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Overall Summary 

 

 

Aging improves tenderness, flavor, and juiciness of meat, especially beef. 

There are two commercial types of aging, dry and wet (vacuum). In recent 

years, dry-aged beef has obtained consumers’ interest from market due to its 

intense beefy/roasted flavor when compared to wet-aged one. However, the 

origin for the specific flavor of dry-aged beef and factors affecting its flavor 

are still unknown. Therefore, the objectives of this study were i) to investigate 

the factors affecting flavor of dry-aged beef, ii) to elucidate the mechanism for 

flavor development of dry-aged beef, and iii) to suggest optimal conditions for 

the application of dry aging process. The experiments were consisted of three 

different sections as follows: 

 

Experiment I. 

Role of moisture evaporation in the taste attributes of dry- and wet-aged 

beef determined by chemical and electronic tongue analyses 

The role of moisture evaporation in the taste attributes of dry- and wet-aged 

beef was determined. A total of 30 sirloins (longissimus lumborum) were dry 

or wet aged for 28 days and analyzed for taste-active compounds (FAAs, IMP, 

and RS), moisture content, pH, and trimethylamine content, and an electronic 

tongue. The higher FAAs and RS and lower IMP contents were found in dry-

aged beef, while a relatively higher taste of saltiness, sourness, and umami 

was detected than those in wet-aged one. Although moisture content was 
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highly correlated with FAAs and RS in dry-aged beef (r
2
=-0.9 and -0.9, 

respectively), its amount was not proportionally decreased with the change in 

taste compounds. Meanwhile, dry-aged beef had approximately 2-3 folds 

higher trimethylamine content at day 28 (P<0.05), when compared to that in 

wet-aged one. Considering both moisture and trimethylamine contents in this 

study, the taste of dry-aged beef was mainly generated by the further 

proteolysis and IMP degradation with the growth of microorganisms on the 

crust and partially by the concentration effect on taste-active compounds from 

moisture evaporation. 

 

Experiment II. 

Effect of air flow velocity on microbial composition and sensory property 

in dry-aged beef 

Twenty one beef rumps (middle gluteal) were dry aged for 28 days with 

different air flow velocities of 0, 2.5, and 5 m/s (Dry 0, Dry 2.5 and Dry 5, 

respectively) and the analyses of microbial composition, moisture content, pH, 

shear force, and flavor compounds (IMP, RS, FAAs, and FFAs) were 

conducted. The mold and yeast were not detected until day 14. However, the 

mold, Pilaira anomala, was dominated in Dry 0 at day 28, whereas Dry 2.5 

and Dry 5 had the higher compositions of Debaryomyces hansenii when 

compared to that of Dry 0. The more Pseudomonas and Enterobacterium were 

found in Dry 0, while those in Dry 2.5 and Dry 5 had the higher compositions 

of Lactobacillus and Flavobacterium. The different compositions of P. 

anomala and D. hansenii may affect sensory property of dry-aged beef as 
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most of the significant changes in physicochemical traits and flavor 

compounds were occurred between days 14 and 28, after the mold/yeast were 

observed on the crust. 

  

Experiment III.  

Role of P. anomala and D. hansenii in sensory property of dry-aged beef 

and their application for dry aging process 

Two different experiments were designed in this study i) to determine the 

role of P. anomala and D. hansenii in sensory property of dry-aged beef and ii) 

to suggest their optimal conditions for the application of dry aging process. In 

the experiment i, a total of 24 beef sirloins (longissimus lumborum) were 

obtained and P. anomala or D. hansenii was inoculated onto each 12 sirloins. 

Then, all samples were dry aged for 28 days and analyzed for microbial 

growth, pH, shear force, ultrastructure, and flavor compounds (IMP, RS, 

FAAs, and FFAs). The inoculation of P. anomala and D. hansenii could 

influence sensory property of dry-aged beef as P. anomala had more impact 

on tenderness and lipolysis by its high proteolytic and lipolytic activity,  

whereas D. hansenii resulted in the higher amount of FAAs at day 28 

(P<0.05). Also, both P. anomala and D. hansenii could be grown on the crust 

of dry-aged beef with a reliable numbers (6-8 log CFU/g), suggesting that 

their possible application for dry-aged beef. In the experiment ii, a total of 36 

beef sirloins (longissimus lumborum) were obtained and each 12 sirloins 

inoculated with the combination of P. anomala and D. hansenii at the ratio of 

1:1 or 4:1 (P1D1 or P4D1, respectively) and dry aged for 21 days. The 
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analyses of shear force umami intensity, FAAs, and FFAs were conducted to 

select the test samples from each treatment, which had the best sensory 

property. The test samples were obtained from 15, 15, and 10 days for none-

inoculated, P1D1, and P4D1 groups, respectