Force

After color assessment, steaks were weighed before and after cooking to
determine the cooking losses (CL) according to the American Meat Science
Association (AMSA, 2016). The cooking loss percentage was calculated according to
the following equation: (raw weight - cooked weight/raw weight) x 100. Steaks were
cooked in a grill (GRP100 The Next Grilleration, Spectrum Brands, Inc., Miami, FL)
until the internal core temperature of the steak reached 71 °C. The internal temperature
was monitored using thermocouples Type T and a recording thermometer (Comark
N9094, Comark Instruments Inc., UK).

Warner-Bratzler shear force (WBSF; KgF) was evaluated on six cores from each
steak. Each cores was obtained parallel to the muscle fiber orientation using a 1.27 cm
diameter hand-held coring device and sheared using a TA-XT Plus texture analyzer
(Stable Micro System Ltd., UK) set with a “V”” Warner Bratzler slot blade. Shear force

values resulted from the average of the six cores per steak.
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3.3.4. Fatty acid composition and thiobarbituric acid-reactive substance

Intramuscular fat (IMF) was determined using the chloroform-methanol lipid
extraction procedure described by Bligh and Dyer (1959) and then the fatty acids
profile was performed. The fatty acid profile was methylated with cold methanolic
potash (IUPAC, 1987) and analyzed using a gas chromatograph (Shimadzu Nexis GC
2030 Tokyo, Japan). Fatty acids were identified using a 60 m SH-Rt-WAX capillary
column (0.25 mm internal diameter and 0.25 pum thick film, Shimadzu, Columbia,
Maryland, USA) where nitrogen was used as a carrier gas at 1 ml/min flow.

The injection volume was 1 pl, and a flame ionization detector (FID) was used.
The detector was kept at 260 °C, while the injector was at 230 °C; the temperature
ramp was 100 °C for 0.5 min, increasing 10 °C /min until it reached 120 °C x 2 min,
increasing 10 °C / min until 220 °C x 15 min, totalizing 29.5 min per sample. Fatty
acids were identified by comparing retention times with those of a standard mixture of
37 FAME SupelcoTM 37 compounds (Sigma, St. Louis, USA), meanwhile conjugated
linoleic acid (CLA; c9, t11-18:2) was identified using octadecadienoic acid,
conjugated, methyl ester standard (No. 05632, Sigma, St. Louis, USA). Fatty acids
were reported in mg/100 g of meat using methyl heneicosanoate (C21:0) as an internal
standard. An internal standard, 1 ml of 1 mg methyl heneicosanoate (C21:0), was
added before the addition of methylating reagents.

Lipid oxidation was determined by the thiobarbituric acid-reactive substance
(TBARS) for the modified method of Ahn et al. (1998), at O d after the aging process
(DADb and WA for 40 d), and after the frozen process (DAb+Fr and WA+Fr for 180
days). A 5 g meat sample was placed in a 50 ml test tube and homogenized with 15 ml
of deionized distilled water (DDW) by using a tissue homogenizer (Wisd, HG-15A,
Daihan Scientific) for 30 s. Meat homogenate (1 ml) was transferred to a disposable
test tube (13x100 mm), and butyrated 16 hydroxyanisole (50 pl, 7.2%) and
thiobarbituric acid/ trichloroacetic acid (TBA/TCA) solution (2 ml) were added. The
mixture was vortexed and then incubated in a boiling water bath for 15 min for color
development. After that, the samples were cooled in cold water for 10 min and then
centrifuged for 15 min at 4000 rpm. The absorbance of the resulting supernatant

solution was determined at 531 nm against a blank containing 1 ml DDW and 2 mli
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TBA/TCA solution. Malonaldehyde (MDA) standard curves were prepared by using
1,1,3,3-tetra-ethoxypropane. The TBAR concentrations were calculated from the
standard curve and expressed as milligrams of MDA per kg of meat.

3.3.5. Surface Microbial Counts

Microorganisms from the untrimmed surface of fresh beef samples were
enumerated at O d, after the aging period (DAb and WA for 40 d), and after the frozen
(DADb+Fr and WA+Fr for 180 days) storage period. Samples were analyzed for total
bacterial count (TBC), Psychrotrophic microorganisms (PSY), and Enterobacteriaceae
(ENT). At each sampling time, a 4 x 4 cm square was aseptically excised from the
center of 10 steaks per treatment using disposable scalpels (Feather Sterile Scalpels
2975#21; Graham-Field Inc., Atlanta, GA) and placed into individual sterile Whirl-
Pak bags (710 mL, 15x23 cm, 0.102 mm thick; Nasco Int., USA). The 4 x 4 cm squares
for microbial analysis were homogenized with 90 mL of 0.1 % peptone water (Oxoid,
UK), using a stomacher (BagMixer®400 P, Interscience, Saint Nom, France) for 2
min. Tenfold serial dilutions were prepared in test tubes with 9 ml of 0.1% buffered
peptone water (BPW; Oxoid, UK). Appropriate dilutions were surface plated in
duplicate onto two sets of Petrifilms (3M; USA); one set for the enumeration of
mesophilic microbial populations and the second set for the enumeration of
psychrophilic microorganisms. Appropriate dilutions were also duplicated onto a set
of Petrifilm surfaces (3M; USA) for the ENT microbial population. Petrifilm was
enumerated before incubation at 37°C for 48 h for TBC or 7°C for 10 d for PSY and
37°C 24 h for ENT.

3.3.6. Consumer Sensory Testing

Two analyses were carried out, one on fresh and the other on thawed samples.
In each study, 10 sessions with 10 consumers (n=100, each one) were carried out, in
September 2021 and March 2022, respectively, in the Meat and Technology
Laboratory of INIA Tacuaremb6. The consumer pool in both trials was homogeneous
since they were recruited in the same region from a database of consumers (students,
staff, and Campus interinstitutional members: INIA, University, MGAP, etc.) that

represent the Uruguayan population demographics in terms of gender and age (Table
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S1, Supplementary data). Moreover, consumers were selected since they eat meat as
part of their diets. In the first sensory panel, consumers evaluated 4 samples, one of
each combination of finishing system (grain and pasture) and aging type (DAb and
WA). In the second panel, consumers assessed 4 samples stemming from the
combination of finishing system (grain and pasture) and aging type, followed by a
frozen period (DAb+Fr and WA+Fr).

Each consumer was asked to taste the samples following the order in each ballot,
which was designed to avoid the first sample and carry-over effect (MacFie et al.,
1989). Water and unsalted crackers were provided as palate cleansers. Before tasting,
consumers were asked to answer a questionnaire with demographic (gender, age range,
education level) and frequency in the consumption of different types of meat and to
sign the consent form if they agreed to participate (Table S1, Supplementary data).
After that, a ballot was provided to evaluate the steak samples’ tenderness liking, flavor
liking, and overall liking using a 9-point scale, where 1 represented “I like it
extremely”, 2 “I like very much”, 3 “I quite like it”, 4 “I like it”, 5 “I neither like nor
dislike”, 6 “I dislike it”, 7 “I quite dislike it”, 8 “I dislike very much” and 9 “I dislike
it extremely”.

The day before the test, the steaks to be evaluated (4 per session, one for each
treatment) were thawed at a 4°C chiller overnight. Before serving to consumers,
samples were cooked in a grill (GRP100 The Next Grilleration, Spectrum Brands, Inc.,
Miami, FL) until the core (internal) temperature of the steak reached 71 °C (AMSA,
2016). Once cooked, steaks were trimmed of external fat and connective tissue and cut
across the grain into a 1.3 x1.3 x 2.0 cm piece, wrapped individually in coded
aluminum foil, assigned to a cup, and kept warm in a heater/oven at 49°C for no more
than 10 minutes until tasted. The procedures used for consumer sensory evaluation in
this study were approved by the Institute of Agrifood Research and Technology
(IRTA) Ethics Committee, with the internal code: CCSC 33/2023.

3.3.7. Statistical analysis

Data analysis was carried out using the SAS software v. 9.4 (SAS Institute Inc.,
Cary, NC, USA). All data were screened for normality using the UNIVARIATE
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procedure and normalized as required using a log10 transformation, but estimates have
been back-transformed to the response scale.

The experimental design was a split-plot, where each finishing diet served as a
main plot (F: pasture or grain), and carcass sides (pair of loins) served as sub-plot for
the preservation methods (PM: DAb, WA, DAb+Fr and WA+Fr). The statistical
analysis was performed with a model including the fixed effects of F and PM, their
interactions, and the random effect of the carcass using the MIXED procedure. The
least-square mean (LSM) was calculated and means separation was performed
(P<0.05) using the PDIFF option. Peak cooking temperature was used as a covariable
for WBSF and cooking losses analysis.

Consumers’ tenderness liking, flavor liking, and overall liking scores were
evaluated using the MIXED procedure of SAS. The two trials were considered
together because, although there could be confusion between consumer population and
treatment (fresh vs frozen), the consumer population in both trials was homogeneous
(Table S1, Supplementary data), consequently, it was assumed to be similar, allowing
to take advantage of the full analysis. The model included the PM, and F as fixed
effects and its interaction. Consumers were considered as random effects in the model.
A tasting session was included as a blocking factor. A segmentation by CLUSTER
was carried out to find groups of consumers with similar preferences, since when
considered as a pool, differences are diluted, and they are difficult to determine.
Segmentation was performed by using the CLUSTER procedure, applying Euclidian
distance and the Ward method. The number of clusters to retain was based on the
obtained dendrogram, considering the homogeneity within and among the segments
and the principle of parsimony. An analysis of variance was carried out, considering
PM, and F as fixed effects and their interaction, for the pooled sample and by cluster.
A Tukey test was applied to find differences between least-squares means. The

significance level was set at P < 0.05.
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3.4. Results

3.4.1. Effects of preservation method and finishing system on instrumental color, pH,

cooking losses, and shear force

The interaction for any of these parameters was not significant thus, results are
presented independently by effects. Lightness (L*), redness (a*), and yellowness (b*)
were affected by PM (Table 1). Lightness and a* were significantly greater in WA
followed by DAb, DAb+Fr, and WA+Fr samples (P <0.01). No difference in b* values
was detected between DAb and WA samples (P >0.05), lower values were observed
in WA+Fr and DAb+Fr (the lowest values) (P <0.01). Meat color from grain-fed steers
resulted in greater L* values than pasture-fed animals (P <0.01). The pH was affected
by the aging method, DAb and DAb+Fr samples presented greater pH values than WA
and WA+Fr samples (P<0.01). However, it is worth mentioning that the pH was below
5.8 in all treatments. The higher percentage of cooking losses (CL) was WA followed
by WA+Fr, DAD, and DAb+Fr (P<0.01). Wet-aged and DAb samples presented lower
WBSF values than WA+Fr and DAb+Fr samples (P<0.021). The finishing diet of the
steers had no effect (P> 0.05) on pH, CL, or WBSF (Table 1).
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Table 1. Effects (mean £ SEM) of preservation method (PM) and finishing diet (F) on meat quality parameters.

PM F
Traits DAb WA DADb+Fr WA+Fr P-value  Pasture Grain P-value
L* 40.5+04b  41.8+04a 38.2+04d 39.7+0.4¢c <0.001 38.8+0.4 41.3+0.4 <0.001
a* 22.210.4 b 24.0£0.4a 17.2¢04d 19.5+0.4c <0.001 20.7+0.3 20.8+0.3 0.783
b* 11.8+0.2 a 11.9+0.2a 10.0+£0.2c¢ 11.1+0.2b <0.001 11.1+0.1 11.3+0.1 0.424
pH 5.76+0.01a 5.73x0.01b 5.77#0.01a 5.73x0.01Db <0.001 5.73+0.02 5.76%0.02 0.294
CL (%) 17.7+0.4 c 23.0+0.4a 152+04d 21.4+04b <0.001 19.5+0.3 19.3+0.3 0.602
WBSF (kgF)  2.6+0.09b  25+0.09b 2.840.09a 2.8+0.09 a 0.021 2.8+0.09 2.6x0.09 0.093

1 DADb: Dry aging bag (40 days); WA: Wet aging (40 days); DAb+Fr; Dry aging bag + 180 days frozen; WA+Fr; Wet aging +
180 days frozen. CL.: cooking losses; WBSF: Warner Braztler Shear Force. Different letter in the same row denotes groups statistically

different (P<0.05) among LSMeans. Meat was aged at 2 + 0.5°C, 85 + 5% RH, and air flow of 0.5 m/s, and then frozen at -20 °C.
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3.4.2. Effects of preservation method and finishing system on fatty acid profile and

oxidation.

The initial (unaged) intramuscular fat (IMF) content of LL from pasture and
grain finishing diets was 3.48% and 3.63% (no tabulated data), respectively, which
were not significantly different (P > 0.05). However, after PM treatment, DAb+Fr
showed a greater IMF than the other three treatments (P<0.01) (Table 2). The
predominant fatty acid profile was analyzed and reported in Supplementary data
(Table S2). Analyzing the fatty acid composition by effect (PM and F), PM did not
affect any of the mentioned fatty acid groups and ratios (P>0.05) (Table 2). It was
observed a greater concentration of polyunsaturated acid (PUFA), PUFA n-3,
conjugated linoleic acid (CLA,; c9, t11-18:2) (P <0.01), PUFA/SFA ratio (P =0.028)
in pasture than grain-fed steers (Table 2). The n-6: n-3 fatty acids ratio was greater in
grain-fed compared to pasture-fed steers (P<0.01). A significant interaction effect
(PM*F) was detected on C20:0 and C22:0 fatty acids and in lipid oxidation evaluated
through TBARS. Greater concentrations of TBARS were observed in DAb and WA
from grain-fed and DADb from pasture-fed than other treatments. The lowest

concentration was in WA+Fr from pasture-fed (P<0.01) (Table 3).
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Table 2. Effects (mean £ SEM) of preservation method (PM) and finishing diet (F) on intramuscular fat and fatty acid composition.

PM F
Traits DADb WA DAb+Fr WA+Fr P-value Pasture Grain P-value
IMF (%) 3.9+0.2b 3.7£0.2b 45+0.2a 3.8£0.2b <.001 3.7£0.2 4.31£0.2 0.094
CLA (mg/100g meat) 21.2+1.9 23.0+1.8 19.7+1.9 20.6+1.8 0.494 26.9+1.9 15.3£1.9 <0.001
MUFA (mg/100g meat) 1826.5£111.5 1774.9+111.5 1633.5£118.0 1702.4+111.5 0.596 1632.1+95.0 1836.5+97.0 0.136
SFA (mg/100g meat) 1902.7£126.5 2003.0t£122.2 1938+126.5 2024+120.4 0.835 1925.0+£119.2 2009.4+118.8 0.617
PUFA (mg/100g meat) 253.8+15.3 239.2+14.4 216.2+13.8 246.3+£14.9 0.304 268.9+11.5 211.5+£9.3 <0.001
PUFA n-6 (mg/100g meat) 183.4+11.8 173.6+£10.9 160.3+£10.7 181.7£11.5 0.419 179.2+9.0 169.2+8.7 0.460
PUFA n-3 (mg/100g meat) 53.1+3.8 58.3+4.0 51.0+£3.6 58.4+4.0 0.208 78.815.7 38.6+£2.8 <0.001
n-6:n-3 3.1+0.17 2.91£0.16 3.1+0.17 3.1+0.17 0.049 2.1+£0.15 4.5+0.34 <0.001
PUFA/SFA 0.12+0.007 0.12+0.007 0.12+0.007 0.12+0.007 0.570 0.14+0.01 0.11+0.008 0.028

DADb: Dry aging bag (40 days); WA: Wet aging (40 days); DAb+Fr: Dry aging bag + 180 days frozen; WA+Fr: Wet aging + 180 days
frozen. CLA: conjugated linoleic fatty acid (c9, t11-18:2); PUFA: sum of polyunsaturated fatty acid (PUFA n-6 + PUFA n-3); MUFA:
monounsaturated fatty acid (C14:1 + C16:1 + C18:1n9); SFA: saturated fatty acid (C10:0 + C12:0 + C14:0 + C15:0 + C16:0 + C17:0
+ C18:0 + C20:0 + C22:0 + C24:0); PUFA n-3 (C18:3n-3 + C20:3n-3 + C20:5n-3 + C22:5n-3 + C22:6n-3); PUFA n-6 (C18:2n-6 +
C18:3n-6 + C20:2n-6 + C20:3n-6 + C20:4n-6); IMF: intramuscular fat. Different letter in the same row denotes groups statistically
different (P<0.05) among LSMeans. Meat was aged at 2 + 0.5°C, 85 + 5% RH, and air flow of 0.5 m/s, and then frozen at -20 °C.
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Table 3. Effects (mean £ SEM) of the interaction between the preservation method (PM) and the finishing diet (F) on the Arachidic
(C20:0), Behenic (C22:0), and Thiobarbituric acid-reactive substances (TBARS) concentrations

Pasture Grain Significance
Traits DAb WA DAb+Fr WA+Fr DAb WA DAb+Fr WA+Fr PM F PM*F
C20:0 (mg/100g) 11.9+1.7a 13.4+1.9a 6.2£0.9b 11.8+1.7a 3.9+05b 4506 b 4.310.7b 4.310.6 b 0.013 <.001 0.014
C22:0 (mg/100g) 4.4+05a 5.1+05a 2.6+0.3b 2.9+0.3b 2.742.3b 3.0£0.3b 2.9+0.3b 3.0£0.3b 0.012 0.024 <.001

TBARS (mg /kg) 0.391+0.04a 0.260+0.02b 0.293+0.03b 0.133x0.01c 0.379+0.03a 0.479+0.04a 0.254+0.02b 0.307#0.03b <.001 <.001 0.001

DADb: Dry aging bag (40 days); WA: Wet aging (40 days); DAb+Fr: Dry aging bag + 180 days frozen; WA+Fr: Wet aging + 180 days frozen.
TBARS: Thiobarbituric acid-reactive substances (mg MDA/kg meat). Different letter in the same row denotes groups statistically different (P<0.05)
among LSMeans. Meat was aged at 2 + 0.5°C, 85 = 5% RH, and air flow of 0.5 m/s, and then frozen at -20 °C.

Table 4. Effects (mean £ SEM) of preservation method (PM) and finishing diet (F) on microbiological growth.

PM F
Traits Initial DAb WA DAb+Fr WA+Fr P-value Pasture Grain P-value
TBC (logl0/cm2)  <1.0 4.35+0.2 3.860.2 4.19+0.2 4.41+0.2 0.137 4.22+0.2 4.19+0.2 0.890
PSY (log10/cm2) <1.0 5.38+0.13 b 4.96+0.13 c 6.15+0.14 a 5.52+0.13 b <.001 5.55+0.13 5.45+0.13 0.573
ENT (logl0/cm2)  <1.0 3.33+0.2a 2.72+0.2 ab 3.40+0.2 a 2.54+0.2 b 0.002 2.86+0.15 3.14+0.15 0.020

DADb: Dry aging bag (40 days); WA: Wet aging (40 days); DAb+Fr; Dry aging bag + 180 days frozen; WA+Fr; Wet aging + 180 days
frozen. TBC: total bacterial count; PSY: Psychotropic bacteria; ENT: Enterobacteriaceae bacteria. Different letter in the same row

denotes groups statistically different (P<0.05) among LSMeans. Meat was aged at 2 + 0.5°C, 85 + 5% RH, and air flow of 0.5 m/s.
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3.4.3. Effects of preservation method and finishing system on surface microbial counts

Meat samples analyzed before aging presented surface microbial count below
the detection limit (<2 log/cm?). The preservation method did not affect the TBC
number; the range was from 3.86 to 4.41 log CFU /cm? (P>0.05). However, PSY
bacteria counts were more significant in aged frozen meat than in samples only aged
(P<0.01). Lower ENT numbers were observed in WA and WA+Fr compared to DAb
and DAb+Fr (P<0.01). In addition, meat from grain-fed steers presented a greater ENT
count than that from pasture-fed steers (P<0.05) (Table 4).

3.4.4. Effects of preservation method and finishing system on consumer sensory panel

Meat from grain-fed steers was preferred in terms of overall liking, flavor
liking, and tenderness liking than pasture-finished animals when all the consumers
were considered (P<0.01) (Table 5). There was an interaction effect between the
preservation method and finishing system on tenderness liking considering all the
consumers (n=200), were more tender grain-fed than pasture-fed steers (P=0.031). All
the consumers were segmented into three clusters depending on their acceptability
scores. Cluster 1 (n=77) presented a PM*F interaction for both overall liking (P<0.01)
and flavor liking (P<0.01). The less preferred samples were DAb and DAb+Fr from
pasture-fed steers. Thus, Cluster 1 could be characterized by a higher preference for
grain-fed steers independently of the preservation method, within pasture-fed beef,
consumers preferred meat from WA (either fresh or frozen) in terms of overall flavor
liking. They could be named "Grain-fed aged beef and pasture-fed WA beef likers”.
Cluster 2 consumers (n=43) presented a significant PM*F interaction for overall liking
(P<0.01), tenderness liking (P=0.023), and flavor (P=0.033). Like Cluster 1,
consumers’ preference for the three attributes was greater in grain-fed samples, but
regarding pasture-fed beef, their preference was mainly for DAb. However, consumers
from Cluster 2 have scores closer to ‘neither like nor dislike’, thus, they were more
hesitant to decide. They could be named “Grain-fed aged beef and pasture-fed DAb
beef likers”. On the other side, Cluster 3 (n=80) also presented PM*F for all the
attributes evaluated (P<0.01). Consumers preferred (P < 0.05) WA and WA+Fr from

grain-fed beef, while DAb+Fr from pasture-fed animals were also preferred for overall
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liking. Regardless of these differences, consumers from Cluster 3 scored all the meat
samples at good levels, between 2 to 3 on the scale, thus they can be named: “All types
of beef likers”. Regarding socio-demographic characteristics no important differences

have been found among clusters (Table S1, Supplementary data).
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Table 5. Effect (mean £ SEM) of overall liking, tenderness, and flavor acceptability scores by consumers as a whole and segmented in

clusters depending on the meat preservation method (PM) and the finishing diet (F) of steers.

Pasture Grain Significance
DAb WA DAb+Fr WA+Fr DAb WA DAb+Fr WA+Fr PM F PM*F
Overall liking
All consumers 3.7£0.14 3.7£0.14 3.6x£0.14 3.7£0.14 3.5+0.14 3.1+0.14 3.3x0.14 3.3£0.14 0.444 <001 0.196
Cluster 1 4.4+0.17a 3.6+0.17b 4.5+0.15a 3.5+0.15b 3.2+0.17c 3.3+0.17bc 3.2+0.15c 3.7+0.15b 0.048 <.001 <.001
Cluster 2 4.4+0.26¢ 5.5+0.26a 4.1+0.31c 5.4+0.31a 4.9+0.26b 4.1+0.26¢C 4.9+0.31b 4.7+0.31b 0.316  0.307 <.001
Cluster 3 2.6+0.17b 2.8+0.17b 2.4+0.18c 3.2+0.18a 2.9+0.17b 2.3+0.17c 2.8+0.18b 2.4+0.18c 0.487  0.255 <.001
Tenderness
All consumers 3.3+0.14a 3.6£0.14a 3.2+0.14a 3.3+0.14a 2.7+0.14b 2.7+0.14b 2.9+0.14b 2.7+0.14b 0.740 <.001 0.031
Cluster 1 3.940.22 3.7£0.22 3.9+0.19 3.3+0.19 2.7+0.22 2.9+0.22 2.8+0.19 2.8+0.19 0.470  <.001 0.158
Cluster 2 3.8+0.31b 5.0£0.31a 3.7+0.36b 4.4+0.36a 3.3+0.31b 3.3+0.31b 3.7+0.36b 3.8+0.36b 0.062  0.001 0.023
Cluster 3 2.5+0.18a 2.7+0.18a 2.2+0.19b 2.8+0.19a 2.5+0.18a 2.0+0.18b 2.7+0.19a 2.1+0.19b 0.961  0.069 <.001
Flavor

All consumers 3.7£0.14 3.7£0.14 3.7£0.14 3.7£0.14 3.520.14 3.3+0.14 3.4+0.14 3.4+0.14 0.735  0.001 0.923
Cluster 1 4.4+0.19 3.6£0.19b 4.6+0.17a 3.4+0.17b 3.2+0.19b 3.4+0.19b 3.4+0.17b 3.7£0.17b 0.028 <.001 <.001
Cluster 2 4.3+0.30b 5.24+0.30a 4.0+0.35b 5.1+0.35a 4.8+0.30a 4.4+0.30b 4.5+0.35b 4.4+0.35b 0.334  0.600 0.033
Cluster 3 2.840.18ba  2.8+0.18ba  2.6+0.19b 3.440.19a 3.0£0.18a 2.5+0.180  2.94+0.19ab 2.6+0.19b 0.184  0.365 0.006
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DADb: Dry aging bag (40 days); WA: Wet aging (40 days); DAb+Fr: Dry aging bag + 180 days frozen; WA+Fr: Wet aging + 180
days frozen. Scale 9 points: 1 “I like it extremely”, 2 “I like very much”, 3 “I quite like it”, 4 I like it”, 5 “I neither like nor dislike”,
6 “I dislike it”, 7 “I quite dislike it”, 8 “I dislike very much” and 9 “I dislike it extremely”. Different letter in the same row denotes
groups statistically different (P <0.05) among LSMeans. Meat was aged at 2 + 0.5°C, 85 + 5% RH, and air flow of 0.5 m/s, and then frozen at
-20 °C.
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3.5. Discussion

3.5.1. Effects of preservation method and finishing system on instrumental color, pH,

cooking losses, and shear force

Consumers use the color of meat to determine its freshness and wholesomeness
(Lee et al., 2013). It is the most significant characteristic influencing consumers'
purchase decisions, even though preferences vary among consumers (Altmann et al.,
2022; Realini et al., 2014). In line with Dikeman et al. (2013) and Gudjénsdottir et al.
(2015), WA meat was lighter (greater L* values) and less red (lower a* values) than
DADb after 40 d aging and after aging and then frozen storage for 180 d. The lower
lightness of DAb could be attributed to the moisture loss on the meat surface, resulting
in more light absorption and a darker color (Kim et al., 2011). However, Liet al. (2014)
did not find any effect of the aging method (dry, dry bag, and wet) on instrumental
color values. Bernardo et al. (2020) did not find differences between traditional dry
aging (chilled condition) and meat aging and then frozen conditions in the first 5 days
of retail display in L* (32.7 vs. 30.8, respectively) values. However, a* (20.8 vs 16.6)
and b* values (17.4 vs. 14.4) were lower in meat that was frozen compared to chilled
striploin samples.

Meat from cattle raised on pasture is reported to be darker than meat from grain-
finished animals measured by both objective and subjective methods (Vestergaard et
al., 2000; Priolo et al., 2001; Gatellier et al., 2005). In our study, lower L* (lightness)
values were observed in meat from pasture-fed steers. We hypothesize that a greater
myoglobin concentration in pasture-fed animals would be responsible for less
lightness of the meat since the final pH and IMF fat content did not differ between the
two finishing systems. Muscles from grass-fed cattle have more myoglobin (more
muscle activity), perhaps making them darker in appearance, and have greater
mitochondrial-based oxidative enzyme content, less glycolytic enzyme content, and
when subjected to an in vitro glycolysis system, produce less lactate (Apaoblaza et al.,
2020).

The increase in pH after 40 days of aging compared to the initial value (data not

shown) was more noticeable in DAb than WA, in both chilled-only and chilled and
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then frozen samples. Still, in any case, pH was greater than 5.8, the threshold used in
the beef market because it is associated with the inhibition of pathogenic and spoilage
microorganisms. These results agreed with Zhang et al. (2019), who reported an
increase in pH after 21 d of DAb beef. Other studies (Dikeman et al., 2013; Li et al.,
2014; Obuz et al., 2014; Kim et al., 2017), indicated that pH increased in DAb and
decreased in WA between 20 d to 40 d of aging. Later authors indicated that this
increase in pH after DAb could be associated with the generation of nitrogenous
compounds from proteolysis; meanwhile, the lower pH in WA would be caused by the
greater accumulation of lactic acid.

Cooking losses decreased in DAb compared to WA, and this effect was in greater
magnitude after frozen storage (DAb+Fr vs. WA+Fr), possibly due to the significant
amount of moisture loss by evaporation during the dry aging process (Zhang et al.,
2019; Juarez et al., 2011). In addition, freezing also reduces meat's water-holding
capacity due to muscle fiber disruption by the ice crystal formation (Leygonie et al.,
2012).

Several studies have indicated no differences in WBSF due to the aging methods
(WA vs DA and DADb) (Dikeman et al., 2013; Ahnstrom et al., 2006; Berger et al.,
2018). All of them have an aging time ranging from 21 d to 28 d. However, Kahraman
and Gurbuz (2019), reported greater WBSF values in DAD (3.77 kgF) than WA (3.27
kgF) in meat aged for 21 d and pointed out that striploin WBSF decreased as the aging
time increased. Other studies observed a decrease in WBSF in dry aging (2.66 kgF)
compared to stepwise aging (2.94 kgF) for 17 days (Kim et al., 2017). In our study,
WA and DAb meat presented no difference in WBSF and the values were lower than
frozen samples, however, all of them were below 3 kgF, a tenderness threshold for

consumers beef acceptability (Miller et al., 2001).
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3.5.2. Effects of preservation method and finishing system on fatty acid profile and

oxidation

The effect of animal diet on fatty acid composition is demonstrated, e.g., animals
fed on grass have higher omega-3 (n-3) fatty acids (Daley et al., 2010). The UK
Department of Health (1994) recommended intakes of FAs with an n6: n3 ratio <4,
which were reached in meat from pasture-fed steers and agreed with previous studies
(Nuernberg et al., 2005; Brito et al., 2014). In the present study, the fatty acid profile
(Supplementary Table S2) showed greater contents of myristic (C14:0), myristoleic
(C14:1), palmitoleic (C16:1), oleic (C18:1), eicosadienoic (C20:2), and eicosatrienoic
(C20:3) acids in the IMF of grain than in pasture-fed steers. Pasture-fed beef cattle had
greater content of linolenic (C18:3), arachidic (C20:0), eicosapentaenoic (C20:5,
EPA), and docosapentaenoic (C22:5, DPA) acids than grain-fed cattle. This
information has been widely reported in previous studies (Realini et al., 2004;
Ponnampalam et al., 2006; Jiang et al., 2010) where greater content of stearic (C18:0),
linolenic (18:3) and arachidonic (C20:4) acids in pasture-fed animals was observed
than in grain-fed animals.

Preservation methods increase IMF (%) in DAb+Fr, possibly due to water loss
by evaporation during aging and frozen storage, which could also be associated with
the lowest CL (%) (Zhang et al., 2019). However, the PM did not show an effect on
most fatty acids identified, except for C20:0 and C22:0, which presented the highest
values in samples from the pasture diet and during the aging process (DAb and WA).
Berger (2017) reported no significant differences in fatty acid profile between aging
methods (wet, dry, and dry bag aging) except for docosapentaenoic acid (DPA, 22:5n-
3) which showed a greater concentration in DADb than the other two aging methods.
The author did not have a clear explanation of how and why only affected the greater
content of DPA of beef samples compared to other aging methods in the current study.
Jiang et al. (2010), working with ground beef reported a greater concentration of
C20:1n9 in un-aged samples than in dry-aged ones.

