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ABSTRACT

IMPACT OF EXTENDED WET-AGING ON BEEF SEMIMEMBRANOSUS, GLUTEUS

MEDIUS, AND BICEPS FEMORIS MUSCLES

Postmortem wet aging is the most common aging method used in the meat industry to enhance
tenderness, palatability, and overall consumer acceptance of beef. Previous industry surveys have
indicated that the average aging time for beef is 25.9 days, while some beef cuts can be aged for
up to 102 days. During postmortem aging, several microbiological and biochemical changes occur
within the muscles. Most of the previous aging studies focused on the longissimus lumborum
muscle. It has become more common to market single muscle cuts such as the semimembranosus
(SM), gluteus medius (GM), and biceps femoris (BF). However, few studies have been conducted
on microbial and biochemical changes in these muscles during aging. Therefore, the objective of
this study was to determine the impact of aging on the microbial load, microbiome (16S rRNA

gene sequencing and analysis), and desmin degradation of beef SM, GM, and BF.

Beef top rounds (SM) and sirloin top butts (N = 80) were collected at a commercial beef
processing facility. These subprimals were wet-aged for 14, 28, 35, 42, 49, 56, 63, or 70 days, and
on each of these days, the BF and GM were separated from the top sirloin butt. Ten (n = 10)
samples were analyzed from each muscle for each aging period. On each aging day, two separate
5 x 10 cm areas of the muscle surface were sampled using separate sponge samplers. Buffered
peptone water was added to one set of sponge samples, followed by mechanical pummeling and
analysis for total aerobic mesophilic microflora counts (AC) and lactic acid bacteria counts

(LABC) using the TEMPO® system. To the second set of sponges, phosphate-buffered saline (PBS)
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was added, and after mechanical pummeling, the liquid was collected and stored at -70°C for
microbiome analysis. Additionally, on each aging day, the muscles were fabricated into 2.54 cm
thick steaks, frozen in liquid nitrogen, powdered, and stored at -70°C for desmin degradation
analysis. After extracting bacterial DNA from the PBS meat homogenate, microbiome library
preparation  was  performed according to the Earth  Microbiome  Project

(https://earthmicrobiome.org/), and an Illumina MiSeq was used for sequencing. Downstream

analysis was performed using the Qiime2 pipeline. Desmin degradation was analyzed using a
western blotting system. The protein concentration was measured using a detergent compatible
protein assay and normalized with a Coomassie blue stain. The proteins were then separated using
SDS-PAGE and transferred to a PVDF membrane. Desmin was visualized using primary
(polyclonal rabbit anti-desmin) and secondary (goat anti-rabbit-HRP) antibodies. All data were
analyzed using R, and significance was set at o = 0.05. After downstream analysis, microbiome
analysis was performed using the phyloseq, vegan, and pairwiseAdonis packages, and samples
were rarefied at 4800 sequences. The relative abundance and beta diversity (Bray-Curtis and
weighted UniFrac) were evaluated. The bacterial counts and desmin degradation were analyzed
using the emmeans package, and the 55 kDa intact band intensity was evaluated using iBright

analysis software to determine desmin degradation.

All three muscles had a low microbial load (<2 log CFU/cm?) initially (day 14), which
increased over time, as expected. In the SM, the AC did not increase (P > 0.05) after 28 days of
aging, and LABC showed no substantial increases (P > 0.05) after 42 days. By day 70 of aging,
the SM muscle had an AC of 5.6 log CFU/cm? and LABC of 6.0 log CFU/cm?. In GM, the AC and
LABC increased (P < 0.05) by 4.5 and 3.8 log CFU/cm?, respectively, from day 14 to day 42 of

aging. After 42 days, no significant differences (P > 0.05) in AC and LABC were obtained in the
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GM muscle. The AC at 70 days of aging for the GM was 6.4 log CFU/cm?, while the LABC was
6.0 log CFU/cm?. The AC of BF did not increase (P > 0.05) after 42 days, whereas the LABC did
not increase (P > 0.05) after 35 days of aging. The bacterial load of the BF muscle at 70 days of
aging was 6.1 and 6.0 log CFU/cm? for AC and LABC, respectively. For all three muscles, the
Leuconostoc bacterial genus had the greatest relative abundance, followed by Carnobacterium,
when averaged over all eight aging periods. Beta diversity of all the muscles decreased (P < 0.05)
over time, and 14 days of aging was different (P < 0.05) from all other aging periods. Overall,
there was an initial increase (P < 0.05) in desmin degradation with aging for all the muscles, but
as aging time increased, there was no further increase in desmin degradation. Specifically, desmin

did not degrade further after 35 days for the SM and BF and 49 days for GM.

Generally, for all three muscles, the microbial load and desmin degradation increased with
aging, whereas microbial diversity decreased with aging. Aside from the initial 14-day aging
period, the most abundant bacterial genera were lactic acid bacteria. A higher degree of desmin
degradation was observed with an increase in aging times for all the muscles, which could lead to
increased tenderness. While there were some differences in microbial load, microbial diversity,
and desmin degradation during early aging days, those disappeared as the aging time increased.
Overall, these results suggest that a longer aging period for these muscles does not necessarily

yield a higher-quality product.
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CHAPTER 1

REVIEW OF LITERATURE

Beef quality, especially tenderness, is an important quality attribute for consumer eating
satisfaction. The beef industry has developed several practices to improve postmortem tenderness,
of which aging is the most important. Beef aging refers to holding beef at a refrigerated
temperature for a certain period to improve its overall eating quality, including tenderness and
flavor. In the US beef industry, there are two common aging methods: wet-aging and dry aging.
Wet-aging is the process of sealing a beef primal or subprimal in a vacuum bag and storing it at a
refrigerated temperature in order to improve tenderness, while during dry-aging, the meat is held
without a bag (Warren and Kastner, 1992; Campbell et al., 2006; Sitz et al., 2006; Smith et al.,
2008; Kim et al., 2016; Wang et al., 2025). In the US, most of the beef produced undergoes wet-

aging as opposed to dry-aging.

1.1 Wet-Aging Versus Dry-Aging

While wet-aging occurs in a vacuum-sealed bag, dry-aging traditionally takes place in a
controlled environment where the meat is not sealed. Dry-aged beef will develop a crust, which
can have an effect on overall flavor (Warren and Kastner, 1992; Campbell et al., 2006). Warren
and Kastner (1992) found that dry-aging can result in a higher intensity of nutty, brown/roasted,
and beefy flavors compared to wet-aged beef. Dry-aging also causes more shrinkage than wet-
aging due to surface water evaporation (Warren and Kastner, 1992; Ahnstrom et al., 2006; da Silva
Bernardo et al., 2021; Kim et al., 2022). This is problematic as meat is sold on a weight basis, so

the meat must be sold at a premium price to compensate for this loss. Regarding postmortem



proteolysis, Cavender (2021) reported more desmin degradation in wet-aged strip loin steaks than
in dry-aged steaks. However, Chaosap et al. (2025) found that aging method had no effect on
troponin-T degradation. Multiple authors have also reported a higher amount of lipid oxidation in
dry-aged beef (Kim et al., 2022; Ribeiro et al., 2024). Aerobic bacteria are also more abundant in
dry-aged than wet-aged beef due to the aerophilic environment (Bischof et al., 2023; Meloni et al.,
2023; de Matos et al., 2024). Additionally, Kim et al. (2022) and Meloni et al. (2023) found a
greater amount of molds and yeasts in dry-aged beef. These differences between aging methods
imply that wet-aged beef has the potential for a longer shelf life than dry-aged beef (Kim et al.,

2022; Meloni et al., 2023).

1.2 Postmortem Aging Time

The National Beef Tenderness Survey is a national audit in the United States that
benchmarks the tenderness of retail beef cuts, typically every five years. These surveys also
examine postmortem aging periods and provide data on retail and foodservice aging times. The
first survey was conducted in 1990, and it determined that the average postmortem aging time for
retail beef in the US was 17 days (Morgan et al., 1991). The authors also reported that aging times
ranged from three days to 90 days. For subprimal aging times, the average ranged from 15-20 days
(Morgan et al., 1991). Chuck muscles were generally aged for the shortest amount of time, while

loin cuts were aged the longest (Morgan et al., 1991).

The next tenderness survey was conducted in 1998 (Brooks et al., 2000). The average retail
aging time increased from 17 days to 19 days when compared to the 1990 survey, but the aging
range was more compact, with a range of two to 61 days (Morgan et al., 1991; Brooks et al., 2000).
Another change from the 1990 survey was the inclusion of aging times for both retail and

foodservice beef. For foodservice cuts, only loin and rib muscles were evaluated in that survey.



The average aging periods for loin cuts were 17.8 and 31.5 days for retail and foodservice beef,
respectively. For the rib muscles, the average aging time for retail was 21.5 days, while foodservice

beef was aged for 27 days on average (Brooks et al., 2000).

The 2006 survey also saw an increase in average retail aging time, from 19 days in the
1998 survey to 22.6 days (Brooks et al., 2000; Voges et al., 2007). The aging range was also similar
to the 1990 survey, with a range of three to 83 days (Morgan et al., 1991; Voges et al., 2007).
Additionally, when examining subprimals at a retail level, rib and loin muscles were generally
aged longer than chuck and round muscles (Voges et al., 2007). Like the previous survey,
foodservice subprimals were aged longer than their retail counterparts. For example, retail top
sirloins were aged for an average of 24.4 days, while the same muscle when aged for foodservice

increased to an average of 33.2 days (Voges et al., 2007).

The 2010 National Beef Tenderness Survey saw a decrease in average retail aging time
from 22.6 days in 2006 to 20.5 days in 2010 (Voges et al., 2007; Guelker et al., 2013). This survey
also found the largest range of aging times, spanning from one to 358 days (Guelker et al., 2013).
Similar to the previous survey, rib and loin subprimals at a retail level were aged longer than the
chuck and round subprimals on average (Voges et al., 2007; Guelker et al., 2013). For foodservice
muscles, the average overall aging time was 28.1 days, with the rib eye, top loin, and top sirloin

being aged for an average of 29.3, 29.8, and 24.7 days, respectively (Guelker et al., 2013).

The 2015 survey was the last tenderness survey that evaluated postmortem aging times, as
these data were not collected in 2022 (Martinez et al., 2017; Gonzalez et al., 2024). When
compared with all previous surveys, the 2015 survey had the longest average retail aging time of
25.9 days (Martinez et al., 2017). The range of aging times was also more compact than the 2010

survey, with a range of six to 102 days (Martinez et al., 2017). The average aging times for retail
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and foodservice loin and rib muscles also increased from the previous survey. The loin aging times
were approximately 26 days for retail storage and a similar aging time of 31.1 days in foodservice.
Rib aging times were approximately 28.7 and 32.2 days in retail and foodservice storage,

respectively (Martinez et al., 2017).

Another tenderness survey was performed in 2022 (Gonzalez et al., 2024). However, this
survey did not contain data on postmortem aging periods. The authors stated that due to the
difficulty of collecting the aging data, they were unable to include this information. Additionally,
no data were collected on cuts from the beef round. This was due to the desire to perform further
research on improving round tenderness as opposed to comparing it to other muscles (Gonzalez et
al., 2024). Tenderloins, however, were included in this survey for the first time since the 1998
National Beef Tenderness Survey in order to be used as a comparison to other muscles (Brooks et

al., 2000; Gonzalez et al., 2024).

Overall, wet-aging provides a few advantages, such as a lack of water loss and extended shelf
life when compared to other packaging and aging methods (Warren and Kastner, 1992; Shi et al.,
2020; da Silva Bernardo et al., 2021; Kim et al., 2022). However, there is also a potential for off-
flavors or off-odors to develop during extended wet-aging (Jeremiah and Gibson, 2003; Li et al.,
2014; Barker et al., 2023). The changes in meat quality attributes during wet-aging will be explored

in the following sections.

1.3 Warner-Bratzler Shear Force

Warner-Bratzler shear force (WBSF) refers to a method of measuring the force required to
slice through a piece of meat and serves as an indicator for the level of tenderness (Bratzler, 1932).
It has been well documented that beef tenderness increases during the wet-aging process, thus

decreasing WBSF values (Smith et al., 1978; Smith et al., 2008; Kim et al., 2019; Shi et al., 2020;
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Yu et al., 2024). Depending on the muscle, its location, and its purpose (i.e., supportive or
locomotive), some muscles may need to be aged longer than others to obtain the desired
improvement in WBSF (Belew et al., 2003; Gruber et al., 2006; Yar et al., 2024; Yu et al., 2024).
For example, the beef longissimus lumborum (LL) needs to be aged for a longer period than the
psoas major (PM), as PM is inherently more tender than LL due to the intrinsic factors found
within those muscles (Yar et al., 2024; Yu et al., 2024). Belew et al. (2003) also found that when
aging steaks from 40 different muscles for 14 days, steaks from the diaphragm, M. spinalis, and
M. infraspinatus had the lowest shear force values, while the M. brachialis, M. pectoralis
profundus, and M. flexor digitorum superficialis had the highest values. Bratcher et al. (2005)
found that muscles from the same beef primal can also vary in shear force values during aging.
When muscles in the chuck were aged for 14 days, the rhomboideus had significantly higher
WBSF values than the other muscles examined. Molina et al. (2005) also observed differences in

shear force between muscles from the same primal during wet-aging.

Quality grade can also influence shear force. Gruber et al. (2006) determined that many
muscles, especially in a 14-day aging period, display lower shear force values in Choice steaks
than Select steaks. Additionally, out of the 34 muscle-quality grade combinations examined (17
Choice and 17 Select), the Select grade semimembranosus (SM) had the highest numerical WBSF
values across all four aging periods, while the Choice grade SM had statistically lower WBSF
values. Derington et al. (2011) also reported that a higher quality grade resulted in a lower WBSF
value as well as slice shear force value in beef strip loin steaks aged for 21 days. Conversely, Obuz
et al. (2004) determined that quality grade only influenced shear force in the longissimus lumborum

and not the biceps femoris or deep pectoralis.



1.4 Postmortem Proteolysis

One of the main objectives of wet-aging beef muscles is to improve their tenderness.
During rigor mortis, the sarcomere, or the basic contractile unit of muscle, will shorten, making
the meat tough. Multiple authors have reported that WBSF values will peak at approximately 40%
of the sarcomere length and over time, as the sarcomere length increases, shear force values will
decrease and the meat will become more tender (Marsh and Leet, 1966; Davey et al., 1967; Marsh
and Carse, 1974). Proteolytic systems, such as the calpain, cathepsin, and caspase systems, can

degrade proteins, potentially increasing meat tenderness (Sancho et al., 1997; Steen et al., 1997).

1.4.1 Calpains, Cathepsins, and Caspases

The calpain enzyme system, which is activated by Ca*", has been shown to be a major
contributor to postmortem proteolysis and a subsequent increase in meat tenderness during aging,
specifically p-calpain (calpain 1) and m-calpain (calpain 2) (Koohmaraie et al., 1987; Geesink et
al., 2006; Mohrhauser et al., 2011). Geesink et al. (2006) demonstrated the importance of the
calpain system when they showed that proteins such as desmin, dystrophin, metavinculin, and
troponin-T degraded significantly less in mice that had a deactivated calpain system over a three
day aging period. Calpain quantity and level of activity can differ between muscles as well. For
example, Ouali and Talmant (1990) determined that the concentration of calpain 2 was higher in
the masseter than the longissimus dorsi. Camou et al. (2007) also observed that both calpain 1 and
calpain 2 are less active in the beef triceps brachii than in the lumbar or thoracic longissimus dorsi,

semimembranosus, and psoas major.

However, during wet-aging, calpain activity decreases. Huff-Lonergan et al. (1996a)
showed that, when wet-aging beef longissimus thoracis for up to 56 days, most significant

degradation of titin, nebulin, filamin, desmin, and troponin-T occurred early in wet-aging, and p-



calpain was credited with this degradation activity. Interestingly, the cessation of most major
degradation activities also coincided with the final reduction of WBSF values observed in the study
(Huff-Lonergan et al., 1996a). Colle and Doumit (2017) reported that calpain 1 had no detectable
activity after 14 days of aging of beef longissimus lumborum and semimembranosus muscles. On
the other hand, calpain 2 had a steady decrease in activity over the aging period but was still

detectable at 42 days of aging for both muscles (Colle and Doumit, 2017) .