Lipid oxidation is a major cause of quality deterioration in meat and meat
products. It leads to increase “rancidity” resulting in undesirable odors and flavors

(Wang et al., 1997). In our study, a significant interaction between the preservation
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method and the finishing system was detected. Greater oxidative stability of lipids
(lower TBAR values) was observed in frozen stored beef regardless of the diet, except
for WA from pasture-fed steers that had similar values to the other treatments. The
lowest value was in WA+Fr from pasture-fed steers. Similar results were reported in
other studies on beef comparing aged and frozen meat: 0.33 vs. 0.23 mg MDA/kg meat
(Zhang et al., 2020; dry aging bag vs. stepwise (dry bag/wet) aging [21 days]: and then
12 months of frozen) and 0.24 vs. 0.25 mg MDA/kg meat (Bernardo et al., 2020; dry
aged for 28 days vs. aged and then frozen for 1 month), respectively. During storage,
MDA may further degrade into organic alcohols and acids or attach to free amino acids
and proteins as MDA-amino-acids complex (Farouk et al., 2003), and these changes
cannot be detected using the TBARS assay. Therefore, the variation during aging and
frozen storage observed in the current studies could have resulted from different
reaction rates between generation and degradation of MDA during storage.
Differences observed in aging methods agree with previous findings that indicated less
oxidation in dry aged loin steaks in bags compared with traditional dry aging (DeGeer
et al., 2009), which would suggest a protective effect of dry aging in bags from the
oxidative deterioration (Zhang et al., 2020). It has been shown that animals fed on
pasture have greater concentrations of vitamin E in muscle than those grain-fed
(Realini et al., 2004; Nuernberg et al., 2005; Descalzo et al., 2007; Daley et al., 2010;
Bernardo et al., 2020), which delays the lipid oxidation and metmyoglobin formation
(Schwarz et al., 1998; Zerby et al., 1999; Descalzo & Sancho, 2008). The range of
TBARS (0.133-0.479 mg MDA/kg meat) found in this study, was lower than the
threshold (2 mg MDA/kg meat) for the detection of rancid flavor by trained panelists
(Campo et al., 2006).

3.5.3. Effects of preservation method and finishing system on superficial microbial

counts.

Samples analyzed before aging (initial load) showed <1 log CFU/cm? for TBC
and ENT. Dry aging bag and DAb+Fr increased ENT compared with WA after the
frozen storage period. Li et al. (2013) did not find an impact of aging treatment on

ENT counts when comparing DAb and WA for 14 days, the same as in our study when
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the meat was aged for 40 days. Similar results were reported by Hulankova et al. (2018)
and Ahnstrom et al. (2006) in dry aging meat for 14 days. Bacteria that develop in
meat at chill temperatures and are kept in frozen conditions are regarded as
psychrotrophic (Gonzalez-Gutierrez et al., 2020), including a huge list of bacteria.
Despite the high number of microorganisms, only a few species dominate to cause
spoilage because temperature, time of storage, and packaging atmosphere can affect
both microbial growth and species selection during storage of fresh meat (Ercolini et
al., 2006). In this sense, Borch et al. (1996) reported that the retail shelf-life of meat is
estimated as the time required by the bacterial population to reach a level of 107
CFU/cm?. Stanbridge and Davies (1998) also state that levels of PSY over 7 to 8
log/cm? trigger strange smells and surface sliminess in meat. In our study, the PSY
numbers were less than 6.5 log CFU/cm? not affecting meat quality attributes.
However, an off flavor, which is a result of spoilage in meat, can be detected when the
total bacteria count (TBC) is around 7 log CFU/cm? or g of meat product, although
some negative changes can be observed much earlier with TBC numbers between 5
and 6 log CFU/cm? or g of meat product (Feiner, 2006). In this study, there was no
effect of the aging method on TBC, suggesting that both methods are equally suitable
for meat conditioning.

Some works have reported no significant differences in microbial counts
between grain and pasture-fed beef (Duarte et al., 2022; Casas et al., 2021), just like
in our study for TBC and PSY bacteria counts. However, greater ENT counts were
observed in meat from grain-fed steers than in pasture-fed steers. It has been stated
that high-grain diets can decrease ruminal pH, favoring the growth of acid-tolerant
bacteria (Diez-Gonzalez et al., 1998), for example, E. coli O157:H7, a semi-acid-
resistant pathogen that belongs to the ENT family. Nevertheless, Zhang et al. (2010)
reported no differences in bacterial contamination between beef from grass and grain-
fed cattle. These authors also stated that other aspects than diet may play an important

role in microbial contamination of meat such as how beef is processed.
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3.5.4. Effects of preservation method and finishing system on consumer sensory panel

Consumer preferences are very variable and dependent on an array of different
factors (Font-i-Furnols & Guerrero, 2014). Thus, it is very common to find segments
of consumers with different preferences, and it is important to identify them.

The sensory results showed that consumers from Cluster 1, i.e. “Grain-fed aged
beef and pasture-fed WA beef likers” preferred aged meat from grain-fed animals,
especially those from DAb aging, as well as WA meat from pasture-fed animals for
overall liking and flavor liking. The last combination (WA from pasture-fed) is the
most common meat consumed in Uruguay and is possibly recognized and more
accepted by this consumer group. Wet-aged beef from fresh samples presented lower
aging odor and flavor, higher herbs odor, lower hardness, and higher juiciness in mouth
texture than DAb-aged beef (Panella-Riera et al., 2023), and this can be related to
consumers’ preferences for beef meat. On the other hand, Realini et al. (2009) found
that, for a segment of consumers, meat from beef fed on a combination of concentrate
and pasture was preferred to that from only pasture-fed animals. Similar results were
found in lamb by Font i Furnols et al. (2006).

Consumers from Cluster 2 i.e. “Grain-fed aged beef and pasture fed DADb beef
likers” are similar to those of Cluster 1 in the sense they liked pasture-fed beef, but are
different from consumers of Cluster 1, in the sense that they preferred DAb (fresh or
frozen) meat from pasture-fed steers instead of WA (fresh and frozen) samples from
grain-fed steers, which had the highest scores (less like). Differences in preferences
for the different sensory characteristics of meat (Panella-Riera et al., 2023) can explain
these differences in acceptability.

In both cases, i.e. Cluster 1 and 2, results are surprising since Uruguayan
consumers are used to eating beef from pasture-fed animals, and the habits greatly
affect preferences (Font-i-Furnols and Guerrero, 2014; Font i Furnols et al., 2006). In
fresh pasture-fed beef samples, both WA and DADb presented significantly higher
abnormal and herb odors (Panella-Riera et al., 2023) that might have influenced
consumer acceptance. Moreover, in non-aged beef samples, those from pasture had a
higher beef odor and flavor intensity and higher mouth tenderness than those from

concentrate plus hay-fed animals (Resconi et al., 2010), which also can influence
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consumer’s acceptability. A cluster with similar preferences as this one was found by
Realini et al. (2009). Studies have reported that grain-fed cattle produce greater IMF
in meat (Schroeder et al., 1980; Hedrick et al., 1983), and the dry aging process
requires beef with a high content of IMF to help ensure products with consistent
tenderness, flavor, and juiciness (Nishimura, 1998; Dashdorj et al., 2016). However,
in this study, no differences in IMF were found for the F (grain vs. pasture) effect.
Tenderness liking attribute tended to be best classified by this Cluster regarding the
preservation methods in samples from grain-fed. This is in concordance with shear
force values (< 2.95 kgF) found (Table 1).

Cluster 3 i.e. “all types of beef likers,” is characterized by scoring all the samples
close to “I like very much”. They did not discriminate between the different treatments;
they all liked it equally. Debate on the consumer preference and acceptability of dry,
wet, and dry bag aging is ongoing. In concordance with our study, Berger et al. (2018)
in samples from 100% grass-fed heifers (35 days aging, 2 °C, 78% RH and air flow of
< 0.2 mfs), indicated that overall liking scores were not different across aging
treatments (wet, dry, and dry bag). However, the same consumer panel identified beef
aged in dry-aging bags as having higher tenderness and overall preference compared
to aged beef in a typical vacuum bag, indicating that dry-aging in bags could be the
preferred aging process for steaks from pasture-fed cattle like our Cluster 1, in overall
and flavor liking. According to Zhang et al. (2022), tailored flavour profiles and
consistent quality can be achieved by manipulating elements as animal sources,
intramuscular fat content, use of novel dry-ageing techniques (e.g., in-bag dry-ageing
and combined ageing regimes), and ageing parameters when designing dry-ageing
strategies. Release of lipid-derived volatiles and flavour precursors further contributes
to enhancing the flavour of cooked dry-aged meat.

The information obtained in this study indicates that the consumer sensory panel
showed levels of overall liking for all treatments, among 2 (“I like very much”) and 4
(' like it). Shear force values suggested high tenderness (< 3 kgF), lipid oxidation was
below the rancid flavor threshold (2 mg MDA/kg meat), and PSY microbial growth
was under 7 logio/cm?. These findings suggest that any of the aging types and frozen

conditions tested could produce meat quality within consumer satisfaction.
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3.6. Conclusion

Even though differences were found in physicochemical characteristics among
preservation methods, their magnitude would not have major implications for meat
quality. The fatty acid profile of the intramuscular fat was more affected by the
finishing diet than the preservation method. Dry aging (and also with subsequent
frozen storage) showed an increase in the Psychrotrophic and Enterobacteriaceae
counts compared to wet aging, despite the consumers scoring positively (at least "4 - |
like it") the overall liking of all treatments. However, a better understanding of some
preferences for treatment segmentation by clusters is necessary. Finally, frozen storage
after aging beef would be a suitable strategy to supply high-quality meat for export
markets; however, from a sensory perspective, it is suggested to conduct a consumer
panel in countries with objective international markets. Therefore, further studies
characterizing these positive benefits and the associated economic costs of the dry-

aged bag at a higher resolution would be beneficial.
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3.8. Supplementary data

Table S1. Socio-demographic characteristics of the consumers (%).

All All All Clus.l  Clus.2  Clus.3
Characteristics Consumers  Consumers Consumers (n=77) (n=43) (n=80)
(n=100); (n=100); (n=200)
aged aged+frozen
Sex Male 45.0 56.0 55.5 53.0 53.5 58.8
Female 55.0 44.0 44.5 47.0 46.5 41.2
Age < 30 years 35.0 27.0 31.0 26.0 25.6 38.7
30-50 years 53.0 60.0 56.5 63.6 62.8 46.3
> 50 years 12.0 13.0 12,5 104 11.6 15.0
= Primary school 5.0 2.0 35 3.9 2.3 3.7
3 Secondary 25.0 27.0 26.0 28.6 25.6 23.8
‘_g‘: school
E University 47.0 46.0 46.5 441 44.2 50.0
O Post-graduate 23.0 25.0 24.0 23.4 27.9 22.5
Pork Never 243 19.0 215 16.9 30.2 21.2
Once a month 39.4 52.0 45.5 44.1 48.8 45.0
Every two weeks 22.2 13.0 17.5 19.5 9.4 20.0
- Every week 14.1 16.0 155 195 11.6 13.8
%_ Beef Never - - - - - -
£ Once a month 3.0 4.0 4.0 5.1 - 5.0
§ Every two weeks 9.1 10.0 9.5 7.8 9.3 11.2
g Every week 87.9 86.0 86.5 87.1 90.7 83.8
G Chicken  Never 4.1 3.0 35 - 4.6 6.2
% Once a month 7.2 4.0 6.0 52 7.0 6.2
) Every two weeks 24.7 25.0 255 234 2719 250
?-)— Every week 63.9 68.0 65.5 71.4 60.5 62.6
L Lamb Never 15.5 16.0 16.0 15.6 9.3 20.0
Once a month 54.6 42.0 48.0 41.6 58.1 48.7
Every two weeks 19.6 25.0 225 25.9 20.9 20.0
Every week 10.3 17.0 135 16.9 11.7 11.3

Clus.1: Cluster 1; Clus.2: Cluster 2; Clus.3: Cluster 3.
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Table S2. Effects (LSM and P-values) of preservation methods (PM) and finishing diet (F) PUFA (mg/100g meat) (Omega 6 and
Omega 3), MUFA (mg/100g meat), and SFA (mg/100g meat).

PM F PM*F
Traits DADb WA DAb+F WA+F P-value Pasture Grain P-value  P-value
PUFA 253.8+£15.3 239.2+14.4 216.2+13.8 246.3t£14.9 0.304 268.9t£11.5 211.549.3 <0.001 0.081
PUFA n6 183.4+£11.8 173.6£10.9 160.3+10.7 181.7£11.5 0.419 179.2£9.0 169.2+8.7 0.460 0.138
C18:2n6 123.0£7.9 117.3£7.4 111.1+7.5 124.5+7.9 0.556 122.9+6.5 114.946.2 0.377 0.149
C18:3n6 3.3£0.22 3.510.24 3.1+0.22 3.3£0.23 0.501 4.2+0.27 2.6£0.17 <0.001 0.180
C20:2n6 4.4+0.33 4.4+0.32 4.1+0.32 4.1+0.30 0.770 3.210.22 5.8£0.4 <0.001 0.067
C20:3n6 11.7+0.8 11.5+0.7 9.9+0.7 11.5+0.8 0.241 10.6£0.6 11.4+0.7 0.390 0.091
C20:4n6 39.1+2.9 36.1+2.6 30.7£2.4 36.6+2.7 0.088 36.91+2.4 34.1+£2.3 0.404 0.119
PUFA n3 53.1+3.8 58.3+4.0 51.0+3.6 58.4+4.0 0.208 78.8+5.7 38.6+2.8 <0.001 0.767
C18:3n3 22.8+1.8 25.4+1.9 20.8+1.7 23.2+1.8 0.286 47.1+3.1 11.2+0.8 <0.001 0.193
C20:3n3 2.1+0.19 2.310.9 1.840.16 2.2+0.18 0.172 2.1+0.17 2.1+0.17 0.800 0.089
C20:5n3 10.040.9 10.040.9 8.0+0.8 9.4+0.9 0.110 11.8+1.2 7.310.8 0.002 0.110
C22:5n3 19.7£1.4 18.2+1.4 15.3%¥1.5 17.6x1.4 0.164 20.2+1.1 15.2+1.1 0.002 0.095
C22:6n3 3.4+0.3 3.2+0.3 3.6+0.3 4.0+0.3 0.167 3.310.2 3.7+0.2 0.143 0.342
n6:n3 3.1+0.17 2.91+0.16 3.1+0.17 3.1+0.17 0.049 2.1+0.15 4.5+0.34 <0.001 0.767

Meat was aged at 2 + 0.5°C, 85 + 5% RH, and air flow of 0.5 m/s, and then frozen at -20 °C.
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Table S2 (Cont.). Effects (LSM and P-values) of preservation methods (PM) and finishing (F) PUFA (mg/100g meat) (Omega
6 and Omega 3), MUFA (mg/100g meat), and SFA (mg/100g meat).

CLA 21.2+1.9 23.0+1.8 19.7+1.9 20.6+1.8 0.494 26.9+1.9 15.3+1.9 <0.001 0.218
MUFA 1826.5+111.5 1774.9+111.5 1633.5+118.0 1702.4+111.5 0.596 1632.1+95.0 1836.5+97.0 0.136  0.200
Cl4:1 19.1+1.7 18.9+1.6 18.1+1.6 19.3+1.7 0.858 15.0+1.5 23.7+2.8 0.002 0.283
Cle6:1 30.2+2.1 31.1+2.1 29.5+2.1 30.9+2.1 0.905 26.5+1.8 34.9+2.4 0.005 0.296
C18:1n9 1685.0+£100.7  1722.0£99.0  1583.0+104.7 1648.7+99.0 0.756 1543.0+86.0 1776.3+87.2 0.060 0.291
SFA 1902.7£126.5 2003.0+122.2.0  1938+126.5 2024+120.4 0.835 1925.0+119.2 2009.4+118.8 0.617  0.447
C10:0 1.840.13 1.9+0.13 1.9+0.13 2.1+0.13 0.397 2.0+0.13 1.940.12 0.714 0.206
C12:0 2.2+0.16 2.2+0.16 2.2+0.17 2.3+0.16 0.870 2.2+0.15 2.2+0.15 0.927 0.149
C14:0 95.2+7.1 98.8+7.3 94.3+7.3 100.3+7.4 0.860 89.9+7.0 105.048.2 0.161 0.222
C15:0 13.7£1.0 14.7£1.0 13.7+£1.0 14.8+1.0 0.684 15.8+1.1 12.8+0.9 0.040 0.169
C16:0 1106.4+70.0 1150.1+68.9  1081.1+72.7 1136.1+68.9 0.870 1097.0+62.7 1139.8+63.5 0.633 0.225
C17:0 130.54+9.5 124.849.1 115.5+8.8 122.7+9.0 0.527 105.1+8.1 144.6+11.2 0.005 0.215
C18:0 594.8+41.6 636.8+43.8 584.2+42.4 609.0+41.9 0.777 643.9+41.2 570.1+36.9 0.185 0.213
C20:0 6.8+0.7 7.7+0.8 5.2+0.5 7.1+0.7 0.017 10.4+1.0 4.2+0.4 <0.001  0.014
C22:0 3.4+0.26 4.0+0.29 2.8+0.22 2.9+0.22 0.001 3.6+0.24 2.9+0.20 0.024 <0.001
C24:0 4.4+0.31 4.1+0.28 3.7+0.27 4.5+0.31 0.168 3.7+£0.21 4.7+0.27 0.008 0.226

PUFA/SFA 0.12+0.007 0.12+0.007 0.12+0.007 0.12+0.007  0.570 0.14+0.01 0.11+0.008 0.028 0.075
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DADb: Dry aging bag (40 days); WA: Wet aging (40 days); DAb+Fr: Dry aging bag + 180 days frozen; WA+Fr: Wet aging + 180
days frozen. Meat was aged at 2 = 0.5°C, 85 + 5% RH, and air flow of 0.5 m/s, and then frozen at -20 °C. CLA: conjugated linoleic
fatty acid (c9, t11-18:2); PUFA: sum of polyunsaturated fatty acid (PUFA n-6 + PUFA n-3); MUFA: monounsaturated fatty acid (C14:1
+ C16:1 + C18:1n9); SFA: saturated fatty acid (C10:0 + C12:0 + C14:0 + C15:0 + C16:0 + C17:0 + C18:0 + C20:0 + C22:0 + C24:0);
PUFA n-3 (C18:3n-3 + C20:3n-3 + C20:5n-3 + C22:5n-3 + C22:6n-3); PUFA n-6 (C18:2n-6 + C18:3n-6 + C20:2n-6 + C20:3n-6 +
C20:4n-6); PUFA/SFA: Polyunsaturated/Saturated fatty acids;_IMF: intramuscular fat. Different letter in the same row denotes groups
statistically different (P <0.05) among LSMeans.
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4.1. Abstract

The study aimed to evaluate the effect of two finishing diets (F: pasture or grain)
and two method types: dry aging in bag (DAb) and wet aging (WA) for 40d; dry bag
for 20 d + wet 20 d (DW) and wet 20 d + dry bag 20 d (WD), on physicochemical
traits, microbiological loads, and sensory attributes of beef. Sixty striploins, consisting
of the right and left Longissimus lumborum muscle (LL), from British crossbred steers,
were employed, with 15 pairs of striploins obtained from pasture-finished and 15 pairs
from grain-finished diet. Meat from grain-finished steers was lighter (greater L*
values; P<0.01) than those finished on pasture. Meat aged using DAb presented lower
cooking loss values (P<0.01) than WA. Stepwise WD aging increased Psychotrophic
(PSY) and total bacterial count (TBC) (P<0.05) compared to the other three treatments.
No AM*F interaction on the physicochemical characteristics (color, pH, cooking
losses, and shear force) and the surface microbiological load was observed (P>0.05)
except for a* and b* coordinates of lean color. There was a significant AM*F
interaction effect on the fatty acid composition for conjugated linoleic acid (CLA; c9,
t11-18:2), saturated (SFA), monounsaturated (MUFA), polyunsaturated fatty acid
(PUFA), and PUFA n6. Greater concentrations of PUFA, PUFA n6, and CLA (P
<0.01), were observed in all AM treatments from pasture-finished and in WD from
grain-finished steers, meanwhile, SFA and MUFA were greater in DW and WD from
grain-finished animals (P <0.05). A greater PUFA:SFA ratio (P <0.05) and lower
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n6:n3 ratio (P <0.01) were found in pasture-finished than grain-finished steers.
Consumers preferred tenderness, flavor, and overall liking from DADb and WA samples
(P < 0.05) over WD steaks. AM had the greatest influence on the physicochemical and
microbial properties, while the finishing diet primarily affected the fatty acid
composition and consumer preferences. All aging methods were acceptable to
consumers but combining wet and dry aging in a bag did not enhance sensory appeal.

Keywords: Beef, Finishing diet, Stepwise aging, Dry aging bag, Meat quality

attributes

4.2. Introduction

It is well-recognized that aging is a post-mortem practice for tenderization and
flavor improvement of beef (Campbell et al., 2001; Smith et al., 2008; Kemp et al.,
2010; Ba et al., 2016). In the meat industry, wet and dry aging are the most common
processes to age beef. Wet aging involves placing the meat into a plastic bag, which
acts as a barrier to moisture loss. Bags are vacuum-sealed and stored at refrigerated
temperatures (-1 to 2 °C) for a specified length (Smith et al., 2008). Dry aging is a
traditional aging method that exposes unpackaged meat directly to cooling conditions
with strict temperature (0-4 °C), relative humidity (80-85%), and airflow control (0.5-
2 m/s) (Savell, 2008). A third alternative is dry aging in a highly moisture-permeable
bag, widely used in recent decades (Ahnstrém et al., 2006; Li et al.,2013; Zhang et al.,
2019; Zhang et al., 2021). The adoption of water-permeable aging bags to produce
dry-aged products is mainly to reduce microbial contamination, lipid oxidation, and
trim loss when compared to the traditional out-of-bag dry-aging technique (DeGeer et
al., 2009; Ahnstrom et al., 2006; Zhang et al., 2020). Kim et al. (2018) reported that
savory/beef flavor increments increase during aging (particularly dry aging) because
of flavor-related compound liberation. Another technique that combines the methods
previously mentioned, dry aging in a bag with wet aging (stepwise process) is proposed
since it produces microbiologically safe dry-aged beef compared to traditional dry-
aged meat with maximized saleable meat yield (Zhang et al., 2019) maintaining

traditional dry aging savory/beef flavor.
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Carcass composition and eating quality attributes of beef meat are known to be
influenced by the finishing diet (del Campo et al., 2008; Peripolli et al., 2018; Correa
et al., 2020). Several studies reported that different nutritional-management
approaches have shown that animals finished on high-concentrate diets displayed
heavier carcasses and improved beef quality attributes such as tenderness, marbling,
ribeye area, and backfat thickness than pasture-finished animals (Realini et al., 2004;
Duckett et al., 2013; Ferrinho et al., 2020). Conversely, pasture-finished animals
produced beef with lower concentrations of fat and cholesterol, and a higher
percentage of n3 polyunsaturated fatty acids (PUFASs) and conjugated linoleic acid
(CLA) than grain-finished animals (Aldai et al., 2011; Duckett et al., 2013; Brito et
al., 2014; Ferrinho et al., 2020). Previous research (Melton, 1983; Nuernberg et al.,
2005; Ha et al., 2019) reported that the greatest difference in the development of
flavors of meat from cattle finished on pasture or grain is due to the concentration and
composition of fatty acid as they are the primary source of aromatic compounds such
as carbonyls.

In an international market where meat eaters are looking for new experiences
and more intense flavors, it is important to investigate alternatives to fresh meat that
are more attractive to them. It needs to be considered that eating quality differences
between dry and wet aging have been consistently attributed to higher flavor and
aroma intensities (lida et al., 2016; Kim et al., 2016). Therefore, a marketing
alternative to expanding the range of fresh meat products would be to implement dry-
aging methods (dry aging bag) to capitalize on its benefits, to meet the expectations of
more demanding consumers. We hypothesize that the dry aging bag and wet aging
combination improve the physicochemical and organoleptic properties of the meat,
adding the benefits of both aging methods compared to each method applied on its
own.

Therefore, this study aimed to evaluate the effect of two different aging methods:
dry bag aging (DAb) and wet aging (WA), and their combinations of DAb followed
by WA (DW) and WA followed by DAb (WD) in meat from pasture-finished and
grain-finished steers on physicochemical, microbiological, and consumer acceptance

of sensory beef attributes.
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4.3. Materials and methods

4.3.1. Raw materials and aging process

This study was carried out in complement to Correa et al. (2024), and the
duplicities of the experimental design and sample set are acknowledged. Striploins (m.
Longissimus lumborum, paired loins, n = 60) were obtained from thirty steers (under
30 months of age; British crossbred) finished (F) in a pasture (n=15) or grain (n=15).
Animals raised on pasture are qualified for the Hilton quota and comprise select cuts
from steers or heifers, ensuring the production of high-quality beef exclusively raised
on pasture, following the Uruguayan grading system. Conversely, animals from grain
feeding systems qualify for the UE 481 quota and consist of beef cuts from carcasses
of steers and heifers under 30 months of age, which have been finished on a diet
containing no less than 62% concentrates for a minimum of 100 days before slaughter.
They were slaughtered in a commercial meat processing plant (hot carcass weight:
266.5 kg and 253.2 kg pasture and grain, respectively). Steers from the same
commercial farm were selected considering age, live weight, and fat cover (INAC,
1997) to set up two similar groups. Thirty striploins (left and right Longissimus
lumborum, LL) of each F system were obtained for analysis and assigned to an aging
method. Both striploins of each carcass were divided into pieces, and the most cranial
piece (10 cm) of each striploin was assigned to combined aging: 20 d dry aging bag
followed by 20 d wet aging (DW) and 20 d wet aging followed by 20 d dry aging bag
(WD). The remaining left striploin was divided into two pieces and assigned randomly
to one of the following treatments: 40 d dry aging bag (DAb, 16 cm), and 40 d wet
aging (WA, 14 cm), ensuring half of each treatment in each position of the striploin
(caudal and cranial). The remaining right striploin was used for another study. The pH
measurement was inserting the pH probe (HI 99163, Hanna Instruments Inc.,
Hoonsocket, USA) directly into the beef loin sections initially and at the end of the
aging period. Dry aging was performed using a TUBLIN® bag (10 and 50 pum thick,
polyamide mix with a water vapor transmission rate of 2.5 kg/50p/m2/24 h at 38°C,
50% RH, TUB-EX ApS, Denmark) while a Cryovac® bag was employed for wet aging
(50 pm thickness; maximum oxygen transmission rate of 27 cm3/m2/24 h at 22-24°C
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and 0% RH and moisture vapor transmission rate of 5 g/m2/24 h at 38°C and 90% RH;
Cryovac® Sealed Air Corp., BB 2620, Brazil).

Striploin pieces were placed on racks in a chilling chamber (at 2 £ 0.5°C and
relative humidity of 85 + 5%) during the aging period. Temperature and relative
humidity were monitored using three dataloggers (Electronic Temperature Instruments
Ltd., UK), in order to obtain real-time information at various locations inside the
chamber. The air velocity was recorded weekly at different chamber positions with a
digital anemometer (HoldPeak 866A digi, China) averaging 0.5 m/s. Meat pieces were
relocated on the racks into the chamber every week to prevent any potential
confounding effect of location within the cooler.

4.3.2. Instrumental color

One steak per loin section (DAb, WA, DW, and WD) was cut at the end of the
aging period (40 days) and exposed to bloom for 45 minutes at 4°C (King et al., 2023).
The surface color was measured using a Minolta Chroma Meter CR-400 (Konica
Minolta Sensing Inc., Japan), which was calibrated with a standard white tile. CIE
L*a*b* (Commission Internationale de I’Eclairage, 1976) color space values—L*
(lightness), a* (redness), and b* (yellowness)—were recorded (llluminant C, 2-grade
standard observer, 8 mm opening size) in triplicate on the lean surface of each steak.
The values were averaged to obtain a mean for each sample. Total color change (Delta
E) between treatments was calculated as AE = [(AL*)? + (Aa*)? + (Ab*)?]°.° (King et
al., 2023).

4.3.3. Cooking losses and Warner-Bratzler Shear Force

The same steaks (2.5 cm thick) used for color measurement were used for the
cooking losses (CL) and the Warner-Bratzler shear force (WBSF). They were weighed
before and after cooking to determine the cooking loss (CL) according to the American
Meat Science Association protocol (AMSA, 2016). Steaks were cooked in a grill
(GRP100 The Next Grilleration, Spectrum Brands, Inc., Miami, FL) until the internal
core temperature reached 71 °C. The CL percentage was calculated with the following

equation: ((raw weight - cooked weight)/raw weight) x 100.
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After cooking, the steaks were cooled (5° C) for 12 h. Warner-Bratzler shear
force (WBSF; kgF) was evaluated on six cores of 1.27 cm diameter from parallel to
the longitudinal muscle fiber orientation using a hand-held coring device. The
cylinders were sheared using a TA-XT Plus texture analyzer (Stable Micro System
Ltd., UK) set with a “V” Warner Bratzler slot blade and 8 mm/sec speed. Shear force

values resulted from the average of the six cores per steak.

4.3.4. Fatty acid composition and thiobarbituric acid-reactive substance

A second steak per loin section (DAb, WA, DW, and WD) was cut at the end of
the aging period (40 days) for the intramuscular fat content (IMF), fatty acid
composition, and lipid oxidation evaluation. The IMF was assessed using the lipid
extraction method outlined by Bligh and Dyer (1959) involving chloroform-methanol,
followed by the analysis of the fatty acid composition. Methylation of the fatty acids
was carried out utilizing cold methanolic potash (IUPAC, 1987), and analysis was
conducted via gas chromatography using a Shimadzu Nexis GC 2030 Tokyo, Japan
instrument. Fatty acids were separated using a 60-meter SH-Rt-WAX capillary column
(0.25 mm internal diameter, 0.25 pum film thickness, Shimadzu, Columbia, Maryland,
USA), with nitrogen employed as the carrier gas at a flow rate of 1 mL/min.

A 1 pl injection volume was used with a flame ionization detector (FID). The
detector temperature was maintained at 260 °C, while the injector temperature was set
to 230 °C. The temperature ramp proceeded as follows: starting at 100 °C for 0.5 min,
it increased at a rate of 10 °C/min until reaching 120 °C for 2 min, then continued
increasing at 10 °C/min until reaching 220 °C for 15 min, totaling 29.5 min per sample.
Fatty acids were identified by comparing retention times with a standard mixture of 37
FAME SupelcoTM 37 compounds (Sigma, St. Louis, USA), while conjugated linoleic
acid (CLA; c9, t11-18:2) was identified using an octadecadienoic acid, conjugated,
methyl ester standard (No. 05632, Sigma, St. Louis, USA). Fatty acid content was
reported in mg/100 g of meat using methyl heneicosanoate (C21:0) as an internal
standard (1 ml of 1 mg), which was added before the addition of methylating reagents.

Lipid oxidation was assessed using the thiobarbituric acid-reactive substance
(TBARS) method, as modified by Ahn et al. (1998). Briefly, minced samples of 5 g

87



were homogenized with 15 ml of deionized distilled water (DDW) using a tissue
homogenizer (Wisd, HG-15A, Daihan Scientific) for 30 s. One milliliter of the meat
homogenate was transferred to a disposable test tube (13 x 100 mm), and 50 pl of
butyrate 16 hydroxyanisole (7.2%) and 2 ml of thiobarbituric acid/trichloroacetic acid
(TBA/TCA) solutions were added. The mixture was vortexed and then incubated in a
boiling water bath for 15 min for color development. The TBARS samples were cooled
down in the ice bath for 10 min before centrifugation for 15 min at 4000 rpm 1789 xg.
The supernatant solution was collected, and the absorbance was determined at 531 nm
against a blank containing 1 ml DDW and 2 ml TBA/TCA solution. Standard curves
of malonaldehyde (MDA) were prepared using 1,1,3,3-tetraethoxypropane. The
amount of TBARS was expressed as milligrams of MDA/kg of meat.

4.3.5. Surface Microbial Counts

A third steak was cut at the end of the aging period (40 days) for the surface
microbial count. The impact of aging treatments on microbial surface growth was
assessed by measuring total bacterial count (TBC), Psychrotrophic microorganisms
(PSY), and Enterobacteriaceae (ENT) concentrations. Microorganisms from the
untrimmed surface of a 1.5 cm steak taken from the cranial end extreme of each piece
were enumerated on day 0 and day 40 after the aging period. Individual beef samples
(4 x 4 cm square) were aseptically excised from the center of 10 steaks per treatment
using disposable scalpels (Feather Sterile Scalpels 2975#21; Graham-Field Inc.,
Atlanta, GA) and placed into individual sterile Whirl-Pak bags (710 mL, 15x23 cm,
0.102 mm thick; Nasco Int., USA). The 4 x 4 cm squares were placed into a stomacher
bag (BagMixer® 400 P, Interscience, Saint Nom, France) and homogenized with 90
mL of 0.1% peptone water (Oxoid, UK) for 2 minutes for microbial analysis. The
appropriate dilutions were surface-plated in duplicate onto two sets of Petrifilms (3M,
Uruguay): one set was used for TBC enumerations, and the other for enumerating PSY.
Dilutions were also duplicated onto Petrifilm surfaces (3M; Uruguay) to enumerate
the ENT microbial population. For a clear identification, the Petrifilms were
enumerated according to the treatments, before incubation at 37°C for 48 h for TBC
or 7°C for 10 d for PSY and 37°C 24 h for ENT.
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4.3.6. Consumer Sensory Testing

The fourth steak, cut after 40 days of aging, was designated for Consumer
Sensory Testing. Meat samples were grilled on a grill (GRP100 The Next Grilleration,
Spectrum Brands, Inc., Miami, FL) until the core temperature of the steak reached 71
°C (AMSA, 2016). After cooking, the steaks were trimmed of external fat and
connective tissue, then cut across the grain into 1.3 x 1.3 x 2.0 cm pieces. They were
wrapped individually in coded aluminum foil, assigned to a cup, and kept warm in a
heater/oven at 49°C for no more than 10 minutes before tasting. Sensory evaluation
was conducted by a Uruguayan consumer panel with 10 sessions of 10 consumers each
(n=100). Each consumer evaluated 8 samples, served on two dishes, each containing
4 samples: 2 from each finishing system and 2 aging methods (WA/DADb or WD/DW).
The order of the dishes was alternated among sessions. Furthermore, the sequence of
sample presentation for each consumer and dish was arranged to avoid the first sample
and carry-over effect (MacFie et al., 1989). Water and unsalted crackers were provided
to consumers as palate cleansers. Before tasting, consumers were asked to complete a
questionnaire regarding their demographics (gender, age range, education level) and
frequency of consumption of different types of meat, and to sign the consent form if
they agreed to participate (Table S1, Supplementary data). Each consumer was
required to score each sample based on the acceptability of tenderness, flavor, and
overall liking using a 9-point hedonic scale, as follows: 1-“I like it extremely”, 2-“I
like very much”, 3-“I quite like it”, 4-“I like it”, 5-“I neither like nor dislike”, 6-“I

dislike it”, 7-“I quite dislike it”, 8-“I dislike very much”, and 9-“I dislike it extremely.”

4.3.7. Data analysis

The experimental design was a split-plot, where each finishing diet served as a
main plot (F: pasture or grain), carcasses (pair of loins) served as sub-plot for the aging
methods (AM: DAb, WA, DW, and WD). The model included the fixed effects of F
and AM, with their interactions, and the random effect of carcasses. These were
analyzed using the MIXED procedure in SAS software (v. 9.4, SAS Institute Inc.,
Cary, NC, US). Data were checked for normality using the UNIVARIATE procedure

and, when necessary, were normalized with a log10 transformation. The least-square
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mean (LSM) was calculated and means separation was performed (P<0.05) using the
PDIFF option. Peak cooking temperature was used as a covariable for WBSF and CL
analysis.

For sensory evaluation, tenderness, flavor, and overall liking scores were
analyzed using a model that included the fixed effects of AM, F, and their interaction
and consumers were considered random effects. The tasting session was considered a
blocking factor. It was carried out by CLUSTER to find groups of consumers in a
segmentation with similar preferences since when considered as a pool, differences are
diluted, and they are difficult to determine. The CLUSTER procedure was performed
by segmentation applying Euclidian distance and the Ward method. The number of
clusters to retain was based on the obtained dendrogram, considering the homogeneity
within and among the segments and the principle of parsimony. An analysis of
variance was carried out, considering fixed effects, AM and F, and their interaction for
the pooled sample and by cluster. A Tukey test was applied to find differences between

least-squared means. Significance was fixed at P < 0.05.

4.4. Results

4.4.1. Effects of aging method and finishing system on instrumental color, pH, cooking

losses, and shear force

No interaction (AM*F; P >0.05) was observed for the final pH, CL, WBSF,
and L* coordinate of meat color (Table 1). An interaction effect (P <0.05) for redness
(@*) and yellowness (b*) (Figure S1, supplementary data), indicated the most
significant values of a* in WA from grain-finished. In addition, for the b* coordinate,
the most outstanding value was in DADb from pasture-finished. Lightness (L*) values
were greater in WA than in DAb samples (P <0.05), and no differences were found
between the two stepwise AM treatments (P > 0.05), presenting intermediate values
not significantly different for WA or DADb (Table 1). Meat color from grain-finished
steers resulted in lighter (greater L* values) than from pasture-finished animals (P
<0.05). Delta E indicated values from 1.0 between DAb and WD to 2.7 between WA
and DW; the difference value in the finishing diet was 2.2. The ultimate pH values
were greater (P <0.05) in DADb than in WA and DW samples (Table 1). The CL was
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lower in DAb samples than the other three AM, and no differences were observed
between DW and WD aging methods (P>0.05), which was lower than WA. Warner
Braztler shear force values did not differ among aging methods (P>0.05). The finishing
diet of the steers did not affect ultimate pH, CL, and WBSF values (P> 0.05) (Table
1).
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Table 1. Effects (mean = SEM) of aging method (AM) and finishing diet (F) and their interaction (AM*F) on meat quality

parameters.

Aging (AM) Finishing (F) AM*F
Traits DAb WA DW WD SEM  P-value Pasture Grain SEM  P-value P-value
L* 405b 41.8a 409ab 413ab 0.4 0.033 40.0 42.2 04 <0.001 0.350
ax* 222b 240a 217D 22.3b 0.4 <0.001 22.4 22.7 0.4 0.551 0.011
b* 11.8a 119a 10.7b 11.1b 0.2 <0.001 11.3 114 0.3 0.444 0.029
Delta E* 2.22 0 2.74 1.94 - - - 2.22 - - -
pH 57a 573b 571b 574ab 0.01 0.002 5.72 5.75 0.02  0.246 0.869
CL (%) 179c¢ 234a 20.2b 20.2b 0.5 <0.001 20.6 20.2 0.5 0.593 0.246
WBSF (kgF) 2.6 2.5 2.6 2.5 1.0 0.318 2.7 2.5 1.2 0.457 0.198

DADb: Dry aging bag (40 days); WA: Wet aging (40 days); DW: Dry aging bag 20d + WA 20d; WD: Wet aging 20d + Dry aging
bag 20d. Meat was aged at 2 + 0.5°C, 85 £ 5% RH, and air flow of 0.5 m/s. CL: cooking losses; WBSF: Warner Braztler Shear Force.
Different letters in the same row denotes groups' statistically differences (P<0.05) among LSMeans. *For Delta E calculations WA was
used as a reference. L* indicates lightness and a* and b* are chromaticity coordinates. a* and b* are color directions: +a* is the red

axis, -a* is the green axis, +b* is the yellow axis and -b* is the blue axis
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4.4.2. Effects of aging method and finishing system on fatty acid profile and oxidation

No interaction (AM*F; P>0.05) was observed in IMF (%), PUFA n3, n6:n3, and
PUFA: SFA (Table 2); the other fatty acids are presented in supplementary data (Table
S2). After the aging period, DW presented higher IMF (%) values than WA, with
intermediate values in DAb and WD (P<0.01). Polyunsaturated fatty acid n3 and
PUFA: SFA ratio increased, and n6:n3 ratio decreased in pasture-finished steers
(P>0.05). The combination of aging methods and finishing diet impacted (AM*F;
P<0.05) most of the fatty acids (Figures 1 and 2, and in supplementary data Table S3).
Saturated FA and MUFA presented the highest values in DW and WD from grain-
finished steers (P<0.05; Figure 1). In addition, PUFA (Figure 1) and CLA (Figure 2)
presented the greatest content in pasture-finished animals regardless of treatments, and
PUFA n6 in DAb from pasture (Figure 2). Although no interaction between aging
methods and finished diet was observed for the sum of PUFA n3, there was interaction
(P<0.05) for C18:3n3 and C20:3n3. The linolenic acid (C18:3n3) presented the highest
values in aging treatments from pasture-finished and the eicosatrenoic acid (C20:3n3)
did in DAb from pasture-finished and WD from grain-finished steers (Table S3).
Regarding lipid oxidation, AM*F interaction (Figure 3; P < 0.05) was observed. Both
stepwise aging (WD and DW), and WA from grain-finished steer meat presented

greater TBARS values than the other treatments.
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Table 2. Effects (mean + SEM) of the aging method (AM) and the finishing diet (F) and their interaction (AM*F) on

intramuscular fat and the fatty acid profile

Aging Finishing AM*F
Trait DAD WA DW WD SEM  P-value Pasture  Grain SEM  P-value P-value
IMF (%) 39ab 37b 42a 4.0ab 0.2 0.030 3.7 4.2 0.2 0.082 0.623
PUFA N3 100y 15 415 581 665 43  0.750 806 412 40  <0.001 0.053
meat)
n6:n3 3.1 2.9 3.1 3.0 0.17 0.477 2.1 4.5 0.23 <0.001 0.336
PUFA:SFA 0.12 0.12 0.11 0.12 0.007 0.377 0.14 0.10 0.01 0.006 0.083

DADb: Dry aging bag (40 days); WA: Wet aging (40 days); DW: Dry aging bag 20d + wet aging 20d; WD: Wet aging + dry aging
bag 20d. Meat was aged at 2 + 0.5°C, 85 + 5% RH, and air flow of 0.5 m/s. IMF (%): Intramuscular Fat; PUFA: sum of polyunsaturated
fatty acid (PUFA n6 + PUFA n3); SFA: saturated fatty acid (C10:0 + C12:0 + C14:0 + C15:0 + C16:0 + C17:0 + C18:0 + C20:0 +
C22:0 + C24:0); PUFA n3 (C18:3n3 + C20:3n3 + C20:5n3 + C22:5n3 + C22:6n3); PUFA n6 (C18:2n6 + C18:3n6 + C20:2n6 +
C20:3n6 + C20:4n6). A letter in the row denotes groups' statistical differences (P<0.05) among LSMeans.
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Figure 1. Interaction between aging methods and finishing diet on SFA, MUFA,
and PUFA (mg/100 g meat). DAb: Dry aging bag (40 days); WA: Wet aging (40 days);
DW: DAb 20d + WA 20d; WD: WA 20d + DAb 20d. Meat was aged at 2 + 0.5°C, 85
+ 5% RH, and air flow of 0.5 m/s. SFA: saturated fatty acid (C10:0 + C12:0 + C14:0
+ C15.0 + C16:0 + C17:.0 + C180 + C20:0 + C22:0 + C24:0); MUFA:
monounsaturated fatty acid (Cl14:1 + C16:1 + C18:1n9); PUFA: sum of
polyunsaturated fatty acid (PUFA n6 + PUFA n3); PUFA n3 (C18:3n3 + C20:3n3 +
C20:5n3 + C22:5n3 + C22:6n3); PUFA n6 (C18:2n6 + C18:3n6 + C20:2n6 + C20:3n6
+ C20:4n6). Different letters denote groups' statistical differences (P<0.05) among

LSMeans.
a
ab
I b ab ab ab ab
DAb WA DW WD

Aging methods

250.0

200.0

150.0

100.0

50.

o

PUFA-n6 (mg/100g meat)

0.0

®m Grain = Pasture

a a
a
ab
ab
ab
| I
DAb WA DW WD

Aging methods
m Grain = Pasture

/
o

96



Figure 2. Interaction between aging methods and finishing diet on PUFA n6 and
CLA (mg/100 g meat). DADb: Dry aging bag (40 days); WA: Wet aging (40 days); DW:
Dry aging bag 20d + wet aging 20d; WD: Wet aging + dry aging bag 20d. Meat was
aged at 2 £ 0.5°C, 85 £ 5% RH, and air flow of 0.5 m/s. CLA: conjugated linoleic fatty
acid (c9, t11-18:2); PUFA n6 (C18:2n6 + C18:3n6 + C20:2n6 + C20:3n6 + C20:4n6).

Different letter denotes groups' statistical differences (P<0.05) among LSMeans.
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Figure 3. Interaction between aging methods and finishing diet on thiobarbituric
acid-reactive substances (TBARS) concentrations (mg MDA /kg meat). Meat was
aged at 2 £ 0.5°C, 85 £ 5% RH, and air flow of 0.5 m/s. DAb: Dry aging bag (40 days);
WA: Wet aging (40 days); DW: Dry aging bag 20d + wet aging 20d; WD: Wet aging
+ dry aging bag 20d. Different letter denotes groups' statistical differences (P<0.05)

among LSMeans.

4.4.3. Effects of aging method and finishing system on superficial microbial counts

Before aging, the microbial counts were below the detection limit (<1 log/cm2).
There was no interaction between AM * F (P>0.05). The aging method affected the
TBC (P = 0.023) and PSY (P < 0.01). WD had the highest values, followed by DAb,
and then WA and DW. No differences were observed for ENT load (P=0.105). The
finished diet had no significant effect (P > 0.05) on TBC, PSY, and ENT counts in
meat aged by the different methods (Table 3).
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Table 3. Effects (mean £ SEM) of aging method (AM) and finishing diet (F) and their interaction (AM*F) on microbiological

growth.,
Aging Finishing AM*F
Trait DAb WA DW WD SEM P-value  Pasture Grain SEM P-value  P-value
TBC (logww/cm?)  43ab 39b 41b 46a 019 0.023 4.3 42 017 0.837 0.361
PSY (logio/cr?) 54b 50c 50c 65a 011 <0.001 5.5 54 010 0.903 0.890
ENT (logio/cm?) 3.3 2.7 34 28 023 0.105 3.0 31 017 0471 0.324

DADb: Dry aging bag (40 days); WA: Wet aging (40 days); DW; Dry aging bag 20d+ Wet aging 20d; WD; Wet aging 20d + Dry
aging bag 20d. Meat was aged at 2 + 0.5°C, 85 + 5% RH, and air flow of 0.5 m/s. TBC: total bacterial count; PSY: Psychotropic
bacteria; ENT: Enterobacter bacteria. Different letter in the same row denotes groups statistically different (P<0.05) among LSMeans

Table 4. Effects (mean £ SEM) of aging method (AM) and finishing diet (F) and their interaction (AM*F) on sensory attributes

(All consumers)

Aging Finishing AM*F
Trait DAb WA DW WD SEM P-value  Pasture Grain SEM P-value  P-value
Overall liking 3.6b 34b 3.6 ba 40a 011 <0.001 3.8 3.5 0.1 <0.001 0.209
Tenderness 3.0b 31b 3.3 ba 36a 012 <0.001 3.6 2.9 0.1 <0.001 0.196
Flavor 3.6b 35b 3.7b 40a 012 <0.001 3.9 3.6 0.1 0.015 0.780

DADb: Dry aging bag (40 days); WA: Wet aging (40 days); DW: dry aging bag 20d + wet aging 20d; WD: wet aging 20d + dry
aging bag 20d. Meat was aged at 2 + 0.5°C, 85 + 5% RH, and air flow of 0.5 m/s. Scale 9 points: 1 I like it extremely”, 2 “I like very
much”, 3 “T quite like it”, 4 “I like it”, 5 “I neither like nor dislike”, 6 “I dislike it”, 7 “I quite dislike it”, 8 “I dislike very much” and 9
“I dislike it extremely”. Different letter in the same row denotes groups statistically different (P <0.05) among LSMeans
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4.4.4. Effects of aging method and finishing system on meat acceptability

The results of the consumer study are presented in Tables 4 and 5, considering
all consumers as a single pool or segmented into clusters, respectively. Analyzing all
consumers (n=100) no interaction between AM and F was observed in any of the
attributes evaluated (P>0.05; Table 4). Regarding AM, the least preferred meat was
WD for overall preference, tenderness, and flavor liking, while the most preferred were
DAb and WA. On the other hand, meat from grain-finished steers was preferred
compared to grass-finished animals. When all consumers are considered as a pool, the
differences are diluted and difficult to determine. Therefore, the consumers were
segmented into three clusters based on their acceptability scores (Table 5). For cluster
1 (n=31), the lowest acceptability (P < 0.05) of meat was from DW and pasture diet
for the three attributes. Cluster 1 could be characterized by a higher preference for
grain-finished steers and wet aging methods (WA, DW, and WD), thus, they could be
named “Grain-finished wet aging beef likers”. For Cluster 2, the least preferred option
(n=27) was WD from the grain diet steers, based on overall liking and flavor. Also,
Cluster 2 could be characterized by a higher preference for grain-finished steers,
especially those with DAb. They could be named “Grain-finished dry-aged beef
likers”. In cluster 3 (n=42), the biggest group, the least preferred samples for overall
and flavor liking came from WD and pasture. In contrast, the most preferred options
for overall acceptability were DW from pasture and WA from grain, as well as DW
from pasture-fed steers for flavor liking. However, no significant differences in scores
have been found between samples, and most of them are within the “like it” score,

making it difficult to classify them. Thus, they can be named “Undefined beef likers”.
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Table 5. Effects (mean £ SEM) of the interaction between the aging method (AM) and finishing diet (F) on sensory
attributesaccording to the consumer's clusters

Pasture Grain Significance
Trait DADb WA DW WD DAb WA DW WD SEM AM F AM*F
Overall liking
Cluster1 3.4b  3.0bc 45a 35b 3.7b 25¢ 26¢c  32b 0.2 <.001 <.001 <.001
Cluster2 3.0b 3.1b 2.6 bc 3.3ab 20¢c 24bc  28b 36a 0.2 <.001 0.039 0.002
Cluster3 4.3b 47D 40D 50a 43D 40b 45ab 45ab 0.2 0.031 0.235 0.009
Tenderness
Cluster1 2.9 bc 3.2b 4.2 a 3.4ab 2.7 bc 2.2¢C 25bc 2.8hbc 0.2 0.025 <.001 0.007
Cluster 2 2.4 2.9 2.9 3.1 1.8 1.9 2.4 2.8 0.2 0.002 <.001 0.476
Cluster 3 4.1 4.3 3.8 4.1 3.3 3.4 3.6 4.5 0.2 0.026 <.001 0.354
Flavor
Cluster1 3.4ab 29D 4.4 a 3.6ab 3.6ab 2.8Db 29b 3.3b 0.3 0.028 <.001 <.001
Cluster2 3.2ab 2.9hbc 2.6 bc 3.2ab 22¢ 25bc  30b 38a 0.2 0334 0.600 0.033
Cluster3 42b 4.6ab 40D 49a 4.3 ab 41ab 45ab 45ab 0.2 0.184 0.365 0.006

DADb: Dry aging bag; WA: Wet aging; DW: dry aging bag 20d + wet aging 20d; WD: wet aging 20d + dry aging bag 20d. Meat
was aged at 2 + 0.5°C, 85 + 5% RH, and air flow of 0.5 m/s. Scale 9 points: 1 “I like it extremely”, 2 “I like very much”, 3 “T quite like
it”, 4 “I like it”, 5 “I neither like nor dislike”, 6 “I dislike it”, 7 “I quite dislike it”, 8 “I dislike very much” and 9 “I dislike it extremely”.
Different letter in the same row denotes groups statistically different (P <0.05) among LSMeans.

100



4.5. Discussion

4.5.1. Effects of aging method and finishing system on instrumental color, pH, cooking

losses, and shear force

The physicochemical traits were influenced by the aging method, except for
WBSF. Regarding the finishing diet, the higher L* values observed in WA may be
explained by the greater reflectance associated with higher moisture levels (Bertram
et al., 2004). The combination of AM*F affected the a* parameter, with the lowest
redness values found in DAb from grain-fed, followed by DW from pasture and grain-
fed. This may be attributed to the lower water content resulting from the dry bag aging
process and decreased absorption on the meat's surface, which appears dark red (Kim,
2011). Concerning the b* coordinate, the values corresponded with a*, indicating that
the lowest values were in DW and WD, regardless of the diet. Previous studies
evaluated different aging methods, reporting that the highest b* value was in the dry +
wet combination (De Faria Vilella et al., 2019), whereas other studies found no
differences in b* between treatments (Zhang et al., 2020; Kim et al., 2017).

Regarding diet, studies have indicated that beef sourced from pasture-raised
cattle appears darker compared to meat from animals finished on concentrated diets,
as assessed through both objective (lightness) and subjective (brightness) criteria
(Priolo et al., 2001; Gatellier et al., 2005). Muscle from grass-finished cattle possesses
more myoglobin, which may cause it to appear darker due to having greater
mitochondrial-based oxidative enzyme content, fewer glycolytic enzymes, and
producing less lactate when subjected to an in vitro glycolysis system (Apaoblaza et
al., 2020). In addition, Apaoblaza et al. (2020) reported greater values for meat a* and
L* coordinates from grain-finished compared to their forage-finished counterparts.
Several factors contribute to this difference, such as variations in ultimate pH,
myoglobin, and intramuscular fat content, which seem to play a major role (McKeith
et al., 2016). However, in our study, neither the final pH nor the intramuscular fat
content differed between the finishing systems. Perhaps other characteristics could
have affected the meat color, for example, the myoglobin concentration that was not

evaluated in this study (Apaoblaza et al., 2020). The present study indicates that the

101



aging combination methods decreased the color parameters (a* and b*). Although
statistically correct, from a technical point of view, there was not a significant
difference in the coordinates of color. Theoretically, AEs of less than 1.0 are not
detectable unless the samples are side by side. This parameter was calculated by
comparing aged treatments, which are useful for establishing tolerances for variation
in color between samples (King et al., 2023). No value was higher than 2.7; it’s an
instrumental difference, but not evident to consumers or the naked eye, indicating that
only experienced observers could notice a color difference (Mokrzycki and Tatol,
2011).

After 40 days of aging, the pH was higher in DAD than in WA. Several studies
reported an increase in pH after 21 days of dry bag aging beef and a decrease in WA
between 20 days and 40 days of aging (Dikeman et al., 2013; Li et al., 2014; Obuz et
al., 1014; Kim et al., 2017; Zhang et al., 2019). These authors indicated that this
increase in pH following dry bag aging could be associated with the generation of
nitrogenous compounds resulting from proteolysis, while the lower pH in wet aging
would be attributed to a higher accumulation of lactic acid. Additionally, Triki et al.
(2018) reported that pH increases during chilled storage of meat were associated with
the production of nitrogenous basic compounds due to microbial spoilage, and that this
was influenced by the type of packaging.

In agreement with our findings, Laster et al. (2008) found greater cooking yields
in traditional dry-aged (without packaging) striploin steaks than in wet-aged. On the
other hand, de Faria Vilella et al. (2019) reported no significant differences in cooking
loss between the unaged and aged samples (wet, dry, and combined) during 28 days.
The difference from the previous studies is the dry aging method: dry bag versus
traditional dry aging, implying less loss and greater cooking yields in dry bag aging.
The reduced cooking loss (CL) in DAb compared to WA is attributed to differences in
moisture loss through evaporation during the dry bag aging process, as previously
explained (Zhang et al., 2019; Juarez et al., 2011). Aligned with the previous studies,
the combined aging process (DW and WD) presented intermediate values between
DAb and WA, with no differences between them.
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Previous studies had indicated that beef loins assigned to stepwise dry/wet-aging
had lower WBSF values (2.66 kgF) compared to the loins assigned to conventional
dry-aging (2.94 kgF) (Kim et al., 2017). However, de Faria Vilella et al. (2020)
reported no differences in WBSF due to the aging methods (wet, dry, and their
combination). The discrepancy between studies could be due to sample management
because in the former the dry aging process (traditional) was in the carcass and for wet
aging the loin was removed from the carcass and vacuum-packaged and frozen by 30
days; in the latter study, the aging process was steak in-bone for dry and wet.
Consistent with most experiments (Dikeman et al., 2013; Ahnstrom et al., 2006;
Berger et al., 2018), our study showed no differences in WBSF between aging methods
(DAb, WA, DW, and WD), and the values were below three kgF, indicating that the
products could be considered as moderately tender (Smith et al., 2008).

4.5.2. Effects of aging method and finishing system on fatty acid profile and oxidation

Previous studies reported no interaction between diet and aging treatments on
the fatty acid composition of beef (Jiang et al., 2010). However, our work showed an
interaction effect on SFA, MUFA, and PUFA. Regarding the finishing diet, no
differences were found in SFA and MUFA concentrations. The higher levels of IMF
in DW compared to WA could be attributed to the loss of water during the dry aging
period. However, this alone does not sufficiently explain this change, as the IMF
content of DADb steaks was not significantly different from that of WD steaks. In line
with this, Wood et al. (2008) reported that the amount of intramuscular fat influences
the fatty acid composition of beef due to increased SFA deposition as total fat rises.
Polyunsaturated fatty acid content was higher in DAb, WA, and WD from pasture-
finished animals and corresponded with PUFA n6 and C18:3n3 concentrations.
However, the total PUFA n3, the n6:n3 ratio, and PUFA:SFA did not show an
interaction between AM and F, instead indicating an increase in the PUFA n3 and
n6:n3 ratio observed in pasture-finished compared to grain-finished steers. The
nutrient composition of animal diets alters the fatty acid profile of meat, making it
more appealing for consumers considering health concerns and meat flavor,

particularly with grass-finished animals (Nuernberg et al., 2005; Melton et al., 1983).
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In terms of human health, a significant aspect is the concentrations of omega 6 (n6)
and omega 3 (n3) fatty acid families (Daley et al., 2010). The Department of Health
(1994) of the United Kingdom has published recommended intakes of fatty acids with
an n6:n3 ratio <4, which was achieved in our study of meat from pasture-finished
steers, consistent with earlier studies (Nuernberg et al., 2005; Brito et al., 2014). The
higher content of CLA, PUFA, and PUFA n3 aligns with the findings of Realini et al.
(2004), Ponnampalam et al. (2006), and Jiang et al. (2010). Regarding meat flavor,
linolenic fatty acid (C18:3n3) is an important precursor (Ba et al., 2012), and its higher
concentration in beef from pasture-finished animals negatively impacted desirable
beef flavor (Melton et al., 1982). However, the odor detection threshold values for
lipid-derived compounds are significantly higher than those for sulfur and nitrogen-
containing heterocyclic compounds formed from water-soluble precursors via the
Maillard reaction (Ba et al., 2012). Therefore, the aromatic significance of many lipid-
derived compounds is not as substantial as that of relatively low concentrations of the
heterocyclic compounds.

In agreement with Berger et al. (2018) and Zhang et al. (2020), our study found
that the composition of fatty acid groups in intramuscular fat—SFA, MUFA, and
PUFA—did not differ among AM. Conversely, Kim et al. (2017) reported that SFA,
MUFA, and PUFA content in wet-aged beef was greater than in dry-aged beef after 40
days of aging in top round and shank (muscle from the leg). Kim et al. (2017) also
documented lower C18:3n3 content in dry aging compared to wet aging, indicating its
negative effect on flavor when reacting with volatile compounds from the cooking
process. The difference in our findings may be attributed to the fact that dry aging in
the bag allows for less exposure to oxygen compared to traditional dry aging,
suggesting that the oxidative stability of FAs would be less affected by AM.

In summary, the fatty acid profile was primarily affected by the finishing diet,
with grass-finished meat steers exhibiting the highest concentrations of PUFA,
particularly n-3 PUFA, indicating their importance for human health and meat flavor.

Lipid oxidation is a process in which polyunsaturated fatty acids react with
reactive oxygen species, leading to a series of secondary reactions. These reactions

result in lipid degradation and the development of oxidative rancidity (Park et al.,
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2006). This process significantly contributes to the gradual reduction of the sensory
and nutritional quality of meat. In our study, the AM*F interaction impacted the
oxidative stability of lipids, with the highest TBARS value found in WD from grain-
finished steers. No differences in TBARS values were observed among AM from
pasture-finished steers; however, there was a trend toward increasing TBARS contents
in samples from pasture-finished and dry-bag aging. Zhang et al. (2020) reported no
differences in TBARS between dry aging bags versus stepwise [21 days] for samples
from pasture-finished cattle. Similarly, Ha et al. (2019) reported no difference in
TBARS between dry and wet aging after 35 days of storage. Our findings may be
attributed to a higher IMF concentration in meat from a grain-finished steer aged with
dry bags and the AM combination (DW and WD). Furthermore, the IMF contents
found in DAb from pasture-finished steers relate to the fatty acid profile, as these
contain higher PUFA n-3 concentrations, which indicate greater oxidation instability.
As is well known, lipid oxidation requires oxygen to produce oxidized products such
as aldehydes (Nam and Ahn, 2003). Nam et al. (2001) noted increasing TBARS values
and off-flavors in aerobically packaged meats. DeGeer et al. (2009) indicated that
steaks from loin dry-aged in a bag exhibited less oxidation compared to those in
traditional dry aging. Zhang et al. (2020) suggest that using aging bags prevents
oxidative deterioration. This study did not examine traditional dry aging; however, the
use of dry-aging bags can help explain the observed lower oxidation.