While not as significant as calpains, endogenous enzymes such as cathepsins, and caspases
could also contribute to postmortem proteolysis and meat tenderness. Like calpains, they are both
Ca®" activated enzymes that can degrade proteins. Multiple authors have reported that cathepsins
B, H, L, and D specifically play a role in postmortem proteolysis during aging (Calkins and
Seideman, 1988; Wang et al., 2022). Wang et al. (2022) found that cathepsin B+L activity increased
from O to 8 days of wet-aging in the beef semitendinosus muscle, unlike calpains. Likewise, Zhang
et al. (2019) found that cathepsins B and D increased their activity from 0 to 168 hours of wet-
aging. However, Kaur et al. (2021) found no changes in cathepsin B, H, and L activity between 4
and 14 days of wet-aging in beef briskets. Additionally, Huang et al. (2016) observed that caspases,

specifically caspase-3, are functional only during early aging periods, similar to the calpain system.

1.5 Protein Degradation during Wet-Aging

Many proteins, such as titin, nebulin, and desmin, among others, are degraded during
postmortem wet-aging due to the aforementioned calpain, cathepsin, and caspase systems
(Koohmaraie, 1992; Huff-Lonergan et al., 1996a; Cruzen et al., 2014). The degradation of these
proteins can help to improve tenderness, thus leading to a higher quality product. While many

proteins have been extensively studied, this review will focus mainly on titin, nebulin, desmin, and



troponin-T in wet-aged beef, as they have been identified as key contributors to improved beef

tenderness.

Titin, nebulin, desmin, and troponin-T are considered to be biochemical markers for beef
tenderness during aging, and all four proteins degrade during the postmortem period (Huftf-
Lonergan et al., 1996a). These proteins are found in the sarcomere, the basic contractile unit of
muscle. They also exhibit distinct characteristics from one another. For example, titin is the largest
protein in an animal’s body and it spans from the Z-line to M-line, and functions as a “molecular
spring,” assisting with muscle contraction and relaxation (Wang et al., 1979; Fiirst et al., 1988;
Tonino et al., 2017). Nebulin, another large protein, is found on the thin filament and anchors it
to the Z-line, making it essential for keeping the sarcomere structurally sound and assisting in
contractile regulation (Wang and Williamson, 1980; Wang and Wright, 1988). Desmin is another
protein associated with the Z-line, and like nebulin, is important for the structural integrity of the
sarcomere (Cooke, 1976; Lazarides and Hubbard, 1976). Troponin-T is a thin filament-associated

protein, and it binds to tropomyosin (Greaser and Gergely, 1971).

Titin, nebulin, desmin, and troponin-T tend to degrade more in the early stages of aging,
which is most likely due to the higher calpain activity closer to slaughter (Huff-Lonergan et al.,
1995; Huff-Lonergan et al., 1996a, Wu et al., 2014; Wright et al., 2018). Huff-Lonergan et al.
(1996a) also reported that, when aging both high and low shear force longissimus thoracis steaks
for up to 56 days, intact proteins degraded faster in the low shear force samples. When comparing
the low shear force samples to the high shear force samples, titin 1 (T1) was absent after 7 and 14
days, respectively. Fritz et al. (1993) also found an increase in titin degradation in M. longissimus
dorsi steaks over 14 days. In the same study by Huftf-Lonergan et al. (1996a), intact nebulin was

fully degraded by 3 days postmortem. This early degradation of nebulin is also consistent with



other studies on the longissimus muscle (Anderson and Parrish, 1989; Huff-Lonergan et al., 1995;

Wu et al., 2014).

When Whipple et al. (1990) examined postmortem desmin degradation in longissimus
muscles aged up to 14 days, they found that some desmin remained intact by the end of the aging
period in cattle with Bos indicus genetics. Huff-Lonergan et al. (1996a) also found that a 45 kDa
desmin degradation band was still visible after 14 days of aging in the high shear force longissimus
samples, although it had disappeared in the low shear force samples by this point. Conversely,
when examining beef longissimus lumborum, semitendinosus, and triceps brachii muscles wet-
aged up to 14 days, Grobbel et al. (2008) found that desmin degraded in all the muscles during
aging regardless of the packaging type. Moreover, the desmin degradation rate varied between the
muscles. Phelps et al. (2016) also found that desmin degraded in a linear fashion in wet-aged
semimembranosus muscles up to 70 days, indicating that desmin is still present in extended periods
of wet-aging in this specific muscle. These results were similar to Hernandez et al. (2022), where
desmin from beef strip loins had over 90% degradation when aged for 56 days. The results of these
studies indicate that desmin degrades slower than titin and nebulin, and longer periods of aging

would be necessary to achieve more desmin degradation.

Similar to desmin, Huff-Lonergan et al. (1996a) found that intact troponin-T was still
present in low- and high-shear force longissimus thoracis samples aged 14 and 28 days,
respectively. Muroya et al. (2006) also found difterences in troponin-T degradation between wet-
aged beef longissimus, masseter, and diaphragm muscles. The authors reported that more
troponin-T degradation is seen in longissimus muscles compared to the masseter and diaphragm
when aged up to 14 days. Isoforms of troponin-T were also seen throughout the aging period.

Onopiuk et al. (2018) observed a steady and significant reduction in troponin-T content in beef



semitendinosus, longissimus thoracis, and psoas major muscles over an aging period of 21 days.
The semitendinosus also displayed the greatest amount of postmortem myofibrillar fragmentation,
with most proteolysis occurring between 7 and 14 days. These authors also observed that the rate
of troponin-T proteolysis differed between the muscles, and like desmin, it degrades slower than

titin and nebulin.

1.6 Changes in pH During Wet Aging

pH is an intrinsic factor that can affect beef quality and decreases directly after slaughter
(Spanier et al., 1997; Jelenikova et al., 2008; Hopkins et al., 2014). Generally, after this initial
decline, the pH will stay relatively constant throughout the wet-aging period. For example, when
wet-aging beef semimembranosus for up to 14 days, Spanier et al. (1997) observed a drop in pH
from 6.5 (at 45 minutes postmortem) to 5.4 during the first two days of aging, and this value did
not change significantly after the initial decline. Likewise, when aging M. longissimus dorsi,
Daszkiewicz et al. (2003) found that pH only increased from 5.37 to 5.43 from days 3 to 14. Shi
et al. (2020) found that pH increased in longissimus thoracis aged up to 14 days, but the pH only
changed slightly after the initial postmortem decline. Multiple authors have also reported no
significant changes in pH when wet-aging longissimus thoracis muscles (da Silva Bernardo et al.,
2021; Sirtori et al., 2023). Similar to studies on other muscles like the longissimus, Main (2024)
found no significant pH change in beef semimembranosus, biceps femoris, and gluteus medius
muscles during aging for up to 70 days. This indicates that throughout different muscles, pH is

generally not affected much by wet-aging after the initial postmortem decline.

1.7 Changes in Water Activity and Water Loss During Wet Aging
Water activity (aw) refers to the ratio between the vapor pressure of the food itself, when

in a completely undisturbed balance with the surrounding air media, and the vapor pressure of
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distilled water under identical conditions (FDA, 1984). The wet-aging process can impact aw. da
Silva Bernardo et al. (2021) reported that ay increased from 0.989 to 0.995 in beef longissimus
thoracis et lumborum from 21 to 42 days of wet-aging. However, other researchers have reported
no difference in ay when wet-aging beef for up to 60 days (Kim et al., 2022; Di Paolo et al., 2023;
Meloni et al., 2023). Conversely, Santos et al. (2025) found that in dark-cutting beef from Nellore
cattle, aw decreased significantly after 28 days of wet-aging (0.9999 in non-aged samples and
0.9928 in samples wet-aged 28 days). In this case, it is possible that the characteristics of the dark-
cutting beef played a role in the decrease of ay. It is important to note that the ay recorded in these
papers was high enough to support bacterial growth. As bacteria only require a water activity of
approximately 0.91 to grow, the differences found are likely not biologically significant (Allen,

2018).