On the other hand, it has been reported that animals finished on pasture have
greater concentrations of vitamin E in muscle than those grain-finished (Realini et al.,
2004; Nuernberg et al., 2005; Daley et al., 2010), which delays lipid oxidation and
metmyoglobin formation (Schwarz et al., 1998; Zerby et al., 1999; Descalzo &
Sancho, 2008). Although vitamin E content was not measured in this study, its likely
greater concentration in the muscle of grass-finished animals would explain, at least

in part, the lower TBARS values compared to grain-finished cattle.

4.5.3. Effects of aging method and finishing system on superficial microbial counts

In the manner of Li et al. (2013) and Ahnstrom et al. (2006), in our study, AM

did not impact the ENT counts. Enterobacteriaceae is a specific family of bacteria that
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includes several pathogens and serves as a fecal contamination indicator, with a
threshold of 4 to 5 log CFU/cm? according to EU microbiological regulatory criteria
(Rinn et al., 2024). TBC and PSY counts had the same behavior and their highest count
was observed in WD, and the lowest load values were in WA and DW. Campbell et
al. (2001) reported no trend in microflora when beef was stored under vacuum after
dry aging. Therefore, vacuum packaging (the first step in WD) may create a
microclimate with high humidity, which is ideal for the growth of psychrophilic
bacteria (Gardner, 1981). Psychrophilic bacteria are particularly relevant for products
stored under chilling conditions, as these microorganisms can still multiply (Gonzalez-
Gutierrez et al., 2019). Thus, meat juices are a suitable breeding substrate for
microorganisms. In WD, bacteria from wet aging are not eliminated during dry aging,
instead, some may survive and multiply. As a result, a higher microbial load in WD is
observed compared to wet or dry bag aging alone. Previous studies indicated that levels
of 6 to 8 log CFU/g of microorganisms (PSY) are sufficient to produce off-odors and
appearance defects in meat, and that these values trigger strange smells and sliminess
in meat (Ercolini et al., 2006; Stanbridge and Davies, 1998). Moreover, off-flavor, a
spoilage result in meat, can be detected when the total bacteria count (TBC) is around
7 log CFU/cm2 or g. However, some negative changes can be observed much earlier
with TBC numbers between 5 and 6 log CFU/cm2 or g of meat product (Feiner, 2006).
In our study, the highest TBC and PSY counts in WD aging reached almost the loads
to produce off-flavor (4.6 and 6.5 log CFU/cm2 TBC and PSY, respectively).
However, it seems that consumers did not detect off-flavors, as they scored the meat
samples at least as “I like it” for flavor.

Regarding finishing diets, other studies have reported insufficient differences in
microbial counts between grain and pasture-finished beef in concordance with our
results (Duarte et al., 2022; Casas et al., 2021; Zhang et al., 2010). These authors stated
that other aspects, such as how beef is processed, may play a more important role in
microbial contamination of meat than diet. The microbial count for the three families
studied was just below the thresholds allowed from both safety and off-flavor

perspectives.
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4.5.4. Effects of aging method and finishing system on consumer sensory panel

Consumers (n=100) preferred meat from DADb or WA, while the less acceptable
beef was from WD. Berger et al. (2018) reported no difference in overall liking scores
for the meat samples from grass-finished heifers across aging treatments (wet, dry, and
dry bag). In addition, Ha et al. (2019) reported higher acceptability for eating attributes
(tenderness, juiciness, flavor, and overall liking) in wet-then-dry-aged beef in Japanese
consumers. In terms of finishing diet, consumers preferred meat from grain-finished
steers for all three evaluated attributes. This difference might not be due to the IMF
content because no differences were found in this variable associated with the animal
diet. Panelists have shown that fat flavor intensity was higher in beef from steers
finished on concentrates than grass-finished steers, even though fat contents were
similar (Melton et al., 1982). These authors suggested that differences were because
of diet on the fatty acid composition of beef, especially polyunsaturated fatty acid
content (PUFA) that elicit undesirable aroma flavors due to their PUFA-derived
products lower or inhibit the formation of some heterocyclic Maillard products (Ames
et al., 2001). In our study, flavor differed between pasture-finished beef and grain-
finished beef and C18:3n3 was higher in beef from forage treatments compared to the
grain diet treatments but the effect was limited since all aging treatments received high
acceptability (<4 “I like it”) for tenderness, flavor, and overall liking.

When the consumer data was analyzed in Clusters (Font-i-Furnols et al., 2009),
the interaction AM*F was observed. In Cluster 1, i.e. “Grain-finished wet aged beef
likers” the least preferred sample was from DW and pasture-finished animals, for
overall, tenderness and flavor liking. Meanwhile, in Cluster 2, i.e. “Grain-finished dry
aged beef likers” the least preferred beef was from WD aging and grain-finished
animals. Thus, it can be hypothesized that the stepwise aging procedure (DW or WD)
could produce changes in the tenderness and flavor of the beef that influence clusters
1 and 2 consumer acceptability (decreasing it). One possible reason for this could be
lipid oxidation (Figure 3), because the consumers might have detected off-flavor in
stepwise AM, particularly in the WD. In addition, WD presented microbial loads close
to the threshold for off-flavor development. However, further insight would be needed,

to fully understand the possible reason for this lower acceptability in the sensory
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characteristics of WD-aged beef. On the other hand, Ha et al. (2019) working with
Australian consumers, reported opposite results since wet-then-dry aging (21 d wet +
35 d dry) had better acceptability scores for flavor and overall liking compared to wet-
aged beef. Differences between studies may be due to consumer preferences by
country (Font i Furnols et al., 2006), type of beef (Campo et al., 1999), production
system (Priolo et al., 2002), and aging process (Brewer & Novakofski, 2008; Lepper-
Blilie et al., 2016). Consumers from clusters 1 and 2 preferred beef from grain-finished
over pasture-finished steers. These results are surprising since Uruguayan consumers
are used to eating beef from pasture-finished animals, and the habits greatly affect
preferences (Font-i-Furnols and Guerrero, 2014; Font i-Furnols et al., 2006).
Meanwhile, in Cluster 3, regardless of some differences, consumers scored all meat
samples between 4 to 5 for overall and flavor liking, closer to ‘neither like nor dislike’,
thus, they hesitated more when making their decisions.

Despite slight differences between treatments and consumer groups, aged beef
was well accepted under instrumental meat quality assessment and microbiological
data.

4.6. Conclusion

Aging methods significantly influenced the physicochemical and microbial
characteristics, while the finishing diet affected the fatty acid composition and
consumer panel results. Meat quality characteristics, such as color (except L* values),
pH, CL, and WBSF, did not show differences due to the finishing diet or its interaction
with the aging method. Under the conditions of this study, all aging methods were
acceptable from the consumer's perspective. However, combining both aging
techniques (wet and dry in a bag) would not be a suitable alternative for enhancing
consumers' meat sensory acceptability. Either dry bag or wet-aging from grain-
finished steers appears valuable for the Uruguayan consumer panel.

Further research is necessary to identify and develop an in-depth understanding

of the safety and quality of extended aging methods in fresh beef.
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5.1. Abstract

This study evaluated the effects of two finishing diets (F: pasture or grain) and
two meat aging methods (AM): wet aging (WA) for 40 days and dry aging in the bag
(DAD) for 40 days, on the volatile compounds and sensory attributes of beef. Sixty
striploins, consisting of the right and left longissimus lumborum muscle (LL) from
British crossbred steers, were used, with 15 pairs of striploins obtained from pasture-
finished and 15 pairs from grain-finished diets. Aldehydes, carboxylic acids, and
ketone groups increased (P<0.05) in beef aged in dry bags compared to the wet-aged
meat. The aldehyde group (2-propenal, 2-decanal, decanal, dodecanal, heptanal,
pentanal, tri-decanal, and undecanal) and carboxylic acids (decanoic acid, dodecanoic
acid, hexanoic acid, octanoic acid, and pentanoic acid) were higher in pasture-fed
compared to grain-fed beef (P<0.05). No differences in ketones were observed
between pasture-fed and grain-fed aged meat. The pasture diet increased the herbal
odor (P=0.015), abnormal odor (P=0.021), and milky flavor (P=0.013), while it
decreased the metallic flavor (P=0.002). The DAb method increased the beef and age-
intensity odor while decreasing the liver odor. Hardness, fibrousity, masticability, and
residues increased in DAb (P<0.05), whereas initial juiciness, crumbliness, and final

juiciness increased in WA (P<0.05). The intensity of the age and bitterness flavors
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increased, while those of metallic, liver, and astringent flavors decreased in DAb
(P<0.05). For markets valuing intense, aged beef flavors, dry aging with DAb is
preferable. However, for consumers prioritizing tenderness and juiciness, wet aging
may be more suitable.

Keywords: Beef, Finishing diet, Dry aging bag, Volatiles compound, Meat

flavor, Trained panel

5.2. Introduction

Meat is a complex, heterogeneous mixture of volatile compounds that contribute
to sensory perception overall (Merkle et al., 2015). Flavor, which includes both taste
and aroma, is a primary factor influencing consumers’ acceptance of foods (Maughan
et al., 2012). While the foundation of meat flavor, such as in beef, is established during
the primary production phase through the selection of breed and feed, it is also
influenced by the slaughtering process and the aging and cooking processes of the meat
(Aaslying et al., 2017).

Among the various factors influencing meat flavor, the animal's diet is the most
important, particularly its lipid content, as it serves as the primary source of aromatic
volatile compounds (Karabagias, 2018). Raw meat constitutes a rich matrix of non-
volatile precursors (amino acids, peptides, reducing sugars, vitamins, nucleotides, and
fatty acids) and a diverse array of volatile organic compounds (VOCs), some of which
are responsible for its flavor (Aaslying et al., 2017). This may lead to flavor changes
in the meat after cooking as well as the formation of free radicals in lipids. Including
forage in the diet of beef cattle should enhance n-3 fatty acid concentrations since
forages are a good source of 18:3n-3 (Scollan et al., 2001). Elevated levels of n-3
PUFA promote a more intense meat flavor, and the thermally induced oxidation of
these less stable PUFA during cooking may contribute to this effect (Safiudo et al.,
2000). Steaks from grass-fed beef have been described as having stronger barny, bitter,
gamey, and grassy flavor notes —all of which are classified as negative attributes—
compared to grain-fed beef, while also being less juicy and receiving lower umami

recognition from panelists (Maughan et al., 2012).
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Aging is the process of storing meat in a controlled environment for a certain
period to increase the palatability of meat (Jin and Yim, 2020). Aging can be especially
beneficial for beef with low consumer preference, providing an additional value. There
are two forms of aging: wet and dry (Kim et al., 2017). In wet aging, meat is vacuum-
packaged and stored in a refrigerating condition (Jin and Yim, 2020). On the other
hand, dry aging involves holding the meat unpacked in the open air (Lee et al., 2019).
A new packaging bag technology, designated for dry aging (UMAI), has been
introduced. These oxygen-permeable bags have a very high one-way water vapor
transmission rate to the exterior, simulating traditional dry aging (Berger et al., 2018;
Kim et al., 2018; Setyabrata et al., 2021). In-the-bag dry-aging of longissimus
lumborum (LL) has been found to lower livery flavor and amount of perceived
connective tissue and increase juiciness, brown-roasted aroma (Barragan-Hernandez
et al., 2022), tenderness, umami taste, and buttery/fatty flavors (Li et al., 2014)
compared to wet-aging when evaluated by trained panelists. Therefore, using these
dry-ageing bags could allow processors to dry-age meat in coolers at conventional
temperatures and humidity, without adapting to cooler conditions (Dashdorj et al.,
2016), and facilitate transoceanic shipment of chilled beef.

There is a need to characterize the flavor of Uruguayan beef in steers from
pasture or grain finishing diet and vacuum-packaged beef exposed to extended periods
of post-mortem aging, especially in the export market where the product is destined to
be consumed. The main goal of this study was to evaluate the effect of extended meat
aging methods, dry bag and wet on the volatile compounds, and their relationship with
the sensory attributes of longissimus lumborum from steers finished on two different

final diets (pasture or grain).

5.3. Materials and methods

5.3.1. Raw materials and aging process

This study was carried out in complement to Correa et al. (2024), and the
duplicities of the experimental design and sample set are acknowledged. Thirty steers
(under 30 months of age; British breed) finished (F) in the pasture (n=15) or grain

(n=15) were slaughtered in a commercial meat processing plant (hot carcass weight:
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266.5 kg and 253.2 kg, respectively). Animals finished in pasture belong to a
production system where steers are selected to produce superior quality beef cuts that
will have been raised exclusively on pasture, following the Uruguayan grading system
(Hilton quota; INAC, 2013). On the other hand, grain-finished animals refer to beef
cuts obtained from carcasses of steers under 30 months old, that have been fed on a
diet containing not less than 62% of concentrates, at least for 100 days prior to
slaughter (“481” quota; MGAP, 2023). Sixty striploins (longissimus lumborum, LL)
were obtained for analysis and assigned to an aging method: dry bag or wet. The
striploin from the left side of each carcass was divided into two sections or pieces, a
section of 16 cm of length was vacuum packaged in dry-aging bags (DAb; TUBLIN®
10 of 50 pum thick, polyamide mix with a water vapor transmission rate of 2.5
kg/50/m2/24 h at 38°C, 50% RH, TUB-EX ApS, Denmark) and a second section of
14 cm of length was vacuum packaged for wet-aged (WA; vacuum packaged was a
barrier bag of 50 um thickness; maximum oxygen transmission rate of 27 cm3/m2/24
h at 22-24°C and 0% RH and moisture vapor transmission rate of 5 g/m2/24 h at 38°C
and 90% RH; Cryovac® Sealed Air Corp., BB 2620, Brazil.). The location of each
meat portion from each striploin was alternated in cranial to caudal direction among
carcasses. The striploin’s portions were laid out on wire racks inside the chamber for
40 days. During aging, the chamber was set up at 2 £ 0.5°C and a relative humidity of
85 + 5%. Temperature and relative humidity were recorded using three dataloggers
(Electronic Temperature Instruments Ltd., UK), to obtain real-time information at
different points in the chamber. The air velocity was recorded weekly in different
chamber positions with a digital anemometer (HoldPeak 866A digi, China), averaging
0.5 m/s. The meat portions were relocated into the chamber every 8 days to prevent
any potential confounding effects of location within the chamber. After 40 days of
aging, the left striploin portions (DAb and WA) were divided into steaks (2.5 cm) for
different analyses. Steaks for trained sensory panel analyses and volatile compounds
were vacuum packaged in conventional bags and frozen at -20 °C for shipping to IRTA

(Spain) and Teagasc Moorepark (Ireland), respectively, until analysis.
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5.3.2. Volatile compound analyses

Ten grams of finely chopped beef and 100ul of internal standard (4-methyl-2-
pentanol at 50ppm) were placed in a 20 ml clear crimp vial and capped for sample
preparation and extraction. Vials were placed in Markes International HiSorb Agitator,
with a temperature of 72°C. The meat was cooked for 60 minutes at 72°C. Markes
HiSorb probe (polydimethylsiloxane absorptive phase HS-P1, conditioned before and
after use) was inserted through the septum of the cap and exposed to the meat
headspace. The extraction was performed at 40°C for 60 minutes at 250 rpm. After
that, the extraction probes were gently washed with distilled water, dried, and placed
in empty stainless steel thermal desorption tubes, which were then capped. Thermal
desorption tubes with the probes were placed on the Markes International TD
Autosampler tray and introduced to the Thermal Desorption Unit. Samples were

analyzed in triplicate.

5.3.3. Gas Chromatography-Mass Spectrometry Method

A Unity 2 Thermal Desorption Unit (Markes International Ltd) was used to
concentrate the volatiles and remove any excess moisture before direct transfer to a
Gas Chromatograph-Mass Spectrometer (Agilent 7890A GC and Agilent 5977B
MSD). Unity 2 was operated with a purge gas of nitrogen at 50 psi. Tubes were dry-
purged for 2 min using a 1:20 split. A two-stage desorption was employed; the first
stage desorption was performed at 150 °C, and the second stage desorption was
performed at 280 °C and held for 5 min. A 1/10 split was used for the final tube
desorption. The trap used was a materials emissions trap held at 30 °C during tube
desorption with a gas flow of 50 mL/min. Before trap desorption, a 2-minute pre-trap
fire purge was performed with a 1/50 split. Trap desorption was performed at 30°-
280°C at a rate of 24 °C/min and held for 5 min with a 1/10 split.

The column used was a capillary DB-624 Ul (60m x 0.3mm x 1.8um) (Agilent
Technologies Ltd.) with helium as the carrier gas. The column temperature started at
40°C, held for 5 min, increased to 230°C at 5°C/min and held at 230°C for 35 min (total
run time of 78 min). The injector temperature was set at 250°C. Desorbed volatile

compounds were injected in splitless mode with a consistent pressure of 23 psi. An
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MS quadrupole detector generated the volatile compound’s mass spectra with an
ionization voltage of 70 eV, 3.32 scans/s, and a scanning mass range of 35-350 amu.
The ion source temperature was 230°C and the interface temperature was set at 280°C.
Compounds were identified using mass spectra comparisons to the NIST 2014 mass
spectral library and an in-house library with target and qualifier ions using MassHunter
Qualitative Analysis software. Spectral deconvolution was also performed to confirm
the identification of compounds using AMDIS. Linear retention indices were
determined using the method of Van Den Dool & Kratz (1963).

An auto-tune of the GCMS was carried out before the analysis to ensure optimal
GCMS performance. A set of external standards was run at the start and end of the
sample set and abundances were compared to known amounts to ensure both

separation and MS detection were performing within specification.

5.3.4. Trained sensory panel

A panel of 9 trained panelists carried out the sensory characterization of the
samples. Samples were evaluated in 15 sessions, with 4 samples each, one of each
combination of finishing diet and aging type. Meat samples, previously thawed during
24 h at 4°C, were tempered for 2 h and then cooked in a sandwich grill pre-heated at
200°C until reaching 63°C of core temperature, which was measured with a TP type K
probe (Instrumentos Testo SA, Cabrils, ES). The cooked loins were cut into 10
portions, wrapped in aluminum foil, and coded with a 3-digit random number. The
position of each portion was recorded to ensure that, in each session, each panelist
received portions from the same loin position, to avoid positional effects. The position
assigned to each random panelist was changed in each session. The wrapped portions
were placed in a heater to keep them warm until served to each panelist, within 15
minutes after cooking. The order of evaluation of each sample was designed to avoid
the first sample and carry-over effect (MacFie et al., 1989). The final attributes were
decided after discussion in four training sessions. Finally, the intensity of 6 odors (beef,
aging, dairy, liver, herbs and abnormal), 6 textures (hardness, initial and final juiciness,

fibrosity, crumbliness and masticability) and 6 flavors (beef, aging, dairy, metallic,
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liver and acid) attributes were evaluated in a 10-point scale from 0 (no perception) to

10 (extremely intense perceptions).

5.3.5. Statistical analysis

Results were expressed as abundance values, equivalent to peak areas. For
volatile compounds, the carcass was included as a random effect. Least-squares means
were generated for all analyses utilizing generalized linear mixed models (PROC
GLIMMIX) of SAS software (SAS version 9.4, SAS Institute Inc., Cary, NC, US) and
separated with the PDIFF function, with significance defined as a = 0.05.

The GLM procedures of SAS were applied to the previously standardized and
averaged score of each sensory attribute. The model included the finishing diet and the
aging type as fixed effects and the session as a blocking variable. The interaction was
not included because it is not significant. The Tukey test was applied to find significant
differences between treatments at a level of 0.05.

Principal component analysis (PCA) was conducted on the correlation matrix
using the SAS FACTOR procedure, including the VOC and sensory traits.

5.4. Results

5.4.1. Volatile compounds

Forty-six volatile organic compounds (VOC) in dry-bag and wet-aged beef from
grass and grain-fed steers were identified after 40 days of aging (Table 1). They were
assigned to the following chemical groups: aldehydes (n=15), alcohols (n = 10),
carboxylic acid (n=8), ketones (n = 5), furans, esters, and benzene (n = 6), and terpene
and S-containing compounds (n = 2). Each volatile compound resulted from either the

Maillard reaction or lipid degradation.
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Table 1. Identified volatile compounds in a dry bag or wet-aged loins during 40 days of aging from steers finishing in pasture or

grain.
Ref

Class Name CAS LRI RI rt Reference odor descriptor
Alcohol Ethanol 64-17-5 506 506 7,893  sweet, alcoholic, medicinal
Alcohol Isopropyl Alcohol 67-63-0 543 539 9,263 alcoholic, musty, woody
Alcohol 2-Butanol 78-92-2 647 648 13,631 fruity

1-Butanol, 3-
Alcohol methyl- 123-51-3 785 784 19,869 whiskey, fusel, alcoholic, fruity, banana

fermented, yeasty, balsamic, fusel, winey ity alconolic,

Alcohol 1-Pentanol 71-41-0 815 815 21,186 oreen, woody)
Alcohol 1-Hexanol 111-27-3 915 916 25,302 green, floral

1-Hexanol, 2-
Alcohol ethyl- 104-76-7 1077 1077 31,203 citrus, floral, green, fresh
Alcohol Phenol 108-95-2 1095 1112 31,854 sweet, tarry, chemical, phenolic
Alcohol 1-Octanol 111-87-5 1118 1118 32,588 waxy, green, citrus, floral, sweet, fatty, coconut
Alcohol Tetradecanol* 112-72-1 1726 51,359 fruity, waxy, orris, coconut
Aldehyde 2-Propenal* 107-02-8 524 8,567 almond, cherry

Propanal, 2-
Aldehyde methyl- 78-84-2 595 592 11,243 banana, malty, chocolate-like, cocoa
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Aldehyde Butanal 123-72-8 630 622 12,807 pungent, cocoa, musty, green, malty, bready
Butanal, 3-
Aldehyde methyl- 590-86-3 692 692 15,718 malty, cheese, green, dark chocolate, cocoa
Aldehyde Pentanal 110-62-3 735 733 17,647 pungent, almond, malty
Aldehyde Hexanal 66-25-1 839 839 22,199 green, grassy, herbal, lemon, tallow
Aldehyde Heptanal 111-71-7 943 943 26,362 fatty/oily, green, citrus, rancid
Aldehyde Benzaldehyde 100-52-7 1032 1032 29,626 bitter almond, sweet cherry
Aldehyde Octanal 124-13-0 1047 1047 30,166 waxy, citrus, orange peel, soapy, green, herbal, fresh, fatty
Aldehyde Nonanal 124-19-6 1151 1150 33,662 green, citrus, fatty, floral
Aldehyde Decanal 112-31-2 1254 1255 36,894 soapy, floral, waxy, citrus
Aldehyde Undecanal 112-44-7 1358 1354 39,906 waxy, soap, floral, aldehydic, citrus, green, fatty
Aldehyde Dodecanal* 112-54-9 1461 42,716 soapy, waxy, aldehydic, citrus, green, floral
Aldehyde Tridecanal* 10486-19-8 1562 45,575 fresh, clean, aldehydic, soapy, citrus, petal, waxy, grapefruit peel
Aldehyde 2-Decenal, E-* 3913-81-3 1330 39,13  waxy, fatty, earthy, green
Benzene Toluene 108-88-3 794 794 20,306 nutty, bitter, almond, plastic
Benzene 1,3-Di-tert-butylbenzene* ~ 1014-60-4 1288 37,913
Carboxylic acid  Acetic acid 64-19-7 687 690 15,474 pungent, vinegar, sour
Carboxylic acid  Butanoic acid 107-92-6 861 864 23,111 rancid, cheesy, strong, sweaty
Carboxylic acid  Pentanoic acid* 109-52-4 955 26,814

putrid, acidic, sweaty, rancid, sharp, cheese-like, sour milky, tobacco, fruity
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Carboxylic acid Hexanoic acid 142-62-1 1050 1052 30,255 acidic, sweaty, cheesy, sharp, goaty

Carboxylic acid  Octanoic acid 124-07-2 1243 1244 36,54  goaty, waxy, soapy, cheesy, rancid, pungent, sweat
Carboxylic acid  Nonanoic acid 112-05-0 1341 1347 39,416 waxy, dirty, cheese, cultured, dairy

Carboxylic acid  Decanoic acid 334-48-5 1439 1440 42,142 rancid, sour, fatty, citrus

Carboxylic acid  Dodecanoic acid* 143-07-7 1636 47,943 mild, fatty, coconut, bay oil

Ester Methyl butanoate 623-42-7 749 754 18,276 fruity

Esters Methyl hexanoate 106-70-7 951 949 26,65  pereal, fruity, pineapple, apricot, strawberry, tropical, fruit, banana, bacon
Furan Furan* 110-00-9 519 8,37 ethereal

Furan Furan, 2-pentyl-  3777-69-3 1013 1012 28,961 green bean, vegetable, earthy, metallic

Ketone Acetone 67-64-1 534 533 8,938  solvent, ethereal, sour milk, apple

Ketone 2,3-Butanedione  431-03-8 632 631 12,9 buttery, strong

Ketone 2-Butanone 78-93-3 639 639 13,233 buttery, sour milk, etheric

Ketone Acetoin 513-86-0 777 784 19,544 buttery, creamy, dairy, milky, fatty

Ketone 2-Heptanone 110-43-0 935 936 26,039 fruity, spicy, sweet, herbal, woody (cheesy, blue cheese, roquefort)
Sulfur Carbon disulfide ~ 75-15-0 549 546 9,499 cabbage, sulphur, fruity, burnt

Terpene a-Pinene 80-56-8 956 950 26,847 pine, camphoreous, earthy, woody

CAS: Chemical CAS (Chemical Abstract Service) (Blanks relate to isomers where we could not be 100% sure of identification
and therefore could not provide full identification. LRI: Linear retention indices as determined by using the method of VVan Den Dool
& Kratz (1963). Ref LRI: These values were obtained from published papers or NIST 2014; NA: No published reference available to
date (not many published as yet on a DB624 column); *tentative identification, might be an isomer of this chemical compound.
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5.4.1.1. Alcohols

Alcohol contents did not present significant interaction between AM * F
(P>0.05), except for 1-hexanol, 1-hexanol 2-ethyl and 1-pentanal (Table 2). The
highest 1-hexanol and 1-hexanol 2-ethyl concentrations were in DAb samples from
pasture and grain-fed steers, while, for 1-pentanol, the highest concentrations were in
DADb from pasture-fed beef. 1-Octanol, phenol, and tetradecanol contents increased in
DAD beef, and isopropyl alcohol increased in wet-aged beef (P<0.05). Ethanol and 2-
butanol concentrations increased, and phenol decreased in beef finished on a grain diet
compared to pasture-fed.

5.4.1.2. Aldehydes, Carboxylic Acids, and Ketones

Aldehydes, carboxylic acids, and ketone groups did not present any significant
interaction AM * F (P>0.05) (Table 3). All volatile compound concentrations from
these groups increased in beef aged in dry bags compared to the wet-aged meat. Some
volatile compounds from the aldehydes group (2-propenal, 2-decanal E, decanal,
dodecanal, heptanal, pentanal, tri-decanal, and undecanal) and carboxylic acids
(decanoic acid, dodecanoic acid, hexanoic acid, octanoic acid, and pentanoic acid)
increased in pasture-fed compared to grain-fed beef (P<0.05). No differences in

ketones were observed between pasture-fed and grain-fed aged meat.
5.4.1.3. Benzenes, Esters, Furans and Others

Toluene, furan, and carbon disulfide presented significant interaction AM * F
(P<0.05) (Table 4). Furan (P=0.016) and carbon disulfide (P=0.005) presented the
highest and the lowest concentrations in DAb from pasture-fed steer meat,
respectively. However, toluene presented the lowest concentration in wet aging from
grain-fed steer beef (P=0.023). 1,3, Di,tert, butylbenzene, furan 2- pentyl and a-pinene
concentrations increased in dry bag aging (P<0.05), and methyl hexanoate increased
in WA from pasture-fed steers (P<0.05). Most dry bag and wet aging samples were
discriminated against when a PCA was performed based only on the volatile
compounds, and a second biplot-PCA discriminated the volatile compounds that

significantly contributed to this difference (Figures S1 and S2, supplementary data).
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Table 2. Effects (mean + SEM) of aging method (AM) and finishing diet (F) on alcohol compounds (UA 10°/g of meat wet

basis).

Aging Finishing Significance
Compound DAb WA Pasture Grain AM F AM*
=
Alcohols
1-Butanol 3 No-
methyl 1.46+0.27 No-est No-est 0.41+0.11 <.001 0.585 est
1-Hexanol 0.75£0.71  0.25%0.02 0.43+0.04  0.44%0.04 <.001 0.863  0.040
1-Hexanol 2 ethyl 1.71+0.13  1.22+0.13 1.53+0.13 1.4+0.13 0.010 0.453 <.001
1-Octanol 1.90+0.11  0.34+0.03 0.69+0.06  0.58+0.05 <.001 0.196  0.608
1-Pentanol 0.91+0.11  0.35%0.04 0.72+0.08  0.43%0.05 <.001 0.004 0.040
2_Butanol 2.38+0.41 - 1.57+0.37  3.60+0.91 - 0.035 -
Ethanol 5.17#1.01  3.60%0.71 2.83+0.56  6.55+1.28 0.203 0.004 0.593
Isopropyl Alcohol 1.36£0.22  2.54+0.42 1.81+0.31 1.92+0.31 0.011 0.803 0.310
Phenol 0.95+0.07  0.55%0.04 0.83+0.06  0.63%0.05 <.001 0.019 0421
Tetradecanol 1.62+0.20  0.42+0.05 0.80+0.05 0.86%0.10 <.001 0.670  0.783

DADb: Dry aging bag (40 days); WA: Wet aging (40 days). Meat was aged at 2 + 0.5°C, 85 + 5% RH, and air flow of 0.5 m/s. Different

letters in the same row denote statistically different groups (P<0.05) among LSMeans.
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Table 3. Effects (mean £ SEM) of aging method (AM) and finishing diet (F) on aldehydes, carboxylic acids, and ketones

compounds (UA 107%/g of meat wet basis).

Aging Finishing Significance

Compound DAb WA Pasture Grain AM F AM*F
Aldehydes

2_Propenal 1.92+0.21  1.19+0.13 1.91+0.21 1.20+0.13 0.004 0.005 0.499
2 Decenal E 0.79+0.09  0.32+0.04  0.61+0.07 0.42+0.05 <.001 0.020 0.954
Benzaldehyde 3.94+0.32  2.02+0.16  2.95+0.24 2.70+0.22 <.001 0.441 0.784
Butanal 1.28+0.09 0.87+0.09 1.16+0.09 0.99+0.09 0.002 0.178 0.903
Butanal 3 methyl 0.85+0.09  0.33+0.03  0.54+0.06 0.52+0.05 <.001 0.804 0.505
Decanal 2.99+0.29 0.95+0.09 2.01+0.19 1.42+0.14 <.001 0.013 0.911
Dodecanal 0.77+0.06  0.40+0.03  0.64+0.05 0.49+0.04 <.001 0.037 0.758
Heptanal 4.78+0.42 1.88+0.17 3.44+0.31 2.62+0.23 <.001 0.034 0.877
Hexanal 4.18+0.34 2.12+0.17  3.13+0.25 2.84+0.23 <.001 0.396 0.289
Nonanal 22.70£1.71 7.06+0.53 13.80+1.04 11.61+0.87 <.001 0.114 0.513
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Octanal 454+0.36 1.58+0.12  3.00+0.24 2.39+0.19 <.001 0.051 0.691
Pentanal 2.94+0.26  1.27+0.11  2.36%0.21 1.59+0.14 <.001 0.003 0.875
Propanal 2 methyl 0.36£0.04  0.19+0.02  0.26%0.03 0.27+0.03 <.001 0.720 0.374
Tridecanal 0.61+0.06  0.38+0.04 0.56+0.05  0.42+0.04 <.001 0.039  0.287
Undecanal 0.84+0.07  0.40+0.04  0.68%0.06 0.49+0.04 <.001 0.015 0.831
Carboxylic Acids
Acetic acid 5.40+0.05 3.03+0.27 4.37+0.38 3.74+0.33 <.001 0.218 0.820
Butanoic acid 6.97+1.11 0.31+0.50 5.88+0.94 3.74+0.59 0.001 0.051 0.393
Decanoic acid 3.73+0.69 0.87+0.16  2.52+0.46 1.29+0.24 <.001 0.013 0.507
Dodecanoic acid 2.20+0.31 0.59+0.08  1.40+0.19 0.93+0.13 <.001 0.042 0.874
Hexanoic acid 6.10+0.93 2.28+0.36  5.14+0.80 2.71+0.42 <.001 0.006 0.766
Nonanoic acid 5.74+0.60 1.39+0.16  3.21+0.36 2.48+0.29 <.001 0.120 0.859
Octanoic acid 450+0.85 1.10+0.21  3.29+0.63 1.51+0.28 <.001 0.005 0.329
Pentanoic acid 1.11+0.16  0.42+0.09 0.92+0.15 0.51+0.10 <.001 0.029 0.578
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2, 3, Butanedione 7.00£1.40 1.12+0.37
2, Butanone 69.29+5.10 1.57+012

2, Heptanone 0.67+0.08  0.28+0.04
Acetoin 11.37+1.96 3.20+0.58

Acetone 74.10+0.44 5.28+0.31

Ketones

2.89+0.72

10.54+0.78

0.47+0.06

6.27+1.11

6.62+0.39

2.72+0.80

10.33+0.76

0.40+0.05

5.81+1.03

59.11+0.35

<.001

<.001

<.001

<.001

<.001

0.876

0.844

0.380

0.765

0.180

0.970

0.053

0.714

0.550

0.060

DAD: Dry aging bag (40 days); WA: Wet aging (40 days). Meat was aged at 2 + 0.5°C, 85 + 5% RH, and air flow of 0.5 m/s. Different

letters in the same row denote statistically different groups (P<0.05) among LSMeans.
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Table 4. Effects (mean £ SEM) of aging method (AM) and finishing diet (F) on benzenes, esters, furans and other compounds
(UA 10%/g of meat wet basis).

Aging Finishing Significance
Compound DAb WA Pasture Grain AM F AM*F
Benzenes

Di,tert,biiyg/ibenzene 1.60+0.21 0.92+0.13  1.18+0.16  1.24+0.17  0.006 0.794 0.308

Toluene 0.71+0.08 0.32+0.04 0.78+0.08 0.29+0.04 <.001 <.001 0.023
Esters

Methyl_butanoate 0.61+0.07  0.64+0.06 0.56+0.06 0.70+0.06  0.770 0.143 0.642

Methyl hexanoate 0.83+0.08 0.94+0.08 0.60+0.08 1.17+0.08 0.393 <.001 0.691
Furans

Furan 0.13+0.02 0.10+0.01 0.14+0.02 0.09+0.01 0.104 0.050 0.016

Furan 2, pentyl 1.64+0.22 0.62+0.08  1.12+0.15 0.90+0.12 <.001 0.250 0.855
Others

Carbon disulfide 3.75+0.67 458+1.03 4.99+1.11 3.51+0.63 0.496 0.257 0.005

-Pinene 0.20+0.02 0.15+0.01 0.18+0.02 0.17+0.02 0.014 0.660 0.602

DADb: Dry aging bag (40 days); WA: Wet aging (40 days). Meat was aged at 2 + 0.5°C, 85 + 5% RH, and air flow of 0.5 m/s. Different

letters in the same row denote groups statistically different (P<0.05) among LSMeans.



5.4.2. Trained sensory panel

Sensory-trained attributes are presented in Table 5. Regarding the finishing diet,
the pasture increased the herbal odor (P = 0.015), abnormal odor (P = 0.021), and milky
flavor (P = 0.013), whereas it decreased the metallic flavor (P = 0.002). Concerning
the aging methods, DAD increased the beef and age-intensity odor and decreased liver
odor. The AM affected all the texture attributes, hardness, fibrousity, masticability,
and residues increased in DAb (P<0.05), whereas initial juiciness, crumbliness, and
final juiciness increased in WA (P<0.05). The intensity of the age and bitterness
flavors increased, and those of metallic, liver, and astringent flavors decreased in DAb
(P<0.05).

5.4.3. Trained sensory panel and volatile compound relationships

The PCA analysis illustrates the relationship between the VOC and the sensory
panel attributes (Figure 1). The first factor (F1) explained 35.55% of the accounted
variance, enabling the segmentation of the samples based on their AM, with DAb
samples positioned on the right side and WA samples on the left side. A greater
contribution of VOC is seen in the positive section of axis 1 (F1), indicating that the
highest concentration of VOC is linked to the DAb treatments, which aligns with the
results presented in Table 2. Only methyl-hexanoate, methyl-butanoate, and isopropyl
alcohol were found to be lower in DAb samples. Furthermore, the second axis (F2,
11.17% of the accounted variance) does not provide a clear separation of the VOCs
based on the animals' finishing diet, meaning that VOCs cannot be distinguished
between those fed on pasture versus grain.

Regarding the sensory variables, F1 mainly separates aged odor and flavor (right
part of the axis), liver odor and metallic flavor (left part). However, the second axis
(F2) was related in the positive part with the texture attributes hardness, masticability,
fibrosity, and residue, and bitter flavor, and in the negative part, with the texture
attributes initial and final juiciness and crumbliness, and with astringent and intensity

beef flavor and herbal odor attributes.
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Table 5. Effects (mean £ SEM) of aging method (AM) and finishing diet (F) on odor, flavor and texture profile.

Aging Finishing Significance
Descriptors DAb WA Pasture Grain AM F PM*F
Odor
Beef intensity 5.9+0.1 5.6+0.1 5.7£0.1 5.8+0.1 0.022 0.850  0.858
Aged intensity 1.5+0.1 0.7+0.1 1.3+0.1 1.0+0.1 <.001 0.081 0.484
Milky 1.4+0.1 1.5+0.1 1.4+0.1 1.5+0.1 0.318 0.459 0.782
Liver 0.6x0.07 0.9+0.07 0.7£0.07  0.8+0.07 0.001 0.162 0.840
Herbal 0.9£0.1 1.1+0.1 1.2+0.1 0.8+0.1 0.210 0.015 0.231
Brou 0.5+0.07 0.7£0.07 0.6+0.07 0.6£0.07 0.136  0.711  0.39%4
Abnormal 0.9£0.1 0.9£0.1 1.240.1 0.6+0.1 0.858  0.021  0.785
Texture
Hardness 4.620.1 4.0+0.1 4.5+0.2 4.1+0.2 0.003  0.242  0.326
Juiciness initial 3.4+0.1 3.9+0.1 3.7+0.1 3.6+0.1 <.001 0.578 0.519
Fibrous 3.8+0.1 3.4+0.1 3.7+0.2 3.620.2 0.014 0.587 0.639
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Crumbling 3.0+0.1 3.3+0.1 3.1+0.1 3.2+0.1 0.023 0.771 0.897

Juiciness final 3.74£0.09 4.1+0.09 4.0+0.1 3.940.1 <.001 0.668 0.716
Masticability 4.60.1 4.2+0.1 4.5+0.2 4.3+0.2 <.001 0.468 0.266
Residue 2.840.1 2.440.1 2.740.1 2.610.1 0.004 0.614  0.149
Flavor
Beef intensity 5.240.07 5.3+0.07 5.2+0.08 5.2+0.08 0.130 0.807  0.858
Aged intensity 1.3+0.1 0.8+0.1 1.2+0.1 0.9+0.1 0.013 0.112 0.574
Milky 1.1+0.07 1.3+0.07 1.3+0.07 1.0#0.07 0.149  0.013 0.974
Metallic 1.4+0.07 1.8+0.01 1.4+0.08 1.8+0.08 0.002  0.005  0.392
Liver 1.4+0.1 1.7+0.1 1.5+0.2 1.5+0.2 0.020 0968  0.952
Acid 1.6+0.08 1.5+0.08 1.6+0.09 1.6+0.09 0.614 0.811  0.739
Astringent 1.5+0.07 1.7+0.07 1.6+0.09 1.5+0.09 0.012 0.268  0.892
Bitter 1.3+0.08 1.0+0.08 1.01+0.1  1.2+0.1 0.007  0.647  0.949

DADb: Dry aging bag (40 days); WA: Wet aging (40 days). Meat was aged at 2 + 0.5°C, 85 + 5% RH, and air flow of 0.5 m/s.
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Figure 1. Principal component analysis (PCA) of DAb-grain (DC), DAb-pasture (DP), WA-grain (WC), and WA-pasture (WP)
meat samples based on volatile compounds (different colors) and sensory attributes (green color). DAb: Dry aging bag (40 days); WA:

Wet aging (40 days). Meat was aged at 2 + 0.5°C, 85 + 5% RH, and air flow of 0.5 m/s.
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5.5. Discussion

Many studies have examined the effect of diets on volatile flavor compounds in
cooked meat (Evers et al., 2020; Elmore et al., 1999; Larick et al., 1987). The most
significant difference in meat flavors from cattle fed grass versus grain- based diets is
attributed to the concentration and type of fatty acids, which serve as the primary
carbonyl source (Melton, 1983). The fatty acid profile in this study showed differences
(data not shown) based on the finishing diet. However, no significant differences were
noted in intramuscular fat (IMF) percentages between pasture- and grain- fed steers,
which were 3. 3.7% and 4. 4.3%, respectively (Correa et al., 2024). The key difference
between the diets was the level of PUFA n- 3, with linolenic acid (C 18: 3 n- 3)
exhibiting four times more muscle content in pasture- fed than in grain- fed steers
(Correa et al., 2024). Of the 46 volatile compounds identified, 16 were influenced by
the diet. We attribute the low number of volatile compounds responding to the
finishing diet to the lack of difference in intramuscular fat content between pasture-
fed and grain- fed steer samples. However, among the 16 VOCs affected by the animal
diet, 15 increased in pasture- fed steers, while only ethanol decreased in pasture- fed
compared to grain- fed steers. Regarding ethanol, Evers et al. (2020) reported no
differences in ethanol content between grass- and grain- fed beef. Most of the
remaining 15 VOCs impacted by the diet were aldehydes (9). Under the similar
cooking conditions utilized in this study, EImore et al. (1999) demonstrated that fatty
acids and aldehydes were released from the phospholipids of various types of meat,
comprising the most significant class of volatiles in cooked beef. The same authors
indicated that the concentrations of saturated and monounsaturated straight- chain
aliphatic aldehydes, derived from lipids, greatly increased in beef with higher PUFA
content. We attribute the higher concentration of aldehydes to the increased muscle
content of linolenic acid (C 18: 3 n- 3) in pasture- fed steers. Aldehydes are likely the
most intriguing lipid- derived volatiles, as they possess low odor threshold values and
may enhance the flavor of the cooked beef samples. Consistent with our findings,
Suzuki and Bailey (1985) noted that higher concentrations of pentanoic, nonanoic,

decanoic, and dodecanoic acids were produced in the meat fat from grass- fed animals.
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The aging conditions (e.g., oxygen availability, temperature, humidity, and
aging time) under which beef is aged influence the meat’s ultimate flavors (Watanabe
et al., 2015). Particularly, aging in an oxygen environment causes a burnt, toasted off-
odor. Additionally, dry aging enhances beef flavor attributes more than aging in a
vacuum or carbon dioxide (Campbell et al., 2001; Jeremiah & Gibson, 2003).

In our study, the most abundant alcohol compound was ethanol; although no
significant differences were found between DAb and WA, the highest value was
recorded in DADb. Li et al. (2021) reported significantly higher concentrations of
alcohols, particularly ethanol, in wet-aged beef compared to traditional dry-aged
counterparts at 35 and 56 days of age. Conversely, Barragan-Hernandez et al. (2022)
noted that using dry-aging bags for 28 days affected only a few individual volatiles. at
the same time, alcohols and ketones were more concentrated in dry-aging bags than in
wet-aged meat. Furthermore, Barragan-Hernandez et al. (2022) explained that alcohols
and ketones are produced from the oxidation of fatty acid lipids. Among alcohols, 1-
octanol, 1-pentanol, and 1-octen-3-ol are known to be formed from C18:1n-9 and
C18:2n-6 fatty acids, respectively (Van Ba et al., 2013). In this study, the C18:1n-9
and C18:2n-6 content samples did not show significant differences between DAb and
WA (Correa et al., 2024). Mikami et al. (2021) indicated that linoleic acid (C18:2n-6)
serves as a precursor of volatiles produced by fungi during the dry-aging process.

Aldehydes (heptanal, hexanal, nonanal, octanal), carboxylic acids (acetic acid,
butanoic acid, decanoic acid, hexanoic acid, nonanoic acid, octanoic acid), and ketones
(2, 2,3- butanedione, 2- butanone, acetoin, and acetone) exhibited the highest
abundances and increased in DAb compared to WA. Aldehydes are the primary
secondary lipid oxidation products and contributors to dry bag aging (Ruiz, Muriel, &
Ventanas, 2002). In meat, aldehydes are mainly formed during lipid oxidation and the
Strecker degradation of amino acids, including butanal, 3- methyl, and benzaldehyde
(Legako et al., 2016). According to the present research, Barragan- Hernandez et al.
(2022) reported that aldehydes had higher concentrations in dry bag aging compared
to wet aging. Hexanal is known to form from the oxidation/degradation of C 18: 2 n-
6, while heptanal, octanal, and nonanal are derived from C 18: 1 n- 9 (Elmore et al.,

2002; Van Ba et al., 2013). Previous studies found greater concentrations of aldehydes
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in traditionally dry- aged beef than in wet- aged beef (Ha et al., 2019; Lee et al., 2021),
while Setyabrata et al. (2021) did not report any differences in aldehyde concentrations
between traditional and in- the- bag dry- aged and wet- aged beef. The differences in
results across studies may be attributed to the aging duration: according to Ha et al.
(2019), most volatile compounds increased in concentration with longer aging time
and different aging methods. Most of the studies lasted 28 days, whereas our studies
and Ha et al. (2019) utilized an aging time of 40 days. Li et al. (2021) reported that the
concentrations of heptanal, octanal, and nonanal increased with aging time during dry
aging (35 vs 56 days). Ma et al. (2012) noted that an increase in low molecular weight
aldehydes did not occur until three weeks of storage, and lipid oxidation would be
relatively suppressed for up to three weeks under vacuum conditions. In this study,
compared to wet aging, the increase in these volatile compounds in dry bags
corresponds with the lipid oxidation results (TBARS) observed in the same samples,
as noted by Correa et al. (2024). Hexanal, heptanal, octanal, and nonanal are
commonly reported lipid- derived volatiles in cooked beef, and their odors are
described as “green, " “fatty,” and “sweet,” serving as indicators of lipid oxidation in
meat (Frank et al., 2016).

Concerning sensory profile, DADb increased beef and aged identity odor, and
aged identity flavor, whereas it decreased the intensity of liver odor and metallic
flavor. Also, Li et al. (2014) and Foraker et al. (2020) found that in-the-bag or
traditionally dry-aged LTL was less liver-like and metallic than wet-aged samples after

different aging periods (8-63 d).

5.6. Conclusions

The dry-aging bag method yielded higher concentrations of volatile organic
compounds, including aldehydes, carboxylic acids, and ketones, compared to wet
aging. These compounds are associated with desirable flavor attributes such as aged
identity and beef intensity.

Pasture-fed beef exhibited higher concentrations of lipid-derived volatile organic

compounds, particularly aldehydes, than grain-fed beef, which showed lower
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concentrations but slightly higher intramuscular fat content, which might balance
sensory attributes.

The aging methods displayed significant differences in texture: dry bag-aged
beef exhibited greater hardness and fibrousness, while WA beef maintained higher
juiciness. Dry aging bags enhanced the intensity of beef and aged odors and flavors
while diminishing liver and metallic tastes. These characteristics align with consumer
preferences for the flavors of aged beef.

Principal component analysis distinguished dry bag and wet-aged samples-based
on their volatile profiles and sensory attributes. Volatile compounds, especially
aldehydes and-alcohols, were closely linked to the sensory perception of aged beef.

The study supports using dry-aging bags as a practical alternative, enhancing the
flavor and sensory qualities of beef while providing flexibility in export markets. For
markets that value intense, aged beef flavors, dry aging with DAD is preferable.
However, for consumers who prioritize tenderness and juiciness, wet aging may be

more suitable.
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Figure S1. Principal component analysis (PCA) of DAb-grain (DC), DAb-pasture (DP), WA-grain (WC), and WA-pasture (WP) meat

samples based on volatile compounds. DAb: Meat was aged at 2 £ 0.5°C, 85 + 5% RH, and air flow of 0.5 m/s.
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Figure S2. Principal component analysis (PCA) of DAb-grain (DC), DAb-pasture (DP), WA-grain (WC) and WA-pasture (WP) meat

samples based on volatile compounds
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Table S1. Correlation coefficients of volatile compounds (alcohols) with descriptive attributes of longissimus lumborum beef steaks from
pasture and grain-fed steers aged in DAb and WA. DAb: Dry aging bag (40 days); WA: Wet aging (40 days). Meat was aged at 2 £ 0.5°C, 85 £
5% RH, and air flow of 0.5 m/s.

Odor Texture Flavor
Abnor  Hardn Juicin  Juicin  Mastica  Resid Crumbli
Variables Beef Aging Liver  Herbs Brou mal ess ess-in  ess-fin  bility ue Beef Aging  Metallic  Liver  ness Bitter
1-Butanol3methyl 0,112 0,459 -0,262 -0,301 -0,219 -0,074 0,126 -0,177 -0,200 0,072 0,058 -0,008 0,148 0,037 -0,098 -0,231 0,061
1-Pentanol -0,194 0,267 -0,288 -0,018 -0,084 0,050 0,482 -0,191 -0,129 0,399 0,297 -0,160 0,206 -0,189 -0,009 0,096 0,262
1-Hexanol 0,079 0,356 -0,332 -0,047 -0,211 -0,045 0,128 -0,172 -0,082 0,196 0,194 -0,041 0,251 -0,294 -0,087 0,058 0,143
1-Hexanol 2ethyl -0,088 0,345 -0,218 -0,283 -0,123 -0,148 0,132 -0,045 -0,012 0,190 0,146 -0,267 0,063 0,039 -0,055 -0,147 0,223
Phenol -0,006 0,355 -0,332 -0,093 -0,047 -0,147 -0,142 0,097 0,041 -0,123 -0,137 0,072 0,198 -0,426 -0,112 0,210 -0,060
1-Octanol 0,062 0,454 -0,294 -0,148 -0,248 -0,072 0,170 -0,204 -0,130 0,155 0,127 -0,041 0,192 -0,283 -0,032 -0,075 0,147
Tetradecanol -0,010 0,400 -0,286 -0,369 -0,252 -0,208 0,164 -0,181 -0,152 0,090 0,080 -0,077 0,258 -0,220 -0,165 -0,223 0,105

Table S2. Correlation coefficients of volatile compounds (aldehydes) with descriptive attributes of longissimus lumborum beef steaks from
pasture and grain-fed steers aged in DAb and WA. DAb: Dry aging bag (40 days); WA: Wet aging (40 days). Meat was aged at 2 £ 0.5°C, 85 £
5% RH, and air flow of 0.5 m/s.

Odor Texture Flavor

Variables Abnor  Hardn Juicin  Juicin  Mastica  Resid Crumbli

Beef Aging Liver  Herbs Brou mal ess ess-in  ess-fin  bility ue Beef Aging  Metallic  Liver  ness Bitter
2-Propenal -0,120 0,200 -0,200 0,049 -0,230 0,173 -0,127 -0,028 0,005 -0,166 -0,234 0,307 0,522 -0,329 -0,118 0,266 -0,163
Butanal 0,070 0,237 -0,433 0,163 -0,042 -0,148 0,107 0,032 0,123 0,178 0,103 0,030 0,335 -0,625 -0,488 0,010 0,009
Pentanal 0,141 0,448 -0,445 0,085 0,122  -0,061 0,161 0,157  -0,093 0,218 0,191 0,023 0299  -0,529 0,220 0,112 0,131
Hexanal 0,056 0,335 0,383 -0,018 -0056 -0,128 0,256 0,149  -0,082 0,349 0,308 0,121 0,228  -0,328 0,216 0,076 0,176
Heptanal 0,069 0,415 -0,470 0,028 -0,128  -0,064 0,166 0,155  -0,121 0,140 0,156 0,029 0262  -0,367 0,141 0,044 0,128
Octanal 0,129 0,458 0,355 -0,094 -0213 0,071 0,170 0,218  -0,141 0,199 0,173 0,028 0,247  -0,322 0,116  -0,038 0,122
Nonanal 0,106 0,489 0,341 0,162 -0,231 0,061 0,210 0,225  -0,162 0,191 0,147 0,061 0224  -0,203 0,016  -0,124 0,144
Decanal 0,261 0,416 0,315 0,084 0,183 0,069 0,077 0,175  -0,089 0,169 0,138 0,079 0268  -0,349 0,045 0,002 0,029
Undecanal 0,147 0,434 -0,394 0,036 0,158  -0,036 0,043 0,064  -0,007 0,089 0,060 0,178 0,389  -0,474 0,187 0,085 -0,003
Dodecanal 0,132 0,391 -0,344 0,023 0,176  -0,071 0,038 0,053 0,013 0,081 0,045 0,187 0,387  -0451 0,149 0,059 -0,040
Tridecanal 0,070 0,299 0,296 0,059 0,131 0,014  -0,062 0,038 0,069  -0,025 0,085 0,337 0471  -0,436 0,133 0,168 0,168
2DecenalE 0,261 0,318 0,305 0,103 0,136  -0,085 -0,058 0,128  -0,100 0,071 0,106 0,119 0294  -0,377 0,070 0171 0,041
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Table S3. Correlation coefficients of volatile compounds (carboxylic acids) with descriptive attributes of longissimus lumborum beef steaks

from pasture and grain-fed steers aged in DAb and WA
85 + 5% RH, and air flow of 0.5 m/s.

. DAD: Dry aging bag (40 days); WA: Wet aging (40 days). Meat was aged at 2 + 0.5°C,

Odor Texture Flavor

Variables Abnor  Hardn Juicin  Juicin  Mastica  Resid Crumbli

Beef Aging Liver  Herbs Brou mal ess ess-in  ess-fin  bility ue Beef Aging  Metallic  Liver  ness Bitter
Acetic acid -0,115 0,262 -0,201 -0,085 -0,379 -0,073 -0,210 0,024 -0,005 -0,137 -0,176 -0,013 0,094 -0,302 -0,034 0,096 -0,102
Butanoic acid 0,069 0,138 -0,185 0,225 -0,197 0,082 -0,152 0,015 0,094 -0,020 -0,032 0,214 0,150 -0,428 -0,086 0,275 -0,246
Pentanoic acid -0,034 0,127 -0,362 0,139 -0,156 -0,016 -0,027 0,007 0,062 0,034 0,124 -0,043 0,088 -0,528 -0,191 0,166 0,051
Hexanoic acid 0,009 0,156 -0,301 0,264 -0,266 0,088 -0,023 -0,003 0,104 0,029 0,050 0,190 0,230 -0,527 -0,136 0,186 -0,128
Octanoic acid 0,002 0,024 -0,225 0,267 -0,239 0,129 -0,062 -0,045 0,076 0,036 0,113 0,077 0,080 -0,509 -0,165 0,162 -0,046
Nonanoic acid 0,082 0,338 -0,326 -0,103 -0,235 -0,043 0,113 -0,156 -0,090 0,131 0,166 -0,050 0,193 -0,377 -0,108 -0,077 0,146
Decanoic acid 0,081 0,105 -0,254 0,236 -0,244 0,132 -0,020 -0,088 0,028 0,086 0,142 0,098 0,142 -0,508 -0,168 0,108 -0,030
Dodecanoic
acid 0,063 0,113 -0,218 0,194 -0,233 0,092 -0,027 -0,073 0,005 0,056 0,129 0,071 0,126 -0,480 -0,153 0,088 -0,035

Table S4. Correlation

coefficients of volatile compounds (benzene, ketones, furans, sulfur, and terpene) with descriptive attributes of

Longissimus lumborum beef steaks from pasture and grain-fed steers aged in DAb and WA. Dry aging bag (40 days); WA: Wet aging (40 days).

Meat was aged at 2 + 0.5°C, 85 + 5% RH, and air flow of 0.5 m/s.

Variables

Toluene
1-3-Di-tert-
butylbenzene
Methyl
butanoate
Methyl
hexanoate
Furan
2-Butanone
Acetoin
2-Heptanone
Carbon
disulfide
a-Pinene

Beef
-0,074

-0,085
-0,353

-0,034
0,187
0,100
0,091
0,136

-0,073
-0,242

Aging
0,212

0,358
-0,328

-0,231
0,395
0,501
0,332
0,296

0,027
0,224

Odor
Liver Herbs
-0,234 0,205
-0,240 -0,209
0,097 0,278
0,205 -0,342
0,225 0,083
0,401  -0,262
0,126  -0,199
0311  -0,036
0,026  -0,250
0,245 0,253

Brou
-0,030

-0,158
0,216

-0,033
0,029

-0,254
-0,175
-0,090

-0,054
-0,071

Abnor
mal
0,045

-0,103
-0,367

-0,411
-0,218
-0,087
-0,085
-0,054

-0,129
-0,398

Texture Flavor

Hardn  Juicin  Juicin  Mastica  Resid Crumbli

ess ess-in  ess-fin  bility ue Beef Aging  Metallic  Liver  ness Bitter
0,073 0,252 0,168  -0,063 0,019 0,162 0136  -0,420 0,126 0,363 0,022
0,120 0,053  -0,055 0,071 0,049 0,101 -0,031  -0,096 0,063 0,018 0,189

0,000 0,350 0,364  -0,101 0,011  -0,127 0,200 0,239 0,112 -0,005 0,072

0,037 0,029 0,149 0,052 0,057 0,289  -0,209 0,198 0,057 -0,033 0,195

0,099 0,174 0,065 0,003 0,081 0,192 0262  -0,348 -0,341 0,101 0,128
0,408 0,396  -0,313 0,363 0,380 0,242 0,206  -0,149 0,189  -0,231 0,365

0,008  -0,043 0,047  -0,049 0,062 0,015 0,051 0,230 0,147  -0,118 -0,059
0,030 0,107  -0,005 0,116 0,118 0,124 0,355  -0,370 0,311 0,124 0,051

0,022 0,058 0,011 0,070 0,148 0,218  -0,287 0,244 0142  -0,027 0,269

0,329 0,107 0,003 0,091 0,247 0,053 0,116  -0,187 0,099  -0,010 0,139
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6. Effect of the aging methods and finishing diet in the longissimus thoracis et
lomborum muscle of steers- a proteomics approach
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6.1. Introduction

The beef industry continually faces the challenge of producing high-value
products with consistent quality that meet consumers’ expectations (McCarthy et al.,
2017; Gagaoua et al., 2019). There is a need to develop efficient and non-invasive tools
to identify animals or carcasses with desired quality attributes before or after slaughter
(Ouali et al., 2013). With this goal in mind, over the past two decades, high-throughput
molecular techniques, collectively known as proteomic approaches, have been applied
in meat science (Di Luca et al., 2016; Picard and Gagaoua, 2020; Munekata et al.,
2021). Proteomics studies on beef tenderization, color, and marbling (Gagaoua,
Hughes et al., 2020; Gagaoua, Bonnet et al., 2020b) enable the simultaneous
examination of hundreds or thousands of muscle proteins to characterize the changes

occurring during the post-mortem period in meat of varying quality, leading to the
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identification of potential protein markers of eating quality (Gagaoua, Terlouw et al.,
2021).

The quality characteristics of beef depend on intrinsic factors such as muscle
type, sex, and breed, as well as extrinsic factors like pasture- or grain-based fattening
(Henchion et al., 2017; Verbeke et al., 2010). Since grain-fed cattle differ substantially
from pasture or forage-based systems in average daily gain, we may observe changes
in muscle metabolism that contribute to the development of final eating quality traits,
such as color or tenderness. Beef from cattle finishing in feedlot systems (grain-fed) is
brighter red and more tender than beef from cattle finishing in extensive systems
(pasture-based). In contrast, pasture- or forage-finishing cattle produce fresh meat that
is often darker in appearance and less tender, which may be attributed to a pronounced
oxidative metabolism in the muscles of grass-fed animals (Apaoblaza et al., 2020).
However, the finishing regime type is often confounded with weight gain because
cattle on intensive feeding programs tend to grow at faster rates. Regardless,
understanding the changes in muscle that occur with the feeding paradigm may provide
insight into the mechanisms underlying beef quality development.

The duration of aging after rigor mortis, which is part of the production process,
is an additional key factor influencing eating quality, which occurs during the
processing stage at slaughterhouses or cutting plants (Bischof et al., 2021; Kim et al.,
2017). The aging process can be classified into two main categories: wet- and dry
aging (Terjung et al., 2021; de Faria Vilella et al., 2019). In dry aging, meat is
unpacked and exposed to environmental conditions, allowing moisture to evaporate.
Dry-aged beef is characterized by its unique flavor and product quality (DeGeer et al.,
2009). In contrast, wet aging, also called vacuum aging, is widely used in the meat
industry due to its low loss in production yield and convenience in storage and
transport (Warren and Kastner, 1992). However, the dry aging process, which utilizes
a high-permeable water vapor bag (dry aging bag), was introduced to the market to
enhance the yield of the traditional unpackaged dry aging process. Meat aged in a dry
aging bag is expected to have the same sensory quality as traditional, unpackaged dry-

aged meat, but with reduced aging and trim losses, a lower risk of contamination, and
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fewer requirements for environmental control (Ahnstrém et al., 2006; DeGeer et al.,
2009).

Meat quality results from many biochemical and physical mechanisms in
muscles starting right after animal bleeding and continuing during aging periods
(Gagaoua, Schilling et al., 2022). Recently, the application of proteomics in meat
research has yielded valuable insights into conventional methods also called the
hypothetico-deductive (H-D) (Purslow et al., 2021), hence contributing significantly
to a better understanding of the complexity of the muscle proteome and its importance
in determining meat quality (Gagaoua, Duffy et al., 2022).