The amount of water lost from the product is also impacted by wet-aging, but it results in
only a slight loss of weight (Parrish Jr. et al., 1991; Warren and Kastner, 1992; Smith et al., 2008;
Lietal.,2014; Shi et al., 2020). Multiple authors reported that there was no change in cooler shrink
(weight reduction during storage at a refrigerated temperature) for up to 35 days of aging in steaks
and subprimals (Parrish Jr. et al., 1991; Laster et al., 2008; Smith et al., 2008). Parrish Jr. et al.
(1991) also found no difference in cooler shrink between different USDA quality grades. Many
researchers have also measured aging loss (weight change percentage relative to initial weight;
Warren and Kastner, 1992; Li et al., 2014; Shi et al., 2020). Warren and Kastner (1992) determined
that when aging strip loins for 14 days, there was as little as 0.8% of total weight lost due to aging.
Other authors saw slightly higher losses using longissimus thoracis et lumborum and longissimus

thoracis muscles. For example, Li et al. (2014) reported a loss of 2.7% after 19 days of aging
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longissimus thoracis et lumborum, but at 8 days, they reported only a loss of 1.2%. Shi et al. (2020)

also reported that the maximum aging loss at 14 days was 1.44% in beef longissimus thoracis.

Numerous authors have also reported purge (difference in weight before and after aging)
and drip loss (a sample is weighed, suspended, patted dry, and reweighed) measurements in wet-
aged beef. Greer et al. (1990) found that, in tenderloins aged for 70 days, purge loss was not
significant. Kerth et al. (1995) found similar results in strip loins aged 7 and 14 days. While Smith
et al. (2008) found only 1.1% purge loss after aging for up to 35 days in beef short loins, Aroeira
et al. (2016) reported as much as 3.12% purge loss in longissimus thoracis aged 21 days. Yu et al.
(2024) also found a significant increase in purge loss when aging for 3 or 28 days, and the psoas
major had more purge loss than the longissimus lumborum. Yu et al. (2024) also observed that drip
loss was similar in both longissimus lumborum and psoas major muscles, and the amount of drip

loss also decreased over aging time.

1.8 Meat Color

Beef, when wet-aged, generally decreases in color stability over time (Madhavi and
Carpenter, 1993; English et al., 2016; Nair et al., 2018). When aging longissimus lumborum and
psoas major muscles, Madhavi and Carpenter (1993) found that the samples aged 4 and 7 days
displayed greater color stability than samples aged 14 and 21 days. Lee et al. (2008) found similar
results in the gluteus medius, where the steaks aged for longer periods, such as 28 or 35 days, had
less color stability than those aged 7 or 14 days. When aging longissimus lumborum muscles for
up to 62 days, English et al. (2016) also saw a decrease in a* and chroma as the aging duration
increased. Conversely, Insausti et al. (1999) found that while L* (lightness), a* (redness), b*
(yellowness), hue, and chroma (measured after 1 h of blooming) increased in the first 5 days of

wet-aging longissimus dorsi muscles, these values remained relatively constant when measured on
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days 10 and 15. Beriain et al. (2009) found similar results in longissimus dorsi muscles aged up to

14 days and reported that the metmyoglobin percentage decreased as aging progressed.

Inherent differences in color stability between muscles also affect the color stability of the
muscle after wet-aging. For example, Seyfert et al. (2006) found that after wet-aging for 11 days,
the deep semimembranosus muscle had significantly higher L* and »* values when compared to
the psoas major, longissimus lumborum, superficial semimembranosus, and semitendinosus
muscles. Nair et al. (2018) also found that when aging longissimus lumborum, psoas major, and
semitendinosus muscles for up to 21 days, the longissimus lumborum displayed the greatest color
stability, followed by the semitendinosus and then the psoas major. Additionally, the steaks aged
7 days had the highest a* values, with the longissimus lumborum and semitendinosus displaying a
redder surface when compared to the psoas major. Main (2024) reported that when aging the beef
biceps femoris, gluteus medius, and semimembranosus, there were no differences in a*, b*, or
chroma between the biceps femoris samples aged 14 and 70 days, while the gluteus medius and
semimembranosus had lower a*, b*, and chroma on day 70 than day 14. While the biceps femoris
and gluteus medius saw no change in L* values, the semimembranosus had lower L* on day 70

than day 14.

1.9 Lipid Oxidation

Lipid oxidation is a reaction that causes rancidity and other off-odors and flavors such as
rancid, cardboard, greasy, and dairy (Campo et al., 2006; Shahidi and Oh, 2020; Fu et al., 2022).
During lipid oxidation, a compound known as malondialdehyde (MDA) is formed as the secondary
oxidation product, which can be used to quantify the degree of lipid oxidation using 2-
thiobarbituric acid in the thiobarbituric acid reactive substances (TBARS) assay (Tarladgis et al.,

1960). Lipid oxidation can be triggered when meat is exposed to oxygen, and therefore tends to
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remain low in wet-aged beef as it is kept in a vacuum package (O’Grady et al., 2000; Clausen et
al., 2009; Suman et al., 2010; Resconi et al., 2012; Resconi et al., 2018; Wang et al., 2023).
However, lipid oxidation can still occur during aging, which can generate off-flavors, potentially

leading to lower consumer flavor acceptance.

When wet-aging longissimus lumborum and longissimus thoracis muscles up to 14 days,
Lee et al. (1996) found that while MDA increased over time, the average did not surpass 1 mg
MDA/kg of sample. Low TBARS values are seen across muscles aside from the longissimus as
well (Spanier et al., 1997; Colle et al., 2015; Colle et al., 2016). When aging semimembranosus
for 14 days, Spanier et al. (1997) found no change in TBARS values over the aging period, and
MDA concentration was also relatively low. In two studies by Colle et al. (2015 and 2016), when
aging longissimus lumborum, semimembranosus, gluteus medius, and biceps femoris for up to 63
days, MDA concentration did not exceed 0.7 mg MDA/kg of meat on average for any of the
muscles. Across multiple muscles and wet-aging periods, MDA is generally seen in low

concentrations, implying that wet-aging greatly impedes the lipid oxidation mechanism.

1.10 Microbiological Characteristics

Meat is a highly favorable environment for microbial growth due to intrinsic factors such
as pH, aw, and nutrient availability. Due to the low levels of oxygen in vacuum packages,
facultative anaerobes such as lactic acid bacteria grow well in wet-aged beef (Newton and Rigg,
1979; Newsome et al., 1984a; Lee et al., 1996; Jaidskeldinen et al., 2016; Main, 2024). When wet-
aging beef loins, Newsome et al. (1984b) reported that anaerobic bacterial counts increased from
2.72 log CFU/g after 1 week of aging to 6.40 log CFU/g after 5 weeks of aging. Additionally,
Lactobacillus counts increased from 0.74 to 5.95 log CFU/g during the same time period. Lee et

al. (1996) also found an increase in total plate counts, as well as counts of lactic acid bacteria,
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anaerobic bacteria, and psychrotrophic bacteria when aging /longissimus [umborum and

longissimus thoracis for 14 days; however, none of these bacterial counts exceeded 5 log CFU/cm?.

Due to the technological capabilities of 16S rRNA gene sequencing and shotgun
metagenomics, specific bacterial genera and species in wet-aged meat have been examined. Since
lactic acid bacteria are the predominant bacterial group found in vacuum-sealed beef, genera such
as Lactobacillus, Lactococcus, and Carnobacterium have a high relative abundance in wet-aged
beef (Jadskeldinen et al., 2016; de Matos et al., 2024). When wet-aging beef for up to 26 days,
Jaaskeldinen et al. (2016) reported a high relative abundance of Lactobacillus and Lactococcus
across the aging periods. In agreement, Setyabrata et al. (2022) found a high relative abundance of
an unclassified Lactobacillales when wet-aging longissimus lumborum for 28 days. Additionally,
a high relative abundance of a Carnobacterium, Brochothrix, and an unclassified Yersiniaceae was
detected (Setyabrata et al., 2022). Similarly, de Matos et al. (2024) found an overwhelming relative
abundance of Carnobacterium when wet-aging beef strip loins, with a relative abundance of 88.8%

and 79.4% in strip loins aged 20 and 34 days, respectively.