Research has been done to characterize the proteome through different aging
methods (Kim et al., 2020; Alvarez et al., 2023) at various post-mortem times and to
characterize different animal growth rates and finishing regimen types (Antonelo et
al., 2022; Gagaoua et al., 2017), but the literature lacks studies about the impact of the
extended aging process combined with different finishing diets on muscle proteomic
profiles.

This study aims to identify differentially abundant proteins (DAPS) in the
longissimus thoracis et lumborum (LTL) muscle of steers from concentrate- or
pasture-finished animals using two aging methods: dry bag and wet, over a 40-day

period.

6.2. Materials and methods

6.2.1. Raw materials and aging process

This study was carried out in complement to Correa et al. (2024) as a part of a
large experiment, and the duplicities of the experimental design and sample set are
acknowledged. A total of 30 steers (under 30 months of age; British breed) finished
(F) in the pasture (P; n = 15) qualifying for UE Hilton quota (INAC, 2013) or
concentrate (C; n = 15) qualifying for UE 481 quota (MGAP, 2023) were slaughtered
in a commercial meat packing plant (hot carcass weight: 266.5 kg: P and 253.2 kg: C).
The steer herd originated from the same farm and was selected based on age, live
weight, and fat cover to establish two similar groups. Sixty striploins (longissimus

thoracis et lumborum, LTL) were obtained for analysis and assigned to an aging
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method: dry bag (DAb) or wet (WA). The striploin from the left side of each carcass
was divided into two sections or pieces; a section 16 cm in length was vacuum
packaged in dry-aging bags (D; TUBLIN® 10 of 50 um thick, polyamide mix with a
water vapor transmission rate of 2.5 kg/50 p/m2/24 h at 38°C, 50% RH, TUB-EX ApS,
Denmark) and a second section of 14 cm of length was vacuum packaged for wet-aged
(W; vacuum packaged was a barrier bag of 50 pum thickness; maximum oxygen
transmission rate of 27 cm3/m2/24 h at 22-24°C and 0% RH and moisture vapor
transmission rate of 5 g/m2/24 h at 38°C and 90% RH; Cryovac® Sealed Air Corp.,
BB 2620, Brazil). The location of each meat portion from each striploin was alternated
in cranial to caudal direction among carcasses. The striploin’s portions were laid out
on wire racks inside the chamber during an aging period of 40 d. At the end of the
aging period, a steak from each piece was retired, frozen (-20 °C) and shipped to
Teagasc National Food Research Center in Ashtown, Dublin (Ireland). Once the

samples arrived, they were stored at -80 °C for further analysis.

6.2.2. Protein extraction and quantification

Frozen muscle tissue samples (150-200 mg) were homogenized in 3 mL of fresh
extraction buffer consisting of 8.3 M urea, 2 M thiourea, 1% DL-Dithiothreitol (DTT),
2% CHAPS and Pharmalyte® 3-10 (Bouley et al., 2004) using a T18 digital ULTRA-
TURRAX® (IKA®, Staufen, Germany) which was run at 20,000 rpm for 60 s (2 x 30
s). The homogenates were incubated on ice for 30 minutes and centrifuged for 30
minutes at 10000 xg at 4 °C (Lamri, Della Malva, Djenane, Lopez-Pedrouso et al.,
2023). The supernatant was transferred into Eppendorf tubes and stored at -80 °C until
protein quantification. Protein concentrations were determined using the Bradford
method (Bradford, 1976), and bovine serum albumin (Thermo Scientific, Rockford,
IL, USA) was employed as a standard. Absorbance was measured at 595 nm using a
spectrophotometer (UV-1700, Pharmaspec, SHIMADZU) to determine protein

concentrations in the protein extracts.
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6.2.3. One-dimensional (1D) sodium dodecyl Sulphate-polyacrylamide gel

electrophoresis (SDS-PAGE) for shotgun proteomics

The protein concentrations of the muscle extracts were adjusted with MilliQ
water, and an equal volume of Laemmli buffer was added (Sigma-Aldrich, St. Louis,
MO, USA) to ensure a final protein mass of 40 ug in each well. The samples were
heated in a standard block heater (SBH130D/3, Bibby Scientific Limited,
Staffordshire, UK) at 80 °C for 15 min. A volume of 15 uL of each sample was loaded
in freshly prepared 12% resolving and 4% stacking gels for 1D SDS-PAGE using a
Mini-PROTEAN® Tetra Cell System (Bio-Rad, Hercules, CA, USA) with a run time
of 15 min at 4 W to concentrate the proteins. Protein bands for shotgun proteomics
were prepared as described by Lamri et al. (2023). Subsequent digestion of the protein
bands and mass spectrometry analysis were performed following the protocol
described by Chantada-Vazquez et al. (2021). Modified porcine trypsin (Promega,
Madison, WI, USA) was used to digest the dried gel bands at a concentration of 20
ng/uL in 20 mM ammonium bicarbonate at 37 °C for 16 h. The resulting peptides were
extracted with 60% acetonitrile in 0.5% formic acid, vacuum-concentrated in a
SpeedVac and stored at 20 ° for further LC-MS/MS analysis.

6.2.4. Generation of the reference spectral library and protein quantification by
SWATH-MS

To generate the MS/MS spectral libraries and obtain a good representation of the
peptides and proteins in all samples, vials from each group (i.e., dry aged condition)
were prepared and analyzed by a shotgun data-dependent acquisition (DDA) approach
using a micro-LC-MS/MS. Briefly, a peptides mixture of 4 pL per condition was
separated on a micro-LC system Ekspert nLC425 (Eksigen, Dublin, CA, USA) using
an Eksigent C18 column (150 x 0.30 mm, 3 mm particle size and 120 A pore size)
(Eksigent, Sciex). The eluting peptides were directly injected into a hybrid quadrupole-
TOF mass spectrometer coupled with a Triple TOF 6600 (Sciex, Redwood City, CA,
USA), which operated with a data-dependent acquisition system in positive ion mode.
The MS raw files were used for peptides and protein identification employing the

ProteinPilot software (version 5.0.1, Sciex) and the bovine-specific Uniprot database
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(https://www.uniprot.org/). The false discovery rate (FDR) was set to 1% for both
peptides and proteins. For the relative quantification of peptides and proteins, 4 uL of
peptides from each sample were analyzed using a data-independent acquisition (IDA)
method, known as SWATH (sequential window acquisition of all theoretical mass
spectra)-MS method. Samples were analyzed using the LC-MS equipment and LC
gradient. Sixty samples from 4 treatments (2 finishing diets x 2 aging types, 15
animals) were analyzed. The data extraction from the SWATH runs was performed by
PeakView v.2.2 (Sciex, Framingham, MA, USA) employing the SWATH Acquisition
MicroApp v.2.0. This application processed the data based on the spectral library
created and used the following parameters: 10 peptides /protein and 7
fragments/peptide and FDR below 1%. Protein quantification was calculated by

summing the peak areas of the corresponding peptides.

6.2.5. Statistical analysis

SWATH-MS analysis allowed the identification and quantification of 653
proteins and 1684 peptides at an FDR of 1%. Data processing and statistical analysis
were performed using the MetaboAnalyst platform (https://www.metaboanalyst.ca/).
Proteins with >50% missing values were removed. The remaining missing proteins
were estimated using the k-nearest neighbor (KNN) algorithm. Data was normalized
using a log10 transformation and Pareto scaling approach. Pairwise (two groups) and
multiple (four groups) comparisons were performed to analyze the proteomic data. In
the case of pairwise comparisons, a volcano plot with a 1.5-fold change (FC) and a P-
value of 0.01 was used. For multiple comparisons, a partial least squares discriminant
analysis (PLS-DA) with a fixed VIP (variable importance in projection) threshold >2

was employed.

6.2.6. Bioinformatics analysis

To benefit from the most complete annotation available, the bovine Uniprot IDs
of the 653 proteins were converted into the orthologous human EntrezGenelD
(Gagaoua, Terlouw et al, 2021), wusing the UniprotKkB database
(https://www.uniprot.org/). Both bovine and human Uniprot IDs were indexed in the

databases and used for bioinformatics analysis. The Metascape tool
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(https://metascape.org/) was used to perform Gene Ontology (GO) enrichment
analysis and identify the most significant and enriched GO terms, allowing for the
exploration of the potential functions and biological processes of the differentially
abundant proteins (DAPs) identified in the proteome of dry-aged beef. Bioinformatics
analysis was performed as described by Gagaoua, Terlouw et al. (2021) with some
brief modifications. The current study considered the GO terms with a P-value <0.01,
a minimum overlap of 2, and an enrichment factor > 1.5 (ratio between the observed
counts and the counts expected by chance). Representative terms with a similarity
score > 0.3 were clustered based on their membership similarities and visualized in
network layouts. Additionally, Cytoscape v.3.9.1 was utilized to enhance the

visualization and exploration of the enriched networks.

6.3. Results

A total of 653 proteins were identified and quantified by SWATH-MS analysis.
The following sections will present the answer to the following points: 1) the impact
of finishing diet on the proteomic profile of dry-aged in a bag meat finishing (PDAb
vs CDAD), 2) the impact of each finishing diet on wet-aged meat (PWA vs CWA), 3)
the overall impact of aging type on finishing meat from pasture finishing animals
(PWA vs PDAD) and 4) the overall impact of aging type on meat coming from
concentrate finishing animals (CWA vs CDADb).

6.3.1. Differentially abundant proteins (DAPS) comparing the dry aging meat within

each pasture and concentrate finished diet

A volcano plot (Fig. 1- A and Table 1) assessed differential protein expression,
displaying the changes due to the finished diet in dry bag-aged samples. On the left
side, the blue points represent the significantly overabundant proteins in pasture-dry
bag aging (38 proteins); on the right, the red points correspond to the proteins
overabundant in concentrate-dry bag aging (68 proteins). The biological pathway and
cluster enrichment analysis performed on the 106 DAPs (Fig. 1- B) revealed 20
significant Gene Ontology (GO) terms identified in LTL muscle tissue of steers, of

which four belong to the pasture finished diet aged in dry bag treatment (PDAb). The
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three most abundant GOs: GO: 0055001 “muscle cell development,” GO: 0006091
“generation of metabolites and energy,” and GO: 0006163 “purine nucleotide
metabolic process” were associated with concentrate finished diet-dry bag aging
treatment (CD). The network layout (Fig. 1-C) between the representative enriched
GO terms illustrates the extent of the enrichment or the clusters contributing to each
term. Partial least squares-discriminant analysis (PLS-DA) allowed us to discriminate
between the two finished diets in dry-bag aging samples: concentrate-dry bag aging
(CD) and pasture-dry bag aging (PDAb) (Fig. 2-A). The top 20 most important
proteins (Fig. 2-B), according to the VIP (variable importance in projection), revealed
two proteins (MYH7B and IPO5) to be more abundant in samples from pasture and 18
proteins (PGK1.1, TNNT3, TPM1, ATP2A3, PKM2, GAPDH, CASQ1, TUBA4A,
TPM1, PGK1, ATP5F1A, TUBB2A, MYBPC1, PKM, PYGM, LGALS-1.1, SYPL2,
AMPD1) more abundant in samples from concentrate. Among them, PGK1.1 (VIP >
3.5) was the significant protein in abundance (putative biomarker) with a higher VIP
score, being overabundant in the CD samples.

Table 1. Significant and differentially abundant proteins between pasture dry-
aged (PDAb) and concentrate dry-aged beef (CDAb) samples from the shotgun
SWATH-MS proteomics analysis. Meat was aged at 2 = 0.5°C, 85 + 5% RH, and air

flow of 0.5 m/s.

Log2 -Logl0
Uniprot ID Full protein names Gene names
(FC) (p-value)
Q3TOP6 Phosphoglycerate kinase 1~ PGK1 3.82 6.14
Q5KR49 Tropomyosin alpha-1 chain  TPM1 2.46 6.47
P81948 Tubulin alpha-4A chain TUBA4A 2.11 4.01
Q8MKI3 Troponin T, fast skeletal Tnnt3 1.84 4.37
muscle
AOA3QIMTP9  Sarcoplasmic/endoplasmic ~ ATP2A3 1.81 4.74
reticulum calcium ATPase 3
P14618 Pyruvate kinase PKM PKM2 1.80 4.97
P31415 Calsequestrin-1 CASQ1 1.66 7.32
E1BJB1 Tubulin beta-2A chain TUBB2A 1.52 5.00
Q5KR49 Tropomyosin alpha-1 chain  TPM1 1.52 8.04
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https://www.uniprot.org/uniprotkb/A0A3Q1MTP9/entry
https://www.uniprot.org/uniprotkb/E1BJB1/entry

P23109
P19483

P10096

Q00872

AOAAAITL30

Q3T149
FIMNF8
AOAQ77S2W5
QIXSG3

E1BAJ
Q04760
Q3ZC55
Q5KR47
P13639
E1BNV1
E3Q1Q2
A5D984
P11966

P12344

P79334

Q8SQ24
P10790

P02510

AMP deaminase 1

ATP synthase subunit alpha,
mitochondrial
Glyceraldehyde-3-
phosphate dehydrogenase
Myosin-binding protein C,
slow-type
Synaptophysin-like protein
2

Heat shock protein beta-1
Tubulin alpha chain
lysozyme

Isocitrate  dehydrogenase
[NADP] cytoplasmic
Starch binding domain 1
Lactoylglutathione lyase
Alpha-actinin-2
Tropomyosin alpha-3 chain
Elongation factor 2

Myosin binding protein C2
Galectin

Pyruvate kinase

Pyruvate dehydrogenase E1
component subunit beta,
mitochondrial

Aspartate aminotransferase,
mitochondrial

Glycogen phosphorylase,
muscle form

Myozenin-1

Fatty acid-binding protein,
heart

Alpha-crystallin B chain

AMPD1
ATP5F1A

GAPDH

MYBPC1

SYPL2

HSPB1
TUBAIA
LYZF5
IDH1

STBD1
GLO1
ACTN2
TPM3
EEF2
MYBPC2
LGALS-11
PKM
PDHB

GOT2

PYGM

MYOZ1
H-FABP

CRYAB

1.44
1.42

1.41

1.33

1.32

1.29
1.28
1.27
1.19

1.18
1.12
1.12
1.11
1.11
1.10
1.09
1.06
1.05

1.04

1.04

1.03
1.01

1.00

3.75
4.57

3.39

8.04

5.10

4.87
2.56
2.00
2.50

2.60
3.13
6.33
5.83
3.16
4.50
2.88
3.38
2.61

2.77

2.61

4.04
2.60

4.24
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https://www.uniprot.org/uniprotkb/A0AAA9TL30/entry

AOAAA9S5Q9

QO08DPO

P15246

P00829

060662
P00442

F1IMPR3

E1BNE7Y

Q2TBUO

QOP571

P19120

P35573

ATYYG67

Q148D5

Q5E947

FIMRQ7

Qo119

Four and a half LIM
domains protein 1
Phosphoglucomutase-1
Protein-L-isoaspartate(D-
aspartate) O-
methyltransferase

ATP synthase subunit beta,
mitochondrial

Kelch-like protein 41
Superoxide dismutase [Cu-
Zn]

Calcium-transporting
ATPase

Caveolae associated protein
1

Haptoglobin

Myosin regulatory light
chain 2, skeletal muscle
isoform

Heat shock cognate 71 kDa
protein

Glycogen debranching
enzyme
10-formyltetrahydrofolate
dehydrogenase
Succinate--CoA ligase
[ADP-forming] subunit
beta, mitochondrial
Peroxiredoxin-1

SH3  domain  binding
glutamate rich

Alpha-actinin-3

FHL1

PGM1

PCMT1

ATPSF1B

KLHL41
SOD1

ATP2A2

CAVIN1

HP

MYLPF

HSPA8

AGL

ALDHI1L1

SUCLAZ2

PRDX1

SH3BGR

ACTN3

0.97

0.96

0.96

0.95

0.92
0.92

0.91

0.90

0.90

0.89

0.88

0.88

0.85

0.84

0.84

0.82

0.78

3.57

5.45

3.32

3.66

3.15
2.73

7.90

4.36

2.19

5.35

6.47

4.70

2.64

3.92

3.42

2.71

3.59
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https://www.uniprot.org/uniprotkb/Q2TBU0/entry

Q3SZE5

Q29RI2
ABQLLS

Q17QE2

Q3Y523
046629

P68530

Q27975

AOALKOFUD3
QOVD16

Q9TT36
P02070
Q3ZBT1

Q3SZB4

Q5E9F7
A3KN12
E1BF23
P80473
P02763
E1BH94

Myosin regulatory light
chain 2, ventricular/cardiac
muscle isoform
phosphorylase kinase
Fructose-bisphosphate
aldolase
LIM and

domains protein 1

cysteine-rich

Adiponectin
Trifunctional enzyme
subunit beta, mitochondrial
Cytochrome ¢  oxidase
subunit 2

Heat shock 70 kDa protein
1A

Globin C1

Dual specificity mitogen-
activated protein  kinase
kinase 1

Thyroxine-binding globulin
Hemoglobin subunit beta
Transitional  endoplasmic
reticulum ATPase
Medium-chain specific
acyl-CoA  dehydrogenase,
mitochondrial

Cofilin-1

Adenylosuccinate lyase
Myomesin 2

Myomesin-1

Alpha-1-acid glycoprotein 1
Peptidoglycan recognition

protein 2

MYL2

PHKG1
ALDOA

LMCD1

ADIPOQ
HADHB

COX2

hsp70

GLNC1
MAP2K1

SERPINA7
HBB
VCP

ACADM

CFL1
ADSL
MYOM2
MYOM1

Agp
PGLYRP2

0.78

0.77
0.77

0.75

0.73
0.73

0.73

0.72

0.71
0.68

0.67
0.67
0.65

0.64

0.64
0.62
0.61
0.61
-0.62
-0.63

3.39

2.81
4.40

2.98

3.31
3.23

2.55

2.73

5.17
2.60

2.30
3.43
2.59

4.24

2.15
2.56
5.44
2.40
2.15
2.39
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Q2KJB3
A6QQ49
FIMC13
Q2KJF1
Q148M6

QIXTA2
A2VE41

P12763
Q2HJ60

P78417

Q32LG3

Q4PIW3

E1BLAS
E1B9K4
Q6IM73
P41361
FIMQ74
Q29437

E1BCWO
Q6H320
ATYW45

018738
AOA3QILMV9

Angiopoietin-like 3

Pepsin A

Laminin subunit alpha 5
Alpha-1B-glycoprotein
Matrix remodeling-
associated protein 8

Prolyl endopeptidase

EGF containing fibulin
extracellular matrix protein
1
Alpha-2-HS-glycoprotein
Heterogeneous nuclear
ribonucleoproteins A2/B1
Glutathione  S-transferase
omega-1

Malate dehydrogenase,
mitochondrial

Lanosterol 14-alpha
demethylase

Golgi membrane protein 1
Hemicentin 2

Reticulon

Antithrombin-I11

Sushi domain containing 1
Primary amine oxidase,
liver isozyme

HGF activator

Glandular kallikrein

Protein arginine N-
methyltransferase 5
Dystroglycan 1

Epiplakin 1

ANGPTL3
PGAS
LAMAS
Al1BG
MXRA8

PREP
EFEMP1

AHSG
HNRNPA2B1

GSTO1

MDH2

CYPS51A1

GOLM1
HMCN2
RTN2
SERPINC1
SUSD1
SAO

HGFAC
KLK1
PRMT5

DAG1
EPPK1

-0.65
-0.66
-0.70
-0.72
-0.74

-0.75
-0.80

-0.81
-0.82

-0.88

-0.91

-0.93

-0.94
-0.95
-0.95
-0.96
-0.98
-0.99

-1.01
-1.02
-1.03

-1.10
-1.12

2.02
2.26
2.71
2.43
2.86

2.48
2.50

2.53
2.00

2.10

2.44

3.59

2.30
2.52
2.98
6.02
4.17
4.46

3.98
2.81
2.57

2.68
2.76
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ATE337

A4IFAS
Q5E9Z9
Q28035

Q9BE40
Q3SZN8
Q3S2J7

Q8WML4
E3Q1Q2
Q3ZBS7
Q2KHW?2
FIMPES
E1BPX8

phosphoinositide 5-
phosphatase

VASN protein

Nectin-4

Glutathione  S-transferase
Al

Myosin-1

Ribonuclease inhibitor
Lysosomal-associated
membrane protein 2
Mucin-1

Galectin

Vitronectin

CD83 molecule

Importin 5

Myaosin heavy chain 7B

OCRL

VASN
NECTIN4
GSTAl

MYH1
RNH1
LAMP2

MUC1
LGALS-11
VTN
CD83
IPO5
MYH7B

-1.14

-1.15
-1.35
-1.36

-1.38
-1.48
-1.50

-1.73
-1.75
-1.76
-2.12
-2.20
-2.40

2.64

2.92
3.87
3.74

2.46
2.58
2.85

2.58
3.12
2.29
2.54
3.12
3.46

Proteins with positive log2(FC) values are more abundant in CD samples
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G0:0009152: purine ribonucleotide biosynthetic process
G0:1900121: negative regulation of receptor binding
G0:0043648: dicarboxylic acid metabolic process
G0:0006575: cellular modified amino acid metabolic process
(G0:0002074: extraocular skeletal muscle development
G0:0044282: small molecule catabolic process
(G0:0048545: response to steroid hormone
G0:0005977: glycogen metabolic process
G0:0090257: regulation of muscle system process
G0:0042026: protein refolding
- (G0:0009408: response to heat
G0:0006979: response to oxidative stress
G0:0014819: regulation of skeletal muscle contraction
G0:0014877: response to muscle inactivity involved in regulation of muscle adaption
G0:0046716: muscle cell cellular homeostasis
G0:0055001: muscle cell development
G0:0006163: purine nucleotide metabolic process
G0:0006091: generation of precursor metabolites and energy
(G0:0042060: wound healing
G0:0044092: negative regulation of molecular function

M generation of precursor metabolites and energy
M muscle cell development
W purine nucleotide metabolic process
M response to oxidative stress
W regulation of muscle system process
response to heat
M glycogen metabolic process
cellular modified amino acid metabolic process
M protein refolding
wound healing
negative regulation of molecular function
negative regulation of receptor binding
response to muscle inactivity involved in regulation of muscle adaption
purine ribonucleotide biosynthetic process
small molecule catabolic process
dicarboxylic acid metabolic process
extraocular skeletal muscle development
response to steroid hormone
I regulation of skeletal muscle contraction
muscle cell cellular homeostasis

C)

Figure 1. Statistical and bioinformatics analyses of the differentially abundant
proteins (DAPS) in dry-aged beef between the two production systems. A) Volcano
plot of the DAPs highlighting the 106 proteins that were significantly different
between the pasture dry-aged (PD = PDAb) compared to the concentrated dry-aged
beef production system (CD = CDADb). The down-abundant (n = 38) and the up-
abundant (n = 68) proteins in CD (CDAb) samples are shown in blue and red colors,
respectively. B) Bioinformatics enrichment analyses based on Gene Ontology (GO)
terms, using the 106 DAPs including the redundant proteoforms. C) Network layout

based on the enriched terms of the 106 proteins. Each term is represented by a circle
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node, with its size proportional to the number of input genes that fall under that term,
and its color represents the cluster identity. Terms with a similarity score > 0.3 are
linked by an edge. Meat was aged at 2 + 0.5°C, 85 + 5% RH, and air flow of 0.5 m/s.
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Figure 2. Discriminant analysis within the dry-aged meat proteomes. A) Partial
least squares-discriminant analysis (PLS-DA) score plot of dry-aged meat proteome
distribution according to production system, CD (CDAb), and PD (PDAD). B)
Variable importance in projection (VIP) plot, top 20 values. Meat was aged at 2 +
0.5°C, 85 + 5% RH, and air flow of 0.5 m/s.

6.3.2. Differentially abundant proteins (DAPs) comparing the wet aging meat within

each pasture and concentrate finished diet

Eighteen significantly different proteins were identified through volcano plot
analysis between pasture and concentrate-finishing diets after wet-aging (Fig. 3-A and
Table 2). Three proteins were more abundant (down-regulated) in the pasture and 15
proteins were more abundant (up-regulated) in concentrate. The biological pathways
and cluster enrichment analysis performed on the 18 DAPs (Fig. 3-B, C), revealed 7
significant enriched terms, all in concentrate-wet aging. The most abundant were GO:
0030049 “muscle filament sliding”, GO: 0042026 “protein refolding” and
G0:0120163 “negative regulation of cold-induced thermogenesis”. No common terms
were found between the pasture and concentrate-finishing diet in wet aging treatments.
Partial least squares-discriminant analysis (PLS-DA) allowed to discriminate the two

finishing diets in wet aging samples: concentrate-wet (CW) and pasture-wet (PW)
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(Fig. 4-A). The top 20 most (Fig. 4-B) important proteins according to the VIP
revealed three proteins (RPL23AY, ROR2 and GOT2) to be more abundant from
pasture origin meats and 17 proteins (TPM1.1, ID.1, CRYAB, ATP5F1B, HSPBS6,
bmmp-9, TPM1, MASP2, HINT1, MAPK14, MYH2, DEFB1, ACTN3, PTMA,
PITPNA, PCMT1, TPM3.1) from concentrate, where TPM1.1 (VIP > 4.0) was protein

finishing most relevant protein to discriminate between feeding regimes after wet

aging.

Table 2. Significant and differentially abundant proteins between pasture wet-
aged (PW) and concentrate wet-aged beef (CW) samples from the shotgun SWATH-

MS proteomics analysis. Meat was aged at 2 £ 0.5°C, 85 + 5% RH, and air flow of 0.5

m/s.
] ] Gene -Log10 (p-
Uniprot ID Full protein names Log2 (FC)
names value)
5KR49 Tropomyosin alpha-1 TPM1
Q p Y P 2.41 5.86
chain
P02510 Alpha-crystallin B CRYAB
. 2.24 4.37
chain
A4IF68 DNA-binding protein ID
o 1.52 5.78
inhibitor 1D-1
P00829 ATP synthase subunit ATP5F1B
i ) 1.15 4.39
beta, mitochondrial
Q148F8 Heat shock protein HSPB6
1.08 6.47
beta-6
P46159 Beta-defensin 1 DEFB1 1.00 2.31
5KR49 Tropomyosin alpha-1 TPM1
° p Y P 0.94 5.18
chain
P62958 Adenosine 5'- HINT1
monophosphoramidase 0.94 3.14
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0.92 2.50
protease 2
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Figure 3. Statistical and bioinformatics analyses of the differentially abundant
proteins (DAPSs) in wet-aged beef between the two production systems. A) Volcano
plot of the DAPs highlighting the 18 proteins that were significantly different between
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the pasture wet aged (PW) compared to concentrate wet aged (CW). The down-
abundant (n = 3) in PW and the up-abundant (n = 15) in CW samples are shown in
blue and red colors, respectively. B) Bioinformatics enrichment analyses based on
Gene Ontology (GO) terms, using the 18 DAPs, including the redundant proteoforms.
C) Network layout based on the enriched terms of the 18 proteins. Each term is
represented by a circle node, where its size is proportional to the number of input genes
fall under that term, and its color represents the cluster identity. Terms with a similarity
score > 0.3 are linked by an edge. Meat was aged at 2 £ 0.5°C, 85 = 5% RH, and air
flow of 0.5 m/s.

A) Scores Plot ) B) £

o CW TPM1.1 o ER

e PW D1 . um I
CRYAB ' (1]
b ATPSF1B ' =
4 HSPBG . (1]
A %o bmmp-g . m
° & TPM1 . um

° . RPL23AY . mm I

2 MASP2 . T
g ° ° HINTT . mo
3 =0 8 MAPK14 . T
H ‘! MYH2 . o
- ° DEFB1 ' um
H ° ° ROR2 ' -
o ACTNS| o .
4 °, PTMA| s (1]
PITPNA| o =
PCMTT| o L1
2 TPM3.1| o mm
GOT2| o um

20 25 30 35 40

VIF scores

Figure 4. Discriminant analysis within the wet aging meat proteomes. A) Partial
least squares-discriminant analysis (PLS-DA) score plot of wet-aged meat proteome
distribution according to the production system, CW, and PW. B) Variable importance
in projection (VIP) plot top 20 values. Meat was aged at 2 £ 0.5°C, 85 + 5% RH, and

air flow of 0.5 m/s.

6.3.3. Differentially abundant proteins (DAPs) comparing the pasture finished diet

within different aging types

A total of 68 proteins were significantly different, identified through volcano
plot analysis between dry bag (PD = PDAb) and wet aging (PW = PWA) from the
pasture-finished diet (Fig. 5-A and Table 3). Eleven proteins were more abundant
(down) in PWA and 57 (up) in PDAD. The bioinformatics enrichment analyses (Gene
Ontology, KEGG, Reactome) with 68 DAPs (Fig. 5-B), revealed 20 significantly
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enriched GO terms, where only one term was specific for PW (GO: 1904851 “positive
regulation of establishment of protein localization to telomere™), another one was
sharing with PC cluster (GO:0007507 “heart development”) and the rest of the GO
terms belonging to PC, where the most abundant were GO: 0055001 “muscle cell
development” and GO: 0006091 “generation of precursor metabolite of energy”. The
networking (Fig. 5-C) layout based on enriched terms of the 68 proteins also indicated
“muscle cell development” and “generation of precursor metabolite of energy” as the
biggest term and cluster identity. The PLS-discriminant analysis (Fig. 6-A) allowed
the discrimination of the two combinations of treatment: dry bag and wet aging from
pasture-fed steer samples. The plot shows a clear separation of samples into pasture
between dry bag and wet aging. Analyzing the 20 top proteins (VIP scores, Fig. 6-B)
from the combination revealed two more abundant proteins in PW (RPL23AY and
FHL1) and 18 in PD (MYH2, ID, EEF2, SCGB1D, ATP2A3, ATP5F1A, TNNTS3,
PGK1, LGALS-11, GSTP1, KLHL41, PYGM, GAPDH, ACTIN3, TPM1, COL6AS3,
EEF1G and CRYAB).

Table 3. Significant and differentially abundant proteins between pasture dry-
aged (PDADb) and pasture wet-aged beef (PWA) samples from the shotgun SWATH-
MS proteomics analysis. Meat was aged at 2 £ 0.5°C, 85 + 5% RH, and air flow of 0.5

m/s.
) ) Log2  -Logl0 (p-
Uniprot ID Full protein names Gene names
(FC) value)

Q8MKI3 Troponin T, fast skeletal TNNT3 3.92 2.78
muscle

P10096 Glyceraldehyde-3- GAPDH 3.88 2.39
phosphate dehydrogenase

AOQJNP2 Secretoglobin  family 1D SCGB1D 3.68 3.97
member

P79334 Glycogen  phosphorylase, PYGM 3.23 2.90
muscle form

E1BMQ6 Calcium-transporting ATP2A3 3.18 3.45
ATPase

Q3sYu2 Elongation factor 2 EEF2 2.72 4.79
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Proteins with positive log2(FC) values are more abundant in PDAb samples
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Figure 5. Statistical and bioinformatics analyses of the differentially abundant
proteins (DAPS) in the pasture feed system between different aging types. A) Volcano
plot of the DAPs highlighting the 68 proteins that were significantly different between
pasture dry-aged (PD = PDAb) compared to pasture wet-aged (PW = PWA). The
down-abundant (n=11) in PWA and the up-abundant (57) in PDAb samples are shown
in blue and red colors, respectively. B) Bioinformatics enrichment analyses based on
Gene Ontology (GO) terms, using the 68 DAPs including the redundant proteoforms.