Alpha (diversity within a sample) and beta (diversity between samples) diversity are also
altered during the wet-aging process. When examining alpha diversity in strip loins aged at
different temperatures and aging periods (210 days at 0°C, 120 days at 2°C, 75 days at 4°C, and
25 days at 8°C), Kaur et al. (2021) found that regardless of temperature, diversity decreased at the
beginning of aging periods and plateaued as total viable microbial counts stabilized. de Matos et
al. (2024) noted a similar decrease in alpha diversity as well as beta diversity in strip loins aged 20
and 34 days. When aging tenderloins from 2 to 21 days, Mansur et al. (2019) also saw a decrease

in beta diversity, which suggested that across muscles, diversity decreases during wet-aging.
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1.11 Sensory Characteristics
1.11.1 Flavor and Aroma

Multiple authors have reported distinct flavor or odor notes in wet-aged beef, some of
which are classified as undesirable. However, these off-flavors are not always present or
overwhelming in wet-aged beef. For example, when wet-aging beef strip loins and steaks for 7
days, Oreskovich et al. (1988) reported that off-flavors were generally undetectable. While off-
flavors (painty, cardboard, bitter, and sour) increased and desirable flavors (cooked beef, brothy,
browned/caramel, and sweet) decreased over a 14 day aging period for the semimembranosus
muscle, Spanier et al. (1996) reported that no off-flavors exceeded 1.5 on a 15 point scale,
indicating that these flavor differences were not detrimental to overall flavor. Additionally, when
Muchenje et al. (2010) aged longissimus thoracis et lumborum for 21 days, off-flavors (animal,
bloody/livery, cooked vegetable, glassy, metallic, sour, and unpleasant) were in an acceptable
range, while off-odors with the same descriptors were deemed unacceptable. The authors reported
that bloody/livery off-odors were the most prominent after wet aging. Dikeman et al. (2013) also

reported a low off-flavor intensity in longissimus lumborum muscles aged for 21 days.

When aging longissimus lumborum samples for 46 days, O’Quinn et al. (2016) found an
increase in bloody/metallic, grassy/hay-like, gamey, livery, fishy, and sour off-flavors when
compared to samples aged for 14 days, but these off-flavors were all rated as less than three on a
10-point flavor desirability scale. Foraker et al. (2020) reported that off-flavors (sour, oxidized,
and musty/earthy) when aging beef longissimus muscles up to 63 days were rated below a three
on a 15-point scale for all aging periods (3, 14, 28, 35, and 49 days), indicating that off-flavors
were barely present. Main (2024), when examining beef gluteus medius, biceps femoris, and

semimembranosus muscles aged up to 70 days, found that off-flavors such as sour, musty,
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cardboardy, and painty, among others, were generally not noticeable in any of the muscles at any

aging period.

On the other hand, Jeremiah and Gibson (2003) reported that in ribs and short loins aged
either 7, 14, 21, or 28 days, 100% of the samples aged 7, 14, and 21 days and 98.9% of samples
aged 28 days had an off-odor, with the majority of samples having a livery odor. Almost 100% of
samples displayed a sour flavor note and most also had a bitter taste. Li et al. (2014) found similar
results in longissimus thoracis et lumborum aged either 8 or 19 days. Animal and metallic odors,
metallic flavors, and animal and metallic aftertastes were generally noticed by panelists in that

study.

1.11.2 Tenderness

Tenderness is another aspect of palatability affected by wet-aging. Like other factors
affected by wet-aging, there are also differences between muscles. For example, Carmack et al.
(1995) determined that psoas major, infraspinatus, and longissimus lumborum aged 7 days were
more tender than biceps femoris, semimembranosus, and pectoralis profundus aged for the same
period when evaluated by a panel. Brewer and Novakafski (2008) found that in loins aged 0, 7,
and 14 days, tenderness likability increased from 0 to 7 days, but no differences were seen between
7 and 14 days. Dikeman et al. (2013) found that on an 8-point scale, tenderness was rated as 5.98
in longissimus lumborum muscles aged for 21 days, indicating high likeability. Li et al. (2014) also
found that tenderness increased from 8 to 19 days of aging in longissimus thoracis et lumborum
muscles. Similarly, Foraker et al. (2020) reported that in longissimus muscles, tenderness increased
initially but plateaued with longer aging periods, and results from Lepper-Billie et al. (2016) were
in agreement with this finding. However, when aging beef gluteus medius muscles, Main (2024)

reported that no significant differences in tenderness were seen between samples aged for 14, 28,
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35, 42, 49, and 56 days. Similarly, in the biceps femoris and semimembranous muscles sampled,

no increase in tenderness was seen during aging from 14 to 70 days.

1.11.3 Juiciness

Dikeman et al. (2013) reported that longissimus lumborum wet-aged 21 days had a high
score for juiciness acceptability compared to dry-aged samples. Differences in juiciness may also
be seen between muscles. For instance, the serratus ventralis, infraspinatus, and psoas major have
been determined to be juicier than the biceps femoris, semitendinosus, and semimembranosus
when evaluated by consumers at 7 days of aging (Carmack et al., 1995). Conversely, Barker et al.
(2023) found no differences in juiciness between psoas major, longissimus lumborum, and gluteus
medius muscles aged up to 56 days. These authors also reported that juiciness was not affected by
aging time. Other authors have reported similar results across different muscles and aging periods

(Jeremiah and Gibson, 2003; Brewer and Novakofski, 2008; Foraker et al., 2020; Main, 2024).

1.12 Volatile Compounds

Volatile compounds, which affect odor, are also produced during the wet-aging process. As
the concentration of some specific volatile compounds increase, off-odor can also increase. Gorraiz
et al. (2002) reported that in longissimus dorsi aged from 2 to 7 days, off-odor compounds such as
2,3,4-trimethyl-pentane, 2,3,3-trimethyl-pentane, 3-methyl-2-heptene, 2,5-dimethyl-heptane, and
2,2.,4,6,6-penta-methylheptane increased with aging time. Mansur et al. (2019) also found that an
increase of certain acids (acetic and butanoic acid), alcohols (2,3-butanediol), ketones (2-butanone
and 3,3-dimethylbutan-2-one), and sulfur compounds (methyl thioacetate) also increases off-odors
in tenderloins aged up to 21 days. Setyabrata et al. (2022) performed volatile compound analysis
on beef loins wet-aged for 28 days and reported that hexanal (n-aldehyde), ethanol (alcohol), and

2-propanone (ketone) had the highest concentrations of any compounds with 119.12, 59.84, and
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42.12 ng/g of sample, respectively. The authors suggested that these compounds could potentially

be responsible for the unique odor profile of wet-aged beef.

1.13 Metabolites

Metabolites produced in the meat can be influenced by postmortem wet-aging. Lactate and
creatine were identified as having high signal intensity in the NMR spectrum of beef longissimus
dorsi muscles aged for 3, 7, 14, and 21 days, with the highest intensity on day 21 (Graham et al.,
2010). These authors also saw an increase in adenine/hypoxanthine, adenosine/inosine, and
xanthine in 21-day samples compared to 3-day-aged samples. Additionally, in samples aged 14
and 21 days, more amino acids, sugars, and nucleosides, with the exception of ATP and ADP, were
seen when compared to samples aged 3 and 7 days. Ercolini et al. (2011) found similar results for
lactate and creatine in beef chops (boneless tender beef) aged from 0 to 45 days, with a noticeable
increase in creatine over the aging period. Over this time, glycogen, ADP, IMP, and methionine

also decreased.

When aging semimembranosus and longissimus dorsi muscles in Hanwoo and Chikso
cattle, Lee et al. (2023) also observed a higher abundance of lactate and creatine, as well as
carnosine in 28-day-aged samples compared to non-aged samples. In the Chikso
semimembranosus, an increase in both lactate and carnosine was observed over the aging period
(up to 28 days), while the only change seen in the longissimus dorsi was a decrease in creatine. In
the Hanwoo semimembranosus and longissimus dorsi, no change was seen in the three metabolites
when comparing the day 0 samples to the samples from day 28, indicating that there may be a
muscular as well as breed influence on metabolites. Ueda et al. (2024) also found muscular
differences in metabolites from longissimus thoracis and adductor aged 40 days. Glutaric acid,

2,3-bisphosphate-glyceric acid, citrulline, maleic acid, and ethylmalonic acid were only found in
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longissimus thoracis, and trehalose, mannose, xylitol, and nicotinic acid were only detected in the
adductor. For both muscles, glutamic acid, tryptophan, phenylalanine, acetyl-lysine, xylulose,

citric acid, and hypoxanthine increased from 0 to 40 days of aging, while creatinine decreased.