C) Network layout based on the enriched terms of the 68 proteins. Each term is

175



represented by a circle node, with its size proportional to the number of input genes
fall under that term, and its color represents the cluster identity. An edge links Terms
with a similarity score > 0.3. Meat was aged at 2 = 0.5°C, 85 + 5% RH, and air flow
of 0.5 m/s.
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Figure 6. Discriminant analysis within the pasture-fed meat proteomes. A)
Partial least squares-discriminant analysis (PLS-DA) score plot of pasture-fed meat
proteome distribution according to aging type, PD (PDADb), and PW (PWA). B)
Variable importance in projection (VIP) plot, top 20 values. Meat was aged at 2 +
0.5°C, 85 + 5% RH, and air flow of 0.5 m/s.

6.3.4. Differentially abundant proteins (DAPs) comparing the concentrate-finished

diet with different aging type

A total of 155 significantly different proteins were identified through volcano
plot analysis between dry bag (CDADb) and wet aging (CWA) from the concentrate-
finished diet (Fig. 7-A and Table 4). Fifty-eight proteins were more abundant (down)
in wet aging from the concentrate-finished diet, and 97 proteins were more abundant
(up) in dry bag aging from concentrate samples. The bioinformatics enrichment
analyses (Gene Ontology) with 155 DAPs (Fig. 7-B and C) revealed 20 significantly
enriched GO terms, where 9 terms were from CWA, from which two terms were
specific for CWA (GO: 0007162 “negative regulation of cell adhesion” and GO:
0010756 “positive regulation of plasminogen activation”. Among the 18 GO terms

from CDAD, the most important in abundance were: GO: 0003012 “muscle system
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process”, GO: 0006091 “generation of precursor metabolites and energy”, GO:
0055001 “muscle cell development”, and GO: 0019752 “carboxylic acid metabolic
process”. The PLS-discriminant analysis allowed the discrimination of the two
combinations of treatment: CDAb and CWA samples. The plot (Fig. 8-A) shows a
clear separation of samples into concentrate between dry bag and wet aging. Analyzing
the 20 top proteins (VIP scores, Fig. 8-B) from the combination revealed three more
abundant proteins in CWA (MYH7B, MASP2 and IPO5) and 17 in CDAb (TNNTS3,
ATP2A3, GADPH, PGK1, LGALS-11, PYGM, SCGB1D, EEF2, PGK1, KLHLA41,
ATP5F1A, CASQL, CFL1, PKM2, TUBB2A, AMPD1 and MYOML1).

Table 4. Significant and differentially abundant proteins between concentrate
dry-aged (CDAD) and concentrate wet-aged beef (CWA) samples from the shotgun
SWATH-MS proteomics analysis. Meat was aged at 2 £ 0.5°C, 85 + 5% RH, and air

flow of 0.5 m/s.

] ] Log2 -Log10
Uniprot ID Full protein names Gene names
(FC) (p-value)
Q8MKI3 Troponin T, fast skeletal TNNT3
5.40 15.16
muscle
P10096 Glyceraldehyde-3-phosphate GAPDH
5.32 21.89
dehydrogenase
Q93084 Sarcoplasmic/endoplasmic ATP2A3
) ) 5.07 14.73
reticulum calcium ATPase 3
Q3TOP6 Phosphoglycerate kinase 1 PGK1 4.69 7.45
Q3TOP6 Phosphoglycerate kinase 1 PGK1 4.38 12.13
075390 Citrate synthase, CS
) ) 3.95 2.60
mitochondrial
E3Q1Q2 Galectin LGALS-11 3.84 15.11
P79334 Glycogen hosphorylase, PYGM
yeed Prospnory 3.71 22.52
muscle form
P13639 Elongation factor 2 EEF2 3.54 10.99
P19483 ATP synthase subunit alpha, ATP5F1A
3.45 16.17

mitochondrial
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2.51
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G3X6N3
P07107
E1BF23
Q58CPO

Q17R06
A5PKMO
Q562R1
Q2KJF1
Q2KJ23
Q29437

P62803
AO0A3Q1M390

Q5E9Z9
QIN282
QS5EASS

Q68719

ABYXZ2
FIMZX6
Q92859
QIXSC6
P19534
QIMZ13

ABQNS6

Serotransferrin

Acyl-CoA-binding protein

Myomesin 2
Isocitrate dehydrogenase
[NAD] subunit gamma,

mitochondrial

Ras-related protein Rab-21
Glutathione S-transferase
Beta-actin-like protein 2
Alpha-1B-glycoprotein
Bridging integrator 1
Primary amine oxidase, liver
isozyme

Histone H4
Immunoglobulin-like  and
fibronectin type 11l domain
containing 1

Nectin-4

MMP-9
Glycerol-3-phosphate
dehydrogenase  [NAD(+)],
cytoplasmic
Purine nucleoside
phosphorylase

C8G protein

Myosin heavy chain 13
Neogenin

Creatine kinase M-type
Cadherin-2
Voltage-dependent  anion-
selective channel protein 3
NID1 protein

TF
DBI
MYOM2
IDH3G

RAB21
GSTM2
ACTBL2
Al1BG
BIN1
SAO

H4
IGFN1

NECTIN4
bmmp-9
GPD1

EDIP

C8G
MYH13
NEO1
CKM
CDH2
VDAC3

NID1

0.69
0.68
0.65

0.63

0.60
-0.60
-0.64
-0.65
-0.68

-0.68

-0.68

-0.71

-0.74
-0.74

-0.75

-0.79

-0.81
-0.81
-0.85
-0.87
-0.87

-0.89

-0.93

2.34
2.03
7.05

2.78

2.01
3.91
2.30
2.86
4.71

4.13

4.05

2.28

5.39
2.05

6.58

4.10

2.16
2.49
2.40
4.45
4.21

3.11

3.48
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QOP5D6

FIMYN5

AOA3QILMV9I

G3MZK?
Q2KJ16

P04467
QIXTA3
B8Y898
F1MR86

A1L5C6
QOVC16

QIGMBS

E1BM57
E1BCWO
P79107

P41361
Q05204

Q29630
E1BG25
E1BGJ5
Q13951

Retinoic  acid  receptor
responder (Tazarotene
induced) 1
Fibulin-1
Epiplakin 1
Troponin C, skeletal muscle
Phosphorylase b kinase
gamma  catalytic  chain,

liver/testis isoform
Calbindin

Myocilin

Malic enzyme

Four and a half LIM domains
1

HPN protein

Transport and Golgi

organization  protein 1
homolog

Serine--tRNA ligase,
cytoplasmic

NHL repeat containing 3
HGF activator

Low-affinity
immunoglobulin gamma Fc
region receptor I1-A
Antithrombin-I11
Lysosome-associated
membrane glycoprotein 1
CD74 molecule
Melanotransferrin

CD93 molecule
Core-binding factor subunit
beta

RARRES1

FBLN1
EPPK1
TNNC2
PHKB

CALB1
MYOC
ME1
FHL1

HPN
MIA3

SARS

NHLRC3
HGFAC
FCGR3A

SERPINC1
LAMP2

CD74
MELTF
CD93
CBFB

-0.95

-0.97
-0.98
-1.02

-1.04

-1.08
-1.08
-1.11

-1.11

-1.12

-1.16

-1.19

-1.23

-1.26

-1.26

-1.27

-1.32

-1.32
-1.33
-1.35

-1.36

3.00

3.26
2.88
2.90

2.39

2.30
2.52
2.01

9.05

2.03

2.86

3.77

2.53
8.26

2.97

10.83

2.39

2.31
2.49
2.74

2.86
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E3Q1Q2
P02465
FIMQ74
Q6IM73
Q8SPF8

Q32PI5

Q8WML4
ABQLR9

QIBE40
Q32LG3

FIMM32
P80929
ASPIM4
E1BJ49

Q2KHW?2
Q3ZCJ2

S5G966

E1BPX8
ATE2Y1

Galectin

Collagen alpha-2(l) chain
Sushi domain containing 1
Reticulon

BPI fold-containing family B
member 1
Serine/threonine-protein
phosphatase 2A 65 kDa
regulatory subunit A alpha
isoform

Mucin-1

Mitogen-activated  protein
kinase 14

Myosin-1

Malate dehydrogenase,
mitochondrial

Sulfhydryl oxidase
Angiogenin-2

Importin 5

MBL  associated  serine
protease 2

CD83 molecule

Aldo-keto reductase family 1
member Al

Large ribosomal subunit
protein uL23

Myosin heavy chain 7B
Myosin-7B

LGALS-11
COL1A2
SUSD1
RTN2
BPIFB1

PPP2R2A

MUC1
MAPK14

MYH1
MDH2

QSOX1
ANG2
IPO5
MASP2

CD83
AK1

RPL23AY

MYH7B
TMEM151A

-1.41
-1.41
-1.43
-1.53

-1.56

-1.59

-1.63

-1.83

-1.83

-1.87

-2.17
-2.20
-2.36

-2.46

-2.70

-2.70

-2.72

-2.83
-2.91

3.89
3.84
2.20
3.77

241

2.18

2.83

2.62

11.23

5.58

5.29
4.33
7.45

8.29

6.45

4.41

3.28

8.06
3.10

Proteins with positive log2(FC) values are more abundant in CDAb samples.
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Figure 7. Statistical and bioinformatics analyses of the differentially abundant
proteins (DAPs) in concentrate feed systems between different aging types. A)
Volcano plot of the DAPs highlighting the 155 proteins that were significantly
different between the concentrate dry-aged (CDAb) compared to concentrate wet-aged
(CWA). The down-abundant (n = 58) in CWA and the up-abundant (n = 97) in CDAb
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samples are shown in blue and red colors, respectively. B) Bioinformatics enrichment
analyses based on Gene Ontology (GO) terms, using the 155 DAPs including the
redundant proteoforms. C) Network layout based on the enriched terms of the 155
proteins. Each term is represented by a circle node, with its size proportional to the
number of input genes fall under that term, and its color represents the cluster identity.
Terms with a similarity score > 0.3 are linked by an edge. Meat was aged at 2 + 0.5°C,
85 + 5% RH, and air flow of 0.5 m/s.
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Figure 8. Discriminant analysis within the concentrated fed meat proteomes. A)
Partial least squares-discriminant analysis (PLS-DA) score plot of concentrated fed
meat proteome distribution according to aging type: CD (CDAb) and CW (CWA). B)
Variable importance in projection (VIP) plot top 20 values. Meat was aged at 2 +
0.5°C, 85 + 5% RH, and air flow of 0.5 m/s.

6.3.5. Putative biomarkers identification between the four groups analyzed: pasture

(dry bag and wet) and concentrate (dry bag and wet)

The PLS-discriminant analysis allowed the discrimination of the four
combinations of treatment: PDAb, PWA, CDAb, and CWA samples (Fig. 9-A).
Analyzing the 20 top proteins (VIP scores, Fig. 9-B) from the combination revealed
17 more abundant proteins in CDADb, two in PWA (RPL23AY and IPO5), and one in
CWA (MYHT7B). The PLS-discriminant analysis also allowed the discrimination of
the aging types: dry bag and wet aging samples (Fig. 1S-A), and the finished diet:
pasture and concentrate (Fig. 2S-A). The top 20 proteins (VIP scores, Fig. 1S-B) in
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aging types revealed two abundant proteins in wet (MYH7B and RPL23AY), whereas
18 abundant proteins in dry bag aging (ATP2A3, TNNT3, GAPDH, EEF2, SCGB1D,
PGK1, LGALS-11, KLHL41, PYGM, ATP5F1A, MYH2, GSTP1, CASQ1, PGK1,
CFL1, ID, MYOM1 and AMPDZ1). The top 20 proteins (VIP scores, Fig. 25-B) in the
finished diet revealed three abundant proteins in the pasture (MYH7B, RPL23AY and
IPO5) and 17 abundant proteins in concentrate (TPM1.1, PGK1, TPM1, CRYAB,
ATP5F1B, TNNT3, TPM3, PKM2, ID, TUBA4A, HSPB6, PCMT1, GAPDH, FHL1,
PYGM, PGM1 and ATP5F1A).
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Figure 9. Discriminant analysis within the four analyzed groups concentrated fed
meat proteomes: CD (CDAb), CW (CWA), PD (PDAb), and PW (PWA). A) Partial
least squares-discriminant analysis (PLS-DA) score plot of meat proteome distribution
according to aging type and production system. B) Variable importance in projection
(VIP) plot top 20 values. C) Heatmap of top 50 PLS-DA VIP analyzed by hierarchical
clustering. Each row represents a single protein. Each column represents an individual
sample. Protein expression values were log2-normalized, and cluster analysis was
performed using Z-score. Red indicates a low expression level; green indicates a high
expression level. Meat was aged at 2 + 0.5°C, 85 = 5% RH, and air flow of 0.5 m/s.

6.4. Discussion

The present study evaluated proteomic changes in response to two different
finishing diets (concentrate vs. pasture) and two aging methods (dry bag vs. wet) over
a 40-day period. The results highlight the impact of post-mortem processing on
proteomic changes and their potential influence on eating quality (Bischof et al., 2022).
The analysis identified key differentially abundant proteins (DAPs) and focused on the

20 proteins with the highest variable importance in projection (VIP).

6.4.1. Effect of Aging Methods on the Proteomic Muscle LTL

The change in the proteome is a continuous process resulting from proteolytic
activity that occurs during tenderization to counteract rigor mortis (Bischof et al.,
2022). The study revealed notable differences between dry bag and wet aging, with
most VIP proteins being more abundant in dry-aged samples. Structural muscle
proteins (7), energy metabolism proteins (7), and other pathways (6) were identified.
In wet-aged, key proteins, including MYH7B (muscle structure-related) and
RPL23AY (oxidative stress-related). The most relevant six proteins related to dry bag
aging are involved in energy metabolism (ATP2A3, GAPDH, and PGK1), structural
muscle cells (TNNT3), and other pathways (EEF2 and SCGB1D). TNNT3 has been
extensively used to monitor the extent of proteolysis during aging, as it is a marker of
proteolysis and beef tenderness (Gagaoua, Troy et al., 2021). It was one of the most

significant proteins in dry-aged samples. Energy metabolism proteins (GAPDH,
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PGK1) indicated metabolic shifts due to oxygen deprivation in the direction of
a glycolytic pathway and increased aerobic and oxidative pathways (Gagaoua,
Terlouw et al., 2021).

6.4.1.1. Proteome muscle difference between pasture and concentrate finished diet
aged in a dry bag

Muscle Structure-Related Proteins. Nine of the 20 VIP proteins were associated
with muscle structure, with eight more abundant in concentrate-fed samples. troponin
T (TNNT3) and tropomyosin (TPML1) are part of a complex, being crucial for muscle
contraction, and responding to Ca2+ ion concentration (Cooper & Hausman, 2000).
The breakdown of key myofibrillar and cytoskeletal proteins due to endogenous
proteolytic systems’ action is central to meat tenderization (Ertbjerg, 2022). MYHT7B,
a slow-twitch myosin belonging to the thick filament of the sarcomere, was more
abundant in pasture-fed cattle, indicating a preference for oxidative metabolism
(Gerrard & Grant, 2006). These findings align with prior research indicating increased
oxidative metabolism enzymes in pasture compared to concentrate-fed cattle (Shibata
et al., 2009).

Energy Metabolism-Related Proteins. The post-mortem anoxic condition shifts
energy metabolism toward glycolytic and oxidative pathways (Gagaoua, Terlouw et
al., 2021). The most relevant proteins (PYGM, GAPDH, PGK1, PKM and PKM2)
belonging to glycolytic metabolism (Gagaoua, Terlouw et al., 2021) and ATP
metabolism (ATP2A3, ATP5F1A and AMPD1) were observed in higher abundance
in concentrate compared to pasture-finished diet in dry bag aging. PYGM is a key
enzyme that regulates glycogen breakdown in the muscle and has been reported in
several dark-cutting proteomics studies with about 50% reduction in expression in
dark-cutting muscles in comparison to normal-pH beef (Kiyimba et al., 2023; Fuente-
Garcia et al., 2021; Gagaoua, Warner et al., 2021; Wu et al., 2020). GAPDH, PGK1,
and PKM exhibited significantly higher expression in fast-twitch fibers characterized
by high glycolytic activity (Okomura et al., 2005). They were identified in dry-aged
concentrate-fed samples as a potential biomarker highlighting their crucial role in beef

tenderness (Gagaoua, Terlouw et al., 2021). Prior studies indicated that PGK1
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correlates negatively with shear force, supporting its role in tenderness development
(Silva et al., 2019). PKM was mainly positively associated with tenderness for bulls
and steers compared to heifers (Gagaoua, Terlouw et al., 2021). PKM catalyzes the
dephosphorylation of phosphoenolpyruvate to pyruvate, and a higher PKM abundance
is likely to reflect a potentially higher production of pyruvate. Furthermore, it was
shortlisted as a beef color biomarker (Gagaoua, Hughes, et al., 2020). Proteins related
to the ATP metabolism system, such as ATP2AS3 play a role in calcium ion regulation
within muscle cells, essential for muscle contraction and relaxation; this could be
significant to beef quality because it helps to maintain calcium homeostasis, which
affects protease activity in the aging process and could also impact muscle tenderness
post-mortem. AMPDL plays a crucial role in the energy metabolism of skeletal muscle
cells in cattle and other species, as a potential activator for rate-limiting enzymes in
the glycolytic pathway (Baker et al., 2010). This process is relevant during periods of
high energy demand, such as intense exercise, because it promotes the regeneration of
ATP from ADP via the myokinase reaction (Ronca and Raggi, 2018). Antonelo et al.
(2022) identified more abundant AMPD1 and PYGM in feedlot high-growth animals
than in feedlot low-growth animals, for non-aged meat. The overabundance of the
glycolytic pathway and ATP metabolism-related proteins in concentrate compared to
pasture finishing diet could be due to increased energy demands on muscle cells
(England et al., 2016).

Protein biosynthesis, apoptosis, and transport proteins. The current study shows
an abundance of IPO5, a nuclear transport protein, in pasture compared to a
concentrate-finished diet aged in a dry bag. Li et al. (2021) described a large dataset
of multi-tissue cattle gene expressions and reported that IPO5 was one of the top five
molecular markers for predicting meat quality at a given time. In contrast, LGALS-1,
which is more abundant in CDAb than in PDADb, reported interactions between
LGALS-11 and SOD1 (oxidative stress protein) in an integrative “omics”
(‘integromics’) study by Gagaoua, Terlouw et al. (2021), using a meta-analysis

approach with data collected from the longissimus muscle.

190



6.4.1.2. Proteome muscle difference between pasture and concentrate finished diet in

wet aging meat

Muscle Structure-Related Proteins. Eighteen DAPs were identified, with
significant GO terms including “muscle filament sliding” and “protein refolding.”
TPM1 remains abundant in the dry aging combination, while TPM3, MHY2, and
ACTN3 emerge as newly identified structural-related proteins. In previous findings,
TPM1 and TPM3 have been identified as critical for sarcomere contraction and
tenderness biomarkers (Gagaoua et al., 2021).

Energy Metabolism-Related Proteins. Two energy metabolism proteins,
ATP5F1B (oxidative phosphorylation) and GOT2 (TCA cycle), were more abundant
in concentrate-fed samples. GOT2 has been linked to oxaloacetate production and beef
color stability (Ramanathan et al., 2021), and it is a potential biomarker of the dark-
cutting beef defect (Gagaoua, Terlouw et al., 2021); however, contrasting results have
been reported (Sentandreu et al., 2021). ATP5F1B is again more abundant in
concentrate with wet aging than CDADb. The association of ATP5F1B with
mitochondrial function aligns with its proposed role in dark-cutting beef, a condition
resulting from an elevated ultimate pH (Bismarck et al., 2023). However,
mitochondrial activity persists when pH remains high, leading to increased oxygen
consumption and reduced partial pressure (Gagaoua, Warner et al., 2021).

Heat Shock Proteins (HSPs) and Other Pathways. The wet aging process
induced, probably, oxidative stress responses, with small HSPs (CRYAB, HSPB6;
overabundance in CW) playing a protective role (Picard and Gagaoua, 2017). HSPs
are mostly chaperones, essential for normal cell function, and enable cells to resist
stress (Fink, 1999). Their relationships with tenderness were positive and negative,
possibly due to other factors such as differences in pre-slaughter stress levels, breed,
gender, and/or the type of isoform involved (Mato et al., 2019; Picard & Gagaoua,
2020). Small HSPs can bind to myofibrils (Lomiwes et al., 2014; Ma & Kim, 2020),
thereby protecting skeletal muscle through structural protein complexes. These
proteins have also been identified to be significant for beef color development and
stability (Gagaoua, Hughes et al., 2020). Other proteins observed, such as ID and
DEFB1, possibly belong to the term “negative regulation of cold-induced
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thermogenesis”. Negative regulation of this process involves any factor that reduces
or inhibits this heat production, including changes in the activity of genes, proteins, or
specific metabolic pathways (Ji et al., 2022).

6.4.2. Effect of Finishing Diet on the Proteomic Muscle LTL

Diet significantly impacts skeletal muscle biochemistry and beef quality
(Apaoblaza et al., 2020). A proteomic analysis of concentrate- and pasture-finished
diets revealed differences in muscle structure proteins (8), energy metabolism proteins
(7), and other pathways (5). The most abundant proteins were from the concentrate
finishing diet, where TPM1 and TNNT3 (muscle structure), PGK1 and ATP5F1A
(energy metabolism), and CRY AB (HSPs) emerged as the key top five proteins, while
MYH7B, IPO5, and RPL23AY were abundant in the pasture-finishing diet.

6.4.2.1. Proteome muscle differences between dry and wet aging in pasture-finished
diet

Muscle Structure-Related Proteins. MYH2, TNNT3, ACTN3, TPM1, and FHL1
were more abundant in dry-aged pasture-fed beef. The first four proteins were
identified as abundant in dry aging or concentrate in their various combinations and
are noted for their new abundance, while the FHL1 protein is present in pasture-wet
aging (PW). Many studies (Beldarrain et al., 2018; Boudon et al., 2020; D’ Alessandro,
Marrocco et al., 2012; D’ Alessandro, Rinalducci et al., 2012; Gagaoua, Bonnet, et al.,
2020; Laville et al., 2009; Malheiros et al., 2019) reported that all three subunits of the
troponin complex are more abundant in tender than in tough beef. This suggests a more
active proteolytic process in dry aging compared to wet aging, contributing to
tenderness. The most relevant protein was MYH2, which was observed in higher
abundance in the dry bag than in wet aging in the pasture. When compared to different
diets under the same aging type (WA), the overabundance was found in concentrate-
finished diet (CWA) samples, highlighting the consistency of low abundance (or
down-regulation) in pasture and wet (PWA). MHY2 was identified as a candidate
biomarker of meat tenderness (Della Malva et al., 2022; Gagaoua, Terlouw et al.,
2021). FHL1 facilitates a complex association of signaling proteins with the actin

cytoskeleton, and the proteolysis of FHL1 is related to the release of a-actinin
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(ACTNS3: identified as a negative biomarker in Gagaoua et al., 2018 and Boudon et
al., 2020) from myofibrils and contributes to the weakening of the Z-disc during meat
tenderization (Morzel et al., 2004).

Energy Metabolism-Related Proteins. In dry-aged samples, ATP metabolism
proteins (ATP2A3, ATP5F1A) and glycolytic enzymes (PGK1, GAPDH, PYGM)
were abundant. In contrast, the last glycolytic proteins, which were overabundant in
PD, were also reported as abundant in CDAb compared to pasture-dry aging (PDADb).
This highlights the importance of dry aging, suggesting a glycolytic shift that
potentially contributes to differences in pH and tenderness (Dhar-Chowdhury et al.,
2005), as previously discussed. The low abundance of PGYM and other
glycogenolytic enzymes suggests a limited capacity for the muscles to mobilize and
utilize glycogen, resulting in greater pH levels post-mortem. PGK1 and GADPH
exhibited much higher expression in fast-twitch fibers, which are characterized by high
glycolytic activity (Okumura et al., 2005).

Heat Shock Proteins and Oxidative Stress Proteins. CRY AB was overabundant
in the dry-aged bag compared to the wet in the pasture, and the previous combination
treatment was overabundant in concentrate compared to the pasture-finished diet aged
in wet. The combination PWA was low in abundance in both situations. It is a small
HSP with a role in muscle-to-meat conversion and meat tenderness or other quality
traits that have been extensively studied (Gagaoua, Hughes et al., 2020; Lomiwes et
al., 2014; Ma & Kim, 2020; Picard & Gagaoua, 2017). RPL23AY, in contrast to
CRYAB, was identified as overabundant in pasture and wet aging compared to CWA
and PDAb. RPL23AY is known to respond to oxidative stress, which increases post-
mortem due to oxygen depletion (Ubaida-Mohien et al., 2019). This may suggest that
several proteins experience changes during post-mortem metabolism, as a resilient
response of muscle cells to energy deprivation (Ouali et al., 2013). Extensive research
in meat science has focused on identifying various proteins involved in structural
integrity, metabolic pathways, and oxidative stress as potential indicators of beef
quality attributes, such as tenderness, marbling, and flavor. However, RPL23AY
protein has not been directly established as a biomarker for beef quality in some

proteomics studies (Gagaoua, Bonnet et al., 2020; Bonnet et al., 2020).
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6.4.2.2. Proteome muscle differences between dry and wet aging in concentrate-
finished diet

Muscle Structure-Related Proteins. TNNT3 and KLHL41 were more abundant
in dry-aged than wet from concentrate-fed beef, while MYH7B was more abundant in
wet than dry bag aging in this diet. Similar to the complex of tropomyosin and
troponin, KLHL41 is an integral protein of the thin filament (Gagaoua, Terlouw et al.,
2021) that interacts with proteins like nebulin to ensure proper alignment and
stabilization of muscle fibers. This could have implications for meat tenderness, a key
attribute of meat quality.

Energy Metabolism-Related Proteins. GAPDH, PGK1, and PKM2 were the
most abundant glycolytic proteins in dry-aged concentrate-fed samples. PKM2,
involved in pyruvate production, has been suggested as a biomarker for meat color
stability (Ramanathan et al., 2019). ATP2A3 transports calcium ions from the cytosol
into the sarcoplasmic/endoplasmic reticulum lumen, contributing to calcium
sequestration in muscular excitation/contraction. Among the energy metabolism
proteins identified as candidate biomarkers of energy metabolism-related in goats
(Lamri, Della Malva, Djenane, Albenzio et al., 2023), ATP5F1A was also identified
with water holding capacity (WHC) and drip loss (negative correlation). It has been
intensively documented and is thought to be primarily related to the impact on the
denaturation of proteins due to the acidic conditions in the post-mortem muscle (Huff-
Lonergan and Lonergan, 2007).

Other pathways: immunology, binding, apoptosis, and transport proteins.
MASP2 and IPO5 were two of three proteins (20-VIP) identified as abundant in wet
compared to dry bag aging in the concentrate-finished diet. Previously, when
comparing only the finishing diet, IPO5 was overabundant in pasture compared to
concentrate, and this result was repeated when aged in the dry bag. This denotes the
low abundance in concentrate and dry bag aged combination. SCGB1D, EEF2, and
LGALS-11.1 were abundant in a dry bag compared to wet aging in a concentrate-
finished diet. However, they were also identified as abundant in dry bags compared to

wet aging in the pasture-finished diet.
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6.5. Conclusion

The study identified proteomic shifts associated with aging methods and
finishing diets. Dry bag aging resulted in a higher abundance of proteins related to
muscle structure, energy metabolism, and proteolysis, likely enhancing tenderness.
Wet aging led to the expression of incremental heat shock proteins (HSPs) and
oxidative stress-related proteins, suggesting a response to environmental stressors
during the aging process.

Concentrate-finished beef exhibited greater glycolytic enzymes, which may
contribute to improved tenderness and color stability, denoting a shift toward
anaerobic metabolism. Pasture-finished beef increased oxidative metabolism proteins,
aligning with the greater physical activity of grass-fed cattle, which may result in
darker meat and slightly lower tenderness.

TPM1, PGK1, TNNT3, GAPDH, ATP2A3, and PYGM in concentrate and dry
aging were the top six proteins, followed by MYH7B overabundance in concentrate
and wet aging. Finally, RPL23AY and IPO5 were the most important in pasture and
wet aging. These proteins emerged as key biomarkers of diet and aging effects,
warranting further investigation into their role in beef quality.

This research provides a comprehensive understanding of how aging and diet
influence beef quality at the proteomic level. However, future studies should further
explore the identified biomarkers and validate their role in predicting beef quality

across different breeds and production systems.
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analysis (PLS-DA) score plot of meat proteome distribution according to production

systems. B) Variable Importance in Projection (VIP) plot: Top 20 values.
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7. Discusién general

7.1. Introduccién

La comprension de los procesos alternativos de conservacion/preservacion de
carne, asi como el uso de la maduracion (maduracion seca en bolsa con o sin posterior
congelado y el proceso stepwise), es de suma relevancia dado que, en su ausencia, el
deterioro, la actividad microbiana, las reacciones enzimaticas y quimicas y los cambios
fisicos son inevitables. Por lo tanto, la carne es preservada usando una variedad de
métodos que incluyen enfriado o maduracion, congelado, procesos térmicos,
deshidratacion, irradiacion, entre otros (Rahman et al., 2023; Zhou et al., 2010; Cheftel
et al., 2000; Cassens, 1994).

La maduracién de la carne consiste en un proceso fundamental que mejora la
terneza, sabor y palatabilidad de la carne (Miller et al., 2001; Maga, 1994; Savell et
al., 1987) a través de la degradacion de proteinas miofibrilares del citoesqueleto
mediante proteasas endogenas del muasculo (Lepper-Blilie et al., 2016; Kemp et al.,
2010; Huff-Lonergan y Lonergan, 2005). Ademas, el hecho de que la carne provenga
de animales de diferentes origenes, esto es, terminados a pasto o grano, determina
diferentes caracteristicas en ella (Calkins y Hodgen, 2007; Melton et al., 1983).

Estos factores fueron evaluados en un experimento utilizando carne de animales
de diferentes dietas de terminacion (grano y pastura) a la que se le aplico distintos
métodos de preservacion, maduracién en seco en bolsa, maduracion humeda y la
combinacion (stepwise) de ambos métodos, por un periodo de cuarenta dias y posterior
congelado en los dos primeros. El objetivo fue evaluar el efecto de los factores
mencionados sobre las caracteristicas fisicoquimicas, microbioldgicas y sensoriales de

la carne (musculo longissimus lumborum y thoracis [LTL]).

7.2. Evaluacion conjunta

La evaluacion conjunta estara presentada a través de 1) analisis del efecto de los
métodos de maduracién, seco en bolsa (DAb), huimeda (WA) y combinada (stepwise:
DW y WD), y la dieta de terminacién (pastura vs. grano) y 2) analisis del efecto de los

métodos de maduracion, seca en bolsa (DAb) y himeda (WA) vs. maduracion seca en
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bolsa + congelado (DAb + Fr) y hiumeda + congelado (WA +Fr), y la dieta de

terminacion (pastura vs. grano).