In summary, the wet-aging of beef affects a multitude of factors such as postmortem
proteolysis, flavor, color, microbial characteristics, and tenderness, among others. The length of
aging is also a great contributor to beef quality during wet-aging. Tenderness, for example,
generally increases with aging, although most change may happen at the beginning of aging. While
a great number of studies have focused on wet-aging, many of these examined longissimus muscles
at a shorter aging period, usually 21 days or fewer. In comparison, the available literature on
extended wet-aging of at least 35 days on other muscles is sparse. Therefore, this research was
performed during extended aging periods of up to 70 days on microbial enumerations, microbial
community and diversity, and desmin degradation of biceps femoris, gluteus medius, and

semimembranosus muscles in an effort to bridge this research gap.
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CHAPTER 2

IMPACT OF EXTENDED WET-AGING ON BEEF BICEPS FEMORIS,
SEMIMEMBRANOSUS, AND GLUTEUS MEDIUS MUSCLES

2.1 Introduction

Wet-aging is the most common method of aging beef to improve tenderness, palatability,
and overall consumer acceptance. A recent national beef tenderness survey reported that the
average aging time for beef retail muscles was 25.9 days, with some muscles getting aged up to
102 days (Martinez et al., 2017). Previous research has shown that bacterial growth occurs on the
meat surface during aging. For example, Bischof et al. (2023) showed that aerobic and lactic acid
bacteria counts of the beef M. longissimus thoracis et lumborum muscle increased over a 28-day
aging period. Flavor and consumer acceptance of beef can also be influenced by the presence or
growth of bacteria. For example, some Lactobacillus spp. can cause ‘cheesy’ or ‘buttery’ odors
(Dainty and Mackey, 1992; Whitfield, 1998), whereas Pseudomonas fragi, another common
organism found in beef, can also produce compounds responsible for off-flavors and off-odors
(Dainty et al., 1985). In vacuum-packaged beef, some of the dominant genera during aging are
Lactococcus and Lactobacillus, with species including Lactococcus piscium and Lactobacillus
sakei (Jaaskeldinen et al., 2016), with the latter capable of producing compounds responsible for

‘sulfide’ oftf-odors (Egan et al., 1989).

Recently, O’Quinn et al. (2018) reported that tenderness accounted for 43.4% of overall

palatability, whereas flavor accounted for 49.4% of overall palatability. Additionally, multiple
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authors have reported an increase in tenderness with increased aging times (Gruber et al., 2006; Li
et al., 2014; Yar et al., 2024). One contributing factor to improved tenderness is postmortem
proteolysis, which degrades proteins. One such protein is desmin, a structural protein that, when
degraded, assists in improving tenderness (Hwan and Bandman, 1989; King et al., 2009; Lindahl

et al., 2010; Phelps et al., 2016; Hernandez et al., 2022).

While the impact of extended wet-aging on beef longissimus lumborum (LL) has been
examined extensively (Warren and Kastner, 1992; DeGeer et al., 2009; Dikeman et al., 2013),
other muscles have not been studied in depth. It has become more common to market single muscle
cuts such as the semimembranosus (SM), gluteus medius (GM), and biceps femoris (BF). However,
few studies have been conducted on microbial and biochemical changes in these muscles during
aging. Therefore, the objective of this study was to determine the impact of aging on the microbial
load, microbiome (16S rRNA gene sequencing and analysis), and desmin degradation of beef SM,

GM, and BF.

2.2 Materials and Methods
2.2.1 Sample Collection

Beef top sirloin butts (IMPS 184) and top rounds (IMPS 168; SM) were collected (N = 80)
from A maturity beef carcasses with marbling scores between Modest 00 and Modest 100 from a
commercial beef processing facility. The products were collected over two trips with N = 40 per
collection. The subprimals were vacuum packaged and randomly assigned an aging treatment (14,
28, 35,42, 49, 56, 63, or 70 days) and were stored at 2.2°C £ 0.2°C for each aging duration. Prior
to sampling on each aging day, the fabrication table surfaces and packaging surfaces were sprayed
with 70% ethanol. On each sampling day, the top sirloin butts were separated into BF and GM and

fabricated into 2.54 cm thick steaks, whereas SM was fabricated from the top round. Ten (n =10)
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BF, GM, and SM were evaluated for microbial population levels and 16S rRNA gene sequences
on each aging day (i.e., five replicates per muscle in each of the two trials of the study). Five
samples were evaluated for desmin degradation (n = 5). Steaks designated for desmin degradation
analysis were frozen in liquid nitrogen and homogenized using a 600W Nutribullet blender
(Nutribullet, Los Angeles, CA). Sample powders were stored at -80°C at Texas Tech University
(TTU) and were then shipped to Colorado State University (CSU), where they were stored at -

70°C until analysis.

2.2.2 Culture-based Enumeration of Microbial Populations

At each of the eight aging periods, the muscle surface was sampled before the muscles
were fabricated into steaks. These samples were analyzed for total aerobic mesophilic microflora
counts (designated as aerobic counts) and lactic acid bacteria counts using the TEMPO® system
(bioMerieux, Marcy I’Etolie, France). For sample collection, the packaging was opened aseptically
using a sterile scalpel. A sterile USDA poultry template (5 x 10 cm; Neogen, Lansing, MI) was
then placed on the surface, and the 50 cm? area was swabbed using an EZ Reach sponge
prehydrated with 10 mL buffered peptone water (BPW; World Bioproducts, Woodinville, WA). To
each sponge sample, 15 mL of additional BPW was added. The samples were then mechanically
pummeled for 30 seconds at 230 rpm (Seward Stomacher 400C, Bohemia, NY), and the resulting
liquid was serially diluted as necessary using BPW. Glass vials containing dehydrated culture
media for the TEMPO® AC (aerobic count) and TEMPO® LAB (lactic acid bacteria count) tests
were reconstituted with 3 mL of autoclave-sterilized water. Then, either 1 mL or 0.1 mL from the
sample dilution tube was pipetted into the vial containing the reconstituted culture medium. The
sample-medium solution was then transferred, using the TEMPO® Filler (bioMerieux), into

TEMPO® AC and TEMPO® LAB cards. The TEMPO® LAB cards were incubated for 40 to 48
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hours at 30°C in an anaerobic environment, while TEMPO® AC cards were incubated for 22 to 28
hours at 35°C. After incubation, the cards were read with the TEMPO® Reader (bioMerieux).

Before statistical analysis, the bacterial count results were converted to logio CFU/cm?

2.2.3 168 Sample Collection

A separate sterile USDA poultry template (5 x 10 cm) was placed on the surface of the
muscle to be sampled at the same time as microbial count samples were collected, and the area
was swabbed in the same manner as the microbial count samples. The sponges were placed in
sterile bags, and samples were kept cold before further processing. After sample collection, 30 mL
of cold, phosphate-buffered saline (PBS) was added to each bag, and the contents were
mechanically pummeled for 2 minutes at 200 rpm. The resulting liquid was transferred to a 50 mL
conical tube and stored at -80°C until further processing. Prior to DNA extractions, samples were
centrifuged (Sorvall Legend X1R, Thermo Fisher Scientific, Karlsruhe, Germany) at 4280 x g for

20 minutes at 4°C.

2.2.4 DNA Extractions, Library Preparation, and DNA Sequencing

DNA extractions were performed using a DNeasy PowerFood Microbial Kit (Qiagen,
Germantown, MD) following the manufacturer’s instructions with minor modifications.
Modifications included resuspending the sample pellet in 1 mL of PBS, vortexing, and centrifuging
at 13,000 x g for 1 minute. This process was repeated a second time before extraction began.
Samples were also heated in a water bath at 65°C for 10 minutes, as well as eluted in 40 pL of
elution buffer. Negative and positive controls were also utilized during extractions. Library

preparation  was  performed according to the Earth  Microbiome  Project

(https://earthmicrobiome.org/) 16S Illumina amplification protocol. Samples were sent to the

University of Colorado Boulder and sequenced using the [llumina MiSeq sequencer (Illumina, San
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Diego, CA). Sequences were demultiplexed using the Qiime2 pipeline (version 2023.5; Bolyen et
al., 2019) and denoised using the DADA?2 pipeline. Reads were truncated at 230 base pairs. The
feature table, taxonomy classification, and phylogenetic tree were generated using the SILVA 128
taxonomic database. Samples were rarefied at 4800 sequences, and mitochondria and chloroplasts
were filtered out. Excluding controls, sequence counts ranged from 2,148 to 113,100 with an

average of 23,456 sequences.

2.2.5 Protein Extractions

From the 10 samples analyzed per muscle at each aging period, five samples (n = 5) were
selected for desmin degradation analysis based on median Warner-Bratzler shear force values
reported by Main (2024). To extract proteins, 10 mL of whole muscle buffer [S mM NaH>POy, 5
mM NaHPO4, 69 mM sodium dodecyl sulfate (SDS)] was added into a glass tissue grinder
containing 0.5 g of the powdered sample and homogenized until fully mixed. Samples were
centrifuged (Sorvall Legend X1R) at 1,500 x g for 30 minutes at 22°C. Protein concentration was
determined using a detergent-compatible (DC) protein assay kit (Bio-Rad Laboratories, Hercules,
CA) with bovine serum albumin (BSA) standards according to the manufacturer's instructions.
Samples were adjusted to 6.4 mg/mL using whole muscle buffer and then further diluted to 4
mg/mL according to Johnson et al. (2023a). After dilution, samples were vortexed, heated for 15

minutes at 55°C, and stored at -70°C until further analysis.

Normalization was performed according to Johnson et al. (2023a) with minor
modifications. Briefly, the modifications included loading 5 pg of each sample into each lane of
the gel, and 15% polyacrylamide resolving gels as well as 5% polyacrylamide stacking gels were
made using 37.5:1 (wt/wt) acrylamide: N, N’- bis — methylene acrylamide. The first lane of each

gel was also loaded with Precision Plus® Protein Standards (Bio-Rad Laboratories). A mini-
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PROTEAN® Tetra system (Bio-Rad Laboratories) with a gel size of 8.3 x 7.3 cm was also used
for protein fractionation. Fractionation was performed using a constant voltage of 130 V for 260
V/h. Gels were imaged using an iBright 750 imager (Thermo Fisher Scientific) and analyzed using

the proprietary software (iBright Analysis Software; Thermo Fisher Scientific).

2.2.6 Western Blotting

Western blotting was performed according to Johnson et al. (2023b) with some
modifications. Briefly, the reference sample was prepared by combining 15 uL of each sample.
Protein fractionation was performed under the same conditions used for normalization. Proteins
were then transferred to an Immun-Blot PVDF membrane (Bio-Rad Laboratories) using a mini
Trans-Blot® cell (Bio-Rad Laboratories) with transfer buffer made of 25 mM Tris, 192 mM
glycine, and 15% (v/v) methanol and run at a constant 90 V for 90 minutes. The membranes were
blocked for 1 hour in a blocking buffer [PBS-Tween: 80 mM Na;HPO4, 20 mM NaH;PO4, 100
mM NacCl, and 0.1% (v/v) polyoxyethylene sorbitan monolaurate (Tween 20); and 5% (wt/vol)
nonfat dry milk). After blocking, membranes were incubated overnight at 4°C with a polyclonal
rabbit anti-desmin primary antibody from Iowa State University (Huff-Lonergan et al., 1996a;
Huft-Lonergan et al., 1996b). The antibody was diluted in PBS-Tween at a ratio of 1:40,000. After
overnight incubation, the membranes were washed three times for 15 minutes each in PBS-Tween.
A goat anti-rabbit-HRP secondary antibody (Thermo Fisher Scientific), diluted in PBS-Tween at
a ratio of 1:20,000, was used, and the membranes were incubated with the antibody for 1 hour at
room temperature. A chemiluminescent detection kit (ECL Prime western blotting detection kit;
GE Healthcare, Piscataway, NJ) was used for imaging. Imaging was performed identically as it
was for normalization. The intensity of the 55 kDa intact desmin band was analyzed against the

reference sample band.
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2.2.7 Data Analysis

Data were analyzed using R (version 4.3.1). Relative abundance for the 16S rRNA gene
sequencing results was determined using the phyloseq package (version 1.46.0, McMurdie and
Holmes, 2013). The phyloseq package was also utilized for determining beta diversity. Diversity
(Bray-Curtis and weighted UniFrac) was analyzed using the ADONIS function from the vegan
package (version 2.6.6.1, Oksanen et al., 2024), and pairwise comparisons were made using the
pairwiseAdonis package (version 0.4.1). The Benjamini-Hochberg p-value adjustment was also
used. Microbial count and desmin degradation data were analyzed using the emmeans (version
1.8.9) package using R (version 4.3.1), and days of aging and muscle were used as fixed effects,
while carcass was used as a random variable. Microbial count data were blocked by trial, and
desmin degradation data had an additional random effect of gel. Significance was set at oo = 0.05

for all analyses.

2.3 Results
2.3.1 Culture-based Enumeration of Microbial Populations

The results of the culture-based enumeration of aerobic (AC) and lactic acid bacteria
(LABC) populations for SM, GM, and BF are presented in Figures 2.1, 2.2, and 2.3, respectively.
For the SM muscle (Figure 2.1), the AC of the 14-day aging period was lower (P < 0.05) than the
AC of all the other aging periods, whose microbial counts were similar to each other (P > 0.05),
whereas LABCs at 14 and 28 days of aging were similar (P > 0.05). The LABC for the 35-day
aging period was also similar (P > 0.05) to 42, 49, 56, and 63 days of aging. However, there was

no change (P > 0.05) in LABC from 42 days of aging.

Similar to SM, the AC of the GM muscle (Figure 2.2) aged for 14 days was lower (P <

0.05) than the AC of all the other aging periods. While the AC slightly increased (P > 0.05) with
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aging, there were no changes (P < 0.05) after 42 days of aging. The LABC was similar (P > 0.05)
between samples aged 14 and 28 days. However, similar to SM, there was no change (P> 0.05) in

LABC after 42 days.

Like the SM and GM muscles, BF aged for 14 days had the lowest (P < 0.05) AC (Figure
2.3). The 28 and 35 days of aging samples had similar (P > 0.05) aerobic microbial loads and no
significant increase (P > 0.05) in AC after 42 days. There were no changes (P > 0.05) in LABCs
during the initial (14, 28, and 35) aging days. Moreover, there was no change (P > 0.05) in LABC

from day 35 until day 63 of aging.

Overall, from day 14 to 70, the AC increased from 1.1 to 5.6 log CFU/cm? for the SM
muscle, from 1.5 to 6.5 log CFU/cm? for the GM muscle, and from 2.0 to 6.1 log CFU/cm? for the
BF muscle. The LABC for the SM muscle increased from 0.7 to 6.0 log CFU/cm? during aging
(14 to 70 days). Similarly, the LABC for the GM muscle increased from 1.2 to 6.0 log CFU/cm?,

while in the BF muscle it increased from 1.5 to 6.0 log CFU/cm?.

2.3.2 Relative Abundance and Beta Diversity

Relative abundance and taxonomy were assessed at the genus level within each muscle.
For the SM (Figure 2.4), the most abundant genera across all aging periods on average were
Leuconostoc (61.90%), Carnobacterium (7.58%), and Lactobacillus (9.90%). Results for the GM
muscle were similar (Figure 2.5), with the most abundant genera across all aging periods being
Leuconostoc (39.08%), Carnobacterium (26.71%), and Lactobacillus (10.35%). Similar to the
other two muscles, the two most abundant genera across all aging periods in the BF muscle (Figure
2.6) were Leuconostoc (39.85%) and Carnobacterium (16.66%). However, Serratia also had a
high relative abundance (13.76%) in the BF. For all three muscles, the samples aged for 14 days

had a relative abundance of more than 10% for Ralstonia, Sediminibacterium, and Sphingomonas.
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However, by day 28 of aging, all three of these genera had a relative abundance of less than 1%,

indicating that genera such as Leuconostoc outcompeted these bacteria.