7.2.1. Métodos de maduracién vy la dieta de terminacion sobre las caracteristicas

fisicoguimicas, microbiolégicas vy atributos sensoriales (panel entrenado vy

consumidores)

Los métodos de maduracion (DAb, WA, DW y WD) afectaron

significativamente a las caracteristicas fisicoquimicas, con excepcion de la fuerza de

corte (WBSF). Estos datos sugieren que, en iguales condiciones, en maduraciones
largas (40 dias) es indiferente usar seco en bolsa, himeda o combinado, dado que la
mayor disminucion en fuerza de corte (mayor degradacion de la fibra muscular) se
produce en los primeros veinte dias de maduracion (Utama et al., 2020; Lepper Blilie,
2016). Respecto al color, hubo una mayor luminosidad (L*) en las muestras maduradas
en humedo (WA) respecto a los demas métodos de maduracion; esto puede haberse
dado por el aumento en la reflectancia debido a la mayor retencion de humedad
(Bertram et al., 2004). Sin embargo, los parametros a* y b* presentaron diferente
respuesta de acuerdo con la procedencia de la carne. En el caso del parametro a*, los
valores fueron menores cuando la carne provenia de animales terminados en pastura,
tanto madurados en DAb como en WD. Esto puede ser atribuido al menor contenido
de agua de las muestras maduradas mediante el proceso seco en bolsa, por una menor
absorcion de la luz por la superficie de la carne, lo que le da una apariencia mas oscura
(Kim et al., 2011). EI parametro b* mostré valores mas bajos en los tratamientos
stepwise, DW'y WD, con los dos tipos de dieta. Resultados similares fueron reportados
por De Faria Vilella et al. (2019), pero contrastaron con otros estudios (Zhang et al.,
2020; Kim et al,, 2017) que no encontraron diferencias entre los métodos de
maduracion. Los mayores valores de L* encontrados en la carne de animales
terminados en grano se relacionan con que estas tienden a ser mas claras,
probablemente por un mayor contenido de grasa intramuscular y reducidos niveles de
mioglobina comparado a la de animales terminados en pastura (Priolo et al., 2001;
Apaoblaza et al., 2020).
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Las diferencias en pH fueron levemente superiores en los tratamientos
madurados en seco en bolsa (y con su combinacion) comparados con WA. Varios
estudios (Zhang et al., 2019; Kim et al., 2017; Li et al., 2014; Dikeman et al., 2013)
reportaron incrementos en pH después de los veintitn dias de maduracién seca en
bolsa y una disminucion de este en WA entre los veinte y cuarenta dias de madurado.
En la maduracion seca, estos resultados estan asociados a la generacion de compuestos
nitrogenados producto de la protedlisis, también puede reducir la estabilidad oxidativa,
facilitando la formacion de compuestos como aldehidos y cetonas, lo que puede acortar
la vida util si no se controlan adecuadamente las condiciones de almacenamiento.
Mientras que la disminucion en WA podria ser causa de una mayor acumulacion de
acido lactico (zZhang et al, 2019; Li et al., 2014), favorece la estabilidad
microbioldgica, ya que inhibe el crecimiento de microorganismos patdgenos Yy
deteriorantes. Esto se traduce en una vida Gtil mas prolongada, aunque puede haber
una menor intensidad en el desarrollo de ciertos compuestos de sabor.

De acuerdo con varios experimentos (Berger et al., 2018; Dikeman et al., 2013;
Ahnstrom et al., 2006), este estudio no presento diferencias en fuerza de corte entre
los diferentes métodos de maduracion (DAb, WA, DW y WD). Ademas, todos los
valores estuvieron por debajo de 3 kgF, lo que indica que la carne puede ser
considerada tierna (Miller et al., 2001).

A diferencia de Jiang et al. (2010), en el presente se observo interaccion entre
los métodos de maduracién y la dieta de terminacidn para los grupos de &cidos grasos
SFA, MUFA y PUFA, asi como para PUFA-n6 y el CLA. Los mayores valores de
SFA y MUFA se presentaron en los tratamientos combinados (DW y WD) de la carne
proveniente de animales terminados en grano. En estos tratamientos también se
observaron los mayores contenidos de grasa intramuscular (IMF). Wood et al. (2008)
reportaron que la cantidad de IMF influye en la composicion de acidos grasos de la
carne vacuna, dado que, al aumentar la grasa total, incrementa la cantidad de SFA en
la misma medida. Sin embargo, en PUFA y PUFA n6 los mayores valores se
presentaron en los tratamientos DAb y WA provenientes de carne de novillos
terminados en pastura. Por otro lado, la suma de PUFA n3, n6:n3 y PUFA:SFA no

fueron afectados por la interaccion, observandose un incremento en PUFA n3 y

208



PUFA:SFA y disminucidn del ratio n6:n3 en las muestras provenientes de pasturas. El
acido linolénico (C18:3n3) es un importante precursor del sabor (Ba et al., 2012) y su
mayor concentracion en carne procedente de animales alimentados en pastura ha
presentado un impacto negativo sobre el sabor deseado de la carne (Melton et al.,
1983). La diferencia mas importante entre dietas estuvo dada por PUFA n3, donde el
acido linolénico presentd cuatro veces mas contenido en musculo de los animales
terminados en pasturas en relacion con aquellos terminados en grano. Al relacionar
esta informacién con los resultados de los VOC precursores del sabor, observamos
que, de los 46 compuestos volatiles identificados, dieciséis de ellos fueron afectados
por la dieta del animal. Este bajo nimero de VOC afectados por la dieta fue atribuido
a la poca diferencia de IMF entre las dietas de terminacion: pastura (3,7 %) vs. grano
(4,3 %). Sin embargo, de los dieciséis VOC afectados, quince de ellos aumentaron y
solo el etanol disminuyé en musculo de animales terminados en pastura. La mayoria
(nueve) de los quince VOC pertenecieron a la clase aldehidos.

En el mdsculo vacuno, C18:2 n6 y C18:3 n3 estan presentes en los
triacilglicéridos, asi como en los lipidos polares (Marmer et al., 1984). Los fosfolipidos
(lipidos polares) son considerados el primer objetivo de las reacciones de la oxidacion
lipidica porque, ademéas de su alto grado de insaturacion, estos son expuestos a
proteinas y otras catalisis de oxidacion de lipidos como componentes de membrana en
contacto con el citosol (Boylston et al., 1996). Bajo condiciones de coccion similares
al presente trabajo, Fogerty et al. (1990) report6 que los acidos grasos y los aldehidos
fueron liberados desde los fosfolipidos de varios tipos de carnes. Debido a que los
acidos grasos libres se oxidan mucho mas facilmente que las fracciones de acidos
grasos de los lipidos saturados, la rapida hidrélisis de los fosfolipidos puede explicar
en parte por qué desempefian un papel mucho mas importante en la formacién del
sabor de la carne que los triacilglicéridos (Mottram y Edwards, 1983). Los volatiles
derivados de lipidos comprenden aldehidos, alcoholes, hidrocarburos y ketonas, todos
con cadena alquilicas lineales que contienen cinco 0 mas atomos de carbono. Todos
estos volatiles son formados por oxidacion térmica de cadena de acidos grasos de
triacilglicéridos y fosfolipidos (Mottram, 1996). Esto sugiere que los PUFA inducen

un incremento en la degradacion termal del acido linolénico por el alto nivel de
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aldehidos en la carne proveniente de animales terminados en pastura (Elmore et al.,
1999). Los aldehidos son los volatiles derivados de lipidos mas interesantes, ya que
tienen valores de umbral de olor bajos y pueden contribuir al sabor de las muestras de
carne cocida. En nuestro estudio, todos los aldehidos identificados fueron mas
abundantes en las muestras DAb que en las de WA y solo el 2-propenal, 2-decenal E,
decanal y dodecanal fueron mas abundantes en pastura en relacion con la dieta de
terminacion a grano. Sin embargo, la oxidacion lipidica presenté interaccion entre el
método de maduracion y el tipo de dieta animal, donde, independientemente del
método de maduracidn, los valores fueron méas bajos en pastura que en la dieta a grano.
De acuerdo con lo discutido en los parrafos anteriores, esperariamos que estos valores
fueran mas altos debido al mayor contenido de PUFA. Sin embargo, estudios
anteriores (Daley et al., 2010; Nuernberg et al., 2005; Realini et al., 2004) han
reportado altas concentraciones de vitamina E en muestras procedentes de pasturas.
Aunque esta variable no fue estudiada en este trabajo, asumimos que su efecto podria
haber enlentecido el proceso de oxidacion de los lipidos y la formacion de
metmioglobina (Descalzo y Sancho, 2008), y les otorga una mayor estabilidad
oxidativa a las muestras procedentes de animales terminados en pastura.

Desde el punto de vista microbiologico de la superficie de la carne, solo los
métodos de maduracion afectaron a las TBC y a las PSY. Las mayores cargas se
encontraron (al igual que la oxidacion lipidica) en el tratamiento WD. Sin embargo,
los valores alcanzados no superaron los umbrales de deteccion de malos olores (off-
flavors) por los consumidores, de acuerdo con lo reportado por la bibliografia para
TBC (7 log CFU/cm?; Feiner, 2006) y para PSY (6-8 log CFU/g; Stanbridge y Davies,
1998). Ademaés, esto lo podemos corroborar con los resultados del panel de
consumidores, donde todas muestras fueron juzgadas como «me gusta» a «me gusta
mucho».

De todas maneras, cuando se analizaron en forma conjunta los resultados de
todos los consumidores, las muestras de carne mejor valoradas fueron aquellas
maduradas en DAb o WA, y las menos aceptadas, las DW y WD, para los tres atributos
de calidad sensorial estudiados: aceptabilidad global, terneza y sabor. Sin embargo,

Berger et al. (2018) no reportaron diferencias en aceptabilidad global entre los métodos
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de maduracion (wet, dry y dry bag), en muestras de carne de vaquillonas alimentadas
en pastura. De acuerdo con la dieta de terminacion de los animales, las muestras mas
preferidas fueron aquellas provenientes de terminacién en grano en comparacion con
las de pasturas. Estas diferencias no podrian ser explicadas por el contenido de IMF,
dado que no hubo diferencias significativas entre las distintas dietas. Es reportado que
una mayor IMF determina mayor jugosidad y esta positivamente correlacionado con
la palatabilidad (Kim et al., 2018; Smith et al., 2008). Sin embargo, si existieron
diferencias en cuanto al perfil de acidos grasos, segun la dieta de terminacién, de
acuerdo con lo mencionando anteriormente. La dieta proveniente de pastura con mayor
contenido de PUFA n3, especialmente C18:3 n3, podria estar provocando a la carne,
sabores y aromas no tan deseados como la carne de animales con dieta de granos,
debido a que los productos derivados de los PUFA reducen o inhiben la formacion de
productos heterociclicos de las reacciones de Maillard (Ames et al., 2001). Estos
compuestos volatiles del sabor, compuestos heterociclicos oxigenados, tales como
lactonas y alquilfuranos, que han sido encontrados en la carne cocida, provienen de la
oxidacion de los acidos grasos (Yaylayan et al., 2000; Maga, 1994). De acuerdo con
los resultados del panel entrenado, las muestras de carne procedentes de animales
terminados en pastura presentaron un incremento en olor a hierba y anormal, en sabor
a leche y disminuyeron el sabor a metalico en comparacién con las de grano.

La maduracion seca en bolsa aumenté la intensidad del olor a madurado y a
carne, mientras que disminuyd la intensidad de olor a higado y sabor metélico.
Leighton et al. (2023), en concordancia con nuestros resultados, reporté que la
maduracion seca en bolsa aumentd el sabor intenso a carne y sabor salado (salty taste),
mientras que disminuyo la intensidad del sabor amargo y agrio-lacteo y rancio/cartén
en churrasco del corte paleta (clod heart). Ademas, Li et al. (2014) y Foraker et al.
(2020) encontraron que en DAD o seco tradicional el masculo LTL fue menos amargo
(sour) que en las muestras WA después de diferentes periodos de maduracién (8-63
dias), probablemente debido al crecimiento limitado de bacterias acido-lacticas. Dado
que los compuestos que producen el sabor agrio/acido/amargo son solubles en agua
(Dashdorj et al., 2015), posiblemente se pierden durante el proceso de purga del

madurado en seco (Castejon et al., 2015). Respecto a la textura, que es el atributo que

211



se relaciona con la terneza de la carne, los resultados del panel de entrenados indicaron
un incremento en la dureza, fibrosidad, masticabilidad y residuos, asi como una
disminucion en la jugosidad inicial y final y desmenuzamiento, en las muestras DAb
con relacion a las WA. Si relacionamos los atributos de textura con los resultados de
fuerza de corte, que es una forma de estimar la terneza de la carne, registrados en este
trabajo, podemos decir que, aunque en forma objetiva no se detectaron diferencias
entre los métodos de maduracion, el panel de entrenado tuvo una mayor sensibilidad
en detectar, en todos los atributos referidos a la textura, diferencias entre la DAb y la
WA. Estas discrepancias entre el analisis sensorial y las mediciones de fuerza de corte
podrian deberse a los complejos movimientos de masticacion involucrados en el
analisis sensorial, la presencia de saliva (Szczesniak, 1987) y el efecto de lubricacion
de la grasa intramuscular durante el procesamiento oral (Frank et al., 2016). De hecho,
Shackelford et al. (1995) informaron que la fuerza de corte explicaba solo una pequefia
proporcion (R? = 0,11) de la varianza en las puntuaciones de terneza de los panelistas
entrenados en churrasco de corte de la paleta madurados en himedo. A su vez, el panel
de consumidores (no entrenados) no detecto diferencias en terneza entre DAb y WA,
pero si le atribuyeron un puntaje menor (menos tierno) a los tratamientos combinados
(DW y WD), aunque todos estuvieron dentro de los umbrales de aceptacion. Los
consumidores no entrenados tienden a ser menos sensibles a las diferencias de

palatabilidad que los panelistas entrenados (Rodas-Gonzalez et al., 2009).

7.2.2. Métodos de maduracidon mas congelado vy la dieta de terminacién sobre las

caracteristicas fisicoquimicas y microbioldgicas, perfil y oxidacion lipidica y panel de

consumidores

Pocos estudios han relacionado el tipo de dieta de terminacion de los animales
con los métodos de preservacion de la carne, tales como maduracion y congelado. En
la hipotesis de trabajo se planted que los métodos de maduracion (DAb y WA) con o
sin subsecuente congelado afectan la calidad de carne de novillos procedente de
diferentes dietas de terminacién en pastura o en grano.

El color es la caracteristica mas importante que influye en las decisiones de

compra de los consumidores, aunque las preferencias varian entre ellos (Altmann et
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al., 2022; Realini et al., 2014). Todos los pardmetros del color (a*, b* y L*) fueron
afectados por el método de preservacion; ademas, la luminosidad (L*) fue afectada por
la dieta animal. La carne madurada al vacio (WA) fue la mas brillosa (mayor L*) y
menos roja (mayor a*) que la DADb luego de los cuarenta dias de maduracion y también
después de los 180 dias de congelado, atribuido posiblemente a menor perdida de
humedad en la superficie de la carne, lo que resulté en una mayor absorcion de la luz
y un color més claro (Kim et al., 2011). Bernardo et al. (2020) no encontraron
diferencias entre la maduracion en seco tradicional vs. el mismo madurado més el
congelado de treinta dias, con cinco dias de exhibicion en gondola de comercios
minoristas en los valores de L*. Sin embargo, los valores de a* y b* fueron mas bajos
en la carne congelada que la madurada en muestras de bife angosto (striploin) en el
mismo trabajo. Esto puede deberse a la existencia de un sistema de enzimas capaces
de reducir la metmioglobina a mioglobina (metmyoglobin reducing activity-MRA)
propuesto por Livingston y Brown (1981). Cuando la carne es madurada o congelada,
la actividad de MRA disminuye y ocurre una acumulacion acelerada de metmioglobina
en la superficie de la carne. La carne de los animales procedente de dieta en pastura
presentd menores valores de L* posiblemente debido a la mayor concentracion de
mioglobina por una mayor actividad muscular, lo que hizo que el corte de carne
presente una apariencia mas oscura y menos brillosa (Apaoblaza et al., 2020). Otros
factores que influyen en el color de la carne son el pH y la IMF, que en nuestro
experimento no fueron diferentes entre dietas.

El pH presentd la misma tendencia discutida en el punto 6.2.1., con valores
levemente mayores, aunque significativos, en DAb que en WA y se mantuvieron luego
del proceso de congelado. En todos los casos, los valores de pH estuvieron por debajo
de 5,8. Las pérdidas por coccién disminuyeron en DADb frente al WA vy esta diferencia
se acentuo en las muestras congeladas. Esto puede deberse a las pérdidas por purga
durante el proceso de la maduracién en seco en bolsa (Zhang et al., 2019). Ademas, el
congelado reduce la capacidad de retencion de agua en el musculo debido a la ruptura
de las fibras musculares por la formacién de los cristales de hielo (Leygonie et al.,
2012).
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La fuerza de corte de la carne WA y DAb (WBSF) no present6 diferencias entre
ellas, como fue mencionado en el andlisis de los diferentes métodos de maduracion, y
los valores fueron méas bajos que en las muestras congeladas. Existe un consenso
general en la literatura con respecto a que la terneza de la carne aumenta con el
congelado y descongelado (Lagerstedt et al., 2008; Farouk et al., 2003; Wheeler et al.,
1990). Sin embargo, se ha reportado que el aumento de la terneza esté correlacionado
con la duracion del congelado y el grado de maduracion previo al congelado. El efecto
de ablandar la carne con el congelado se anularia cuando la carne se ha madurado lo
suficiente antes de la congelacion (Vieira et al., 2009). Esta es la situacion de nuestros
resultados, dado que todas las muestras estuvieron por debajo de 3 kgF, umbral de
terneza para la aceptabilidad de la carne por parte del consumidor (Miller et al., 2001).

A diferencia de lo que ocurrio entre los métodos de maduracion, el método de
preservacion afectd el porcentaje de IMF, lo que indico mayores valores en las
muestras maduradas en seco en bolsa con posterior congelado. Esto se puede haber
debido a las pérdidas por evaporacion producidas durante el proceso de maduracién y
congelado, lo cual esta asociado con los valores mas bajos de pérdidas por coccion (%
CL). Sin embargo, el perfil de acidos grasos para los grupos SFA, MUFA y PUFA (n6
y n3), asi como CLA y las relaciones n6:n3 y PUFA:SFA, no fueron afectados por el
método de preservacion. Por el contrario, Zhang et al. (2021) reportaron una
disminucién de SFA y un incremento en los PUFA en muestras maduradas en seco en
bolsa (veintiun dias) y congeladas durante doce meses con su contraparte no
congelada. Las diferentes dietas de terminacion no afectaron el porcentaje de IMF,
pero si incrementaron los valores de CLA PUFA, PUFA n3 y la relacion PUFA:SFA
y disminuyeron la n6:n3 en las muestras de dietas terminadas en pastura.

Los métodos de preservacion y la dieta animal presentaron interaccion en
oxidacion lipidica, al igual que entre los métodos de maduracion. Los valores mas
bajos de oxidacion lipidica fueron observados en las muestras congeladas
independientemente de la dieta de terminacion. Estos coinciden con resultados
reportados en otros estudios que comparan carne madurada con congelada (Zhang et
al., 2021; Bernardo et al., 2020). Durante el almacenamiento (madurado y congelado),

el MDA puede degradarse ain mas en alcoholes y acidos organicos o unirse a
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aminoécidos y proteinas libres como un complejo MDA-aminoéacidos (Farouk et al.,
2003) vy, con estos cambios, el MDA no puede ser detectado por el TBARS. Por lo
tanto, la variacion observada en el presente trabajo durante la maduracion y el
congelado podria haber sido el resultado de diferentes reacciones de generacion y
degradacion de MDA durante el proceso de preservacion. Se ha reportado que la
temperatura 6ptima para el almacenamiento de la carne congelada es de -40 °C, ya que
solo un porcentaje muy pequefio de agua queda descongelada en este punto (Estévez,
2011). La fraccion de agua no congelada también es importante en términos de
oxidacion, ya que pueden ocurrir reacciones quimicas durante el periodo de congelado
que inician la oxidacion lipidica primaria (peroxidacion) en la carne. Esto puede
provocar una oxidacion lipidica secundaria radical durante el descongelado (Owen y
Lawrie, 1975), lo que produce cambios adversos en el color, el olor, el sabor y la
inocuidad de la carne. Como fue discutido, se ha demostrado que los animales
alimentados con pastura tienen mayores concentraciones de vitamina E en musculo
que los alimentados con granos (Bernardo et al., 2020; Daley et al., 2010; Descalzo et
al., 2007; Nuernberg et al., 2005; Realini et al., 2004), lo que retrasa la oxidacion
lipidica y la formacion de metmioglobina (Descalzo y Sancho, 2008; Zerby et al.,
1999; Schwarz et al., 1998). El rango de TBARS (0,133-0,479 mg MDA/kg de carne)
encontrado en este estudio fue menor que el umbral (2 mg MDA/Kg de carne) para la
deteccidn de sabor rancio por panelistas entrenados (Campo et al., 2006).

Segun la literatura, ni el congelado ni el descongelado parecen reducir la
cantidad de microorganismos viables presentes en la carne. Sin embargo, durante la
congelacion, el deterioro microbiano se enlentece significativamente, ya que los
microorganismos entran en estado latente. Sin embargo, recuperan su actividad
durante el descongelado (Londahl y Nilaaon, 1993). Esto es especialmente
preocupante cuando se emplea la descongelacion al aire. Por esta razdn, las buenas
practicas de higiene y manipulacion son ain mas importantes para la carne que se
congela y descongela en comparacion con la que se vende fresca (Pham, 2004). En el
presente trabajo, el método de preservacion afecté a las bacterias psicotroficas (PSY)
y a las enterobacterias (ENT). El tipo de maduracion seco en bolsa presento las cargas

mas altas de estos microorganismos (PSY y ENT) y luego este evento se acentud
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durante el congelado en el caso de PSY. Las cargas de PSY son particularmente
relevantes para productos que son mantenidos en condiciones de enfriado, dado que
es0s microorganismos aun se pueden reproducir en esas condiciones (Gonzélez-
Gutiérrez et al., 2020). A esto se suman las condiciones para el crecimiento microbiano
que pueden ocurrir durante la descongelacion de la carne, debido a la disrupcién
celular y la destruccidn de las fibras musculares causadas por la congelacion (Choe et
al., 2016), y, con el aumento de la temperatura, el exudado se libera y crea un entorno
ideal para el crecimiento microbiano (Gill, 2014; Léndahl y Nilaaon, 1993). De todas
formas, las cargas microbianas no superan los umbrales establecidos para producir
malos olores y defectos de apariencia en la carne. Estos valores umbrales fueron de 6
a 8 log CFU/g para PSY (Ercolini et al., 2016), 5 a 6 log CFU/cm? o gramos de carne
para TBC (Feiner, 2006) y 4 a 5 log UFC/cm? para ENT de acuerdo con los criterios
regulacion microbiolégicos de la UE (Rinn et al., 2024). Mayores valores de ENT
fueron observados en las muestras de carne procedentes de dietas de terminacion en
grano. En este estudio no hubo efecto matadero ya que los animales se faenaron en el
mismo matadero y en el mismo momento, y la mayor cantidad de ENT podria
esxplicarse por las dietas, las altas en grano pueden disminuir el pH ruminal, lo que
favorece el crecimiento de las enterobacterias tolerantes a los pH mas bajos (Diez-
Gonzélez et al., 1998); por ejemplo, E. coli O157:H7, un patdgeno semirresistente a
los acidos que pertenece a la familia ENT.

Las preferencias de los consumidores son muy variables y dependen de diversos
factores (Font-i-Furnols y Guerrero, 2014). Por ello, es muy comin encontrar y es
importante identificar ssgmentos de consumidores con diferentes preferencias. En este
trabajo se identificaron tres segmentos o clusters de consumidores: 1- los que preferian
la carne madurada proveniente de la dieta de grano o de pastura, pero madurada WA,
sin distincién entre con o sin congelado. La ultima combinacion (WA de animales
alimentados con pasto) es la carne mas consumida en Uruguay y posiblemente sea la
mas reconocida y aceptada por este grupo de consumidores. De acuerdo con el panel
de entrenados, la carne madurada WA presentd menor olor y sabor a maduracion,
mayor olor a hierbas, menor dureza y mayor jugosidad en la textura en boca que la

carne de res madurada con DAD; esto puede estar relacionado con las preferencias de
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los consumidores por la carne vacuna. 2- Los que preferian la carne madurada
proveniente de la dieta de grano o de pastura y madurada en DAD, sin distincién entre
con o sin congelado. Las diferencias en las preferencias por las distintas caracteristicas
sensoriales de la carne observadas en el panel de entrenado pueden explicar estas
diferencias en la aceptabilidad. 3- Los que no tenian ninguna preferencia por los
distintos tipos de carnes. Estos no discriminaban entre los diferentes tratamientos y
calificaban como buenos a todos los tipos de carne. Esta informacion indica que el
panel de consumidores mostrd niveles de agrado general para todos los tratamientos,
entre 2 («me gusta mucho») y 4 («me gusta»). Estos concuerdan con los valores
obtenidos en fuerza de corte que sugirieron cortes tiernos (<3 kgF), con la oxidacion
de lipidos, que estuvo por debajo del umbral de sabor rancio (2 mg MDA/Kkg de carne),
y con el crecimiento microbiano, que no superaron los umbrales establecidos para
producir malos olores y superficies de la carne viscosa. Estos hallazgos sugieren que
cualquiera de los tipos de maduracion y condiciones de congelacion probados podria

producir una calidad de carne dentro de la satisfaccion del consumidor.
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8. Conclusion

1. Los métodos de maduracion tuvieron un efecto més pronunciado en las
caracteristicas fisicoquimicas y microbioldgicas de la carne, mientras que la dieta de
terminacion influyd principalmente en la composicién de &cidos grasos y atributos
sensoriales. A pesar de algunas diferencias en el color de la carne, pH, pérdida por
coccion y fuerza de corte (WBSF), estas variaciones no afectaron significativamente
la percepcion del consumidor. Es importante destacar que todos los métodos de
maduracion fueron considerados aceptables por parte de los consumidores, donde la
maduracion seca en bolsa realzo los sabores a carne madurada, mientras que la
maduracion himeda preservo mejor la jugosidad y terneza. No obstante, en el panel
de consumidores por grupo (clusters) se detectaron preferencias por algunos de los
métodos y dietas evaluados. Mediante la evaluacion sensorial con panel entrenado, se
detectaron diferencias en la textura, en la que la maduracion seca en bolsa mostré una
mayor dureza y fibrosidad, mientras que la himeda mantuvo una mayor jugosidad.

2. Desde una perspectiva microbiologica, la maduracion en seco (y su
combinacion con congelado) resulté en mayores conteos de bacterias psicotrofas y
enterobacterias en comparacion con la maduracién himeda. Sin embargo, estos
niveles se mantuvieron dentro de los umbrales aceptables y no afectaron
negativamente las preferencias de los consumidores.

3. Los compuestos organicos volatiles fueron significativamente influenciados
por el proceso de maduracion y se observo que la maduracion seca en bolsa generd
mayores concentraciones de aldehidos, acidos carboxilicos y cetonas, asociados con
sabores a carne madurada deseables. La carne de animales terminados en pastura
presentd mayor concentracion de compuestos volatiles derivados de lipidos, mientras
que la de animales terminados a grano mostré menores niveles de dichos compuestos,
pero un contenido levemente mayor de grasa intramuscular, pudiendo equilibrar los
atributos sensoriales.

4. Los resultados sugieren que tanto la maduracién himeda como la maduracion
seca en bolsa son opciones viables para los consumidores uruguayos, aunque la
combinacion de ambas (seca en bolsa mas humeda y viceversa) no proporciona

beneficios sensoriales adicionales. La maduracidn seca en bolsa es particularmente
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adecuada para mercados que prefieren sabores intensos a carne madurada, mientras
que la maduracién humeda puede ser mas atractiva para consumidores que priorizan
la terneza y jugosidad. Asimismo, el congelado después de la maduracién surge como
una estrategia viable para mantener la calidad de la carne en los mercados de
exportacion, lo que proporciona flexibilidad en el almacenamiento y transporte, sin
variar sus atributos de calidad.

5. En general, estos resultados respaldan la seleccion estratégica de los métodos
de maduracion y preservacion en funcion de las preferencias de los consumidores del
mercado objetivo. Se requiere mas investigacion para profundizar en el impacto de los
métodos de maduracién y conservacion prolongada en la seguridad, calidad y
segmentacion del consumidor y garantizar caracteristicas 0ptimas de la carne para los

mercados nacionales e internacionales.
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9. Implicancias

Desde el punto de vista de la produccion animal, la terminacién de los novillos
con 100 dias alimentados a granos no implico diferencias en términos del contenido
de grasa intramuscular, con relacién a la terminacion a pasto. Expresar diferencias en
el contenido de grasa intramuscular y que las mismas provengan de sistemas de
terminacion a grano podrian exaltar el efecto en el sabor de la carne cuando se emplean
metodos de maduracion en seco.

En cuanto a la produccion de carne, este experimento no evalué puntualmente el
rendimiento carnicero (pérdidas de pesos de los cortes) determinado por los métodos
de preservacion (maduracion y congelado). Si fueron medidas las pérdidas por
coccion, observando menores pérdidas en la maduracion en seco mas congelado. Sin
embargo, la literatura reporta menor rendimiento para las carnes maduradas en seco
ya que tienen mayor perdida de agua. Habria que evaluar de acuerdo con el mercado
objetivo (interno o externo), si los aspectos positivos de la carne madurada en seco
(con o sin congelado) son tan valorados por el consumidor de forma que pague esas
diferencias por pérdidas en rendimiento, en términos economicos. Se deberian hacer
estudios de paneles de consumidores y evaluar su disposicion a pagar mas, por este
tipo de producto. En el panel de consumidores uruguayos, se identificdé una
segregacion de consumidores con diferentes preferencias por las carnes de las distintas
combinaciones de productos (dieta x maduracion), aunque todas fueron valoradas de
forma positiva.

Otro aspecto considerado en el estudio fue el tiempo de maduracion, los 40 dias
fueron pensados tratando de optimizar dos aspectos, la duracion promedio del
transporte de los productos carnicos uruguayos a sus principales mercados (Europa y
Asia) y la expresion del sabor por incorporar tecnologias de preservacion de la carne.

Del presente trabajo se destaca la confirmacion de resultados del punto de vista
de calidad de carne por introducir la maduracion en seco en bolsa en carne proveniente
de animales terminados con grano al comparar con la implementacion tradicional de
maduracion humeda y dietas pastoriles. Ademas, la congelacion de la carne por 180

dias mantuvo los atributos de calidad de la carne fresca.
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