Beta diversity results for all three muscles are presented in Figures 2.7-2.9. Within the SM
(Figure 2.7) and BF (Figure 2.9), the beta diversity at 14-days of aging was different (P < 0.05) to
the other aging periods using a weighted unique fraction metric (UniFrac) and Bray-Curtis
dissimilarity. The weighted UniFrac for the GM (Figure 2.8) showed differences (P < 0.05)
between 14 days and all other aging periods. However, 28 days of aging were also different (P <
0.05) from 63 and 70 days, samples aged 35 days were different (P < 0.05) from 56 days, and 42-

and 56-day samples were different (P < 0.05) from 70 days.

2.3.3 Desmin Degradation

The results of desmin degradation are presented in Figure 2.10. Desmin degradation in the
SM muscle (Figure 2.10) aged for 14 days was similar (P < 0.05) to that obtained for the 28-day
aging period. After 35 days of aging, there were no differences (P> 0.05) between band intensities
with further aging. For the BF muscle (Figure 2.10), there were no differences (P > 0.05) in the
band intensities of muscles aged 14, 28, 35, and 42 days. Similarly to the SM muscle, there was
no increase (P> 0.05) in desmin degradation after 35 days of aging. The GM muscle (Figure 2.10)
showed similar (P < 0.05) band intensities from 14 to 42 days of aging. Unlike the other two
muscles, band intensities increased (P < 0.05) until 49 days of aging, where they were similar (P

< 0.05) until 70 days of aging.

2.4 Discussion
2.4.1 Culture-based Enumeration of Microbial Populations
It has been reported that off-odors develop in vacuum-packaged beef when the microbial

load reaches 7 to 8 log CFU/cm?, while slime may form at 8 log CFU/cm? (Sutherland et al., 1975).
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In this study, microbial counts were, on average, below this level. There was a steady increase in
AC and LABC during aging. Similar to our results, Cholle et al. (2015 and 2016) also observed an
increase in aerobic plate counts for SM, GM, and BF muscles when aged from 2 to 63 days. Our
results are also in agreement with Hernandez et al. (2022) and Ribeiro et al. (2024), where
microbial loads of both AC and LABC were well below the spoilage threshold in strip loins wet-
aged for up to 56 and 42 days, respectively. Conversely, some authors have reported microbial
loads above the spoilage threshold in beef sirloin and strip loins aged for 42 days (da Silva
Bernardo et al., 2021) and 60 days (Kim et al., 2022). The differences between our study and these
studies could be due to the variations in experimental conditions such as initial bacterial load,

chilling, and packaging conditions.

2.4.2 Relative Abundance and Beta Diversity

In the current study, across all muscles, Leuconostoc was the most abundant genus. On the
other hand, de Matos et al. (2024) reported that Carnobacterium was the most abundant genus in
strip loins wet-aged for 20 and 34 days, with a relative abundance of 88.8% and 79.4%,
respectively, while Leuconostoc only had an abundance of 2.1% for 20 days and 5% for 34 days.
Moreover, Jadskeldinen et al. (2016) found that Lactobacillus was the dominant genus in vacuum-
packaged beef after 26 days, while Leuconostoc had a low abundance. However, Leuconostoc was
abundant in the high-oxygen packaging (Jaiskeldinen et al., 2016). The differences in the results
observed in the current study could be due to muscle differences, processing environment, or

sampling methods.

The results of this study showed that beta diversity, or the diversity between samples,
decreased as aging time increased. Specifically, muscles aged for 14 days were different (P <0.05)

from all other aging periods, indicating that the diversity decreases rapidly from 14 to 28 days of
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wet-aging. Multiple authors have investigated the differences in microbial diversity during wet
aging of beef (Kaur et al., 2021; Yang et al., 2021; Zhang et al., 2022; de Matos et al., 2024). When
analyzing both wet- and dry-aged beef strip loins, de Matos et al. (2024) reported a significant
decrease in beta diversity when aging for up to 34 days. Likewise, Yang et al. (2021) found a
decrease in beta diversity in beef ribeye that was wet-aged for up to 180 days. The most likely
explanation for the decrease in diversity is resource competition between bacteria. Lactic acid
bacteria, the dominant bacterial group within our wet-aged muscles, are able to thrive in a wet-
aging environment, allowing them to become more abundant than other genera (Egan et al., 1989;

Jaaskeldinen et al., 2016; Esteves et al., 2021; de Matos et al., 2024).

2.4.3 Desmin Degradation

Desmin is a structural protein located at the Z-line of the sarcomere that degrades during
postmortem proteolysis (Lazarides and Hubbard, 1976; Hwan and Bandman, 1989; de Oliveira et
al., 2019). Desmin degradation has also been shown to have a positive impact on beef tenderness
(Whipple et al., 1990; Taylor et al., 1995; Hou et al., 2020). During beef aging, the amount of intact
desmin has been shown to decrease over time in multiple muscles (Hwan and Bandman, 1989;
King et al., 2009; Bhat et al., 2018; de Oliveira et al., 2019). In our current study, there was no
further desmin degradation in the SM and BF after 35 days of aging, and after 42 days of aging in
the GM. Only a few studies have conducted desmin degradation analysis in extended aging periods
such as 56 or 70 days (Phelps et al., 2016; Hernandez et al., 2022). Using wet-aged beef strip loins,
Hernandez et al. (2022) determined that desmin does not degrade after 28 days of aging at 4°C,
and 42 days at 0°C. While strip loins were not examined in the current study, the results are
consistent with these findings. Phelps et al. (2016) also reported that desmin degraded linearly in

the SM up to 70 days of aging, whereas in the current study, desmin degradation remained stagnant
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after 35 days of aging. When examining GM steaks wet-aged for 12, 26, and 40 days, King et al.
(2009) observed differences in the percentage of desmin degraded between all three aging periods.
However, in the current study, no differences were seen between the 14-, 28-, 35-, and 42-day
aging periods for GM. It is possible that this discrepancy could be due to the differences in analysis

(band intensity vs percent degradation) as well as aging conditions.

2.5 Conclusions

In general, for all three muscles examined in the current study, the microbial load and
desmin degradation increased with aging, whereas microbial diversity decreased. Aside from the
initial 14-day aging period, the most abundant bacterial genera were lactic acid bacteria, which
could potentially contribute to any souring or off-flavors as beef ages. A higher degree of desmin
degradation was observed with increasing aging times initially for all muscles, which could lead
to increased tenderness during the initial aging days. While there were some differences in
microbial load, microbial diversity, and desmin degradation during early aging days, those
disappeared as the aging time increased. Overall, these results suggest that microbial and

biochemical changes occur in a muscle-specific manner during extended aging.
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Figure 2.1. Marginal means + standard deviation (log CFU/cm?) of total aerobic mesophilic microflora counts (AC) and lactic acid
bacteria counts (LABC) for beef semimembranosus (n = 10) over eight aging periods. Marginal means within bacterial count type with
different letters (a, b, w-z) are different (P < 0.05).
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Figure 2.2. Marginal means + standard deviation (log CFU/cm?) of total aerobic mesophilic microflora counts (AC) and lactic acid
bacteria counts (LABC) for beef gluteus medius (n = 10) over eight aging periods. Marginal means within bacterial count type with
different letters (a-d, w-z) are different (P < 0.05).
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Figure 2.3. Marginal means + standard deviation (log CFU/cm?) of total aerobic mesophilic microflora counts (AC) and lactic acid
bacteria counts (LABC) for beef biceps femoris (n = 10) over eight aging periods. Marginal means within bacterial count type with
different letters (a-c, x-z) are different (P < 0.05).
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Figure 2.4. Relative abundance at the genus level of beef semimembranosus (n = 10) over eight aging periods.
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Figure 2.5. Relative abundance at the genus level of beef gluteus medius (n = 10) over eight aging periods.
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Figure 2.6. Relative abundance at the genus level of beef biceps femoris (n = 10) over eight aging periods.
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Figure 2.8. Beta diversity as a weighted UniFrac (A) and Bray-Curtis Dissimilarity (B) principal coordinate analysis (PCoA) for beef
gluteus medius (n = 10) over eight aging periods.
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Figure 2.9. Beta diversity as a weighted UniFrac (A) and Bray-Curtis Dissimilarity (B) principal coordinate analysis (PCoA) for beef
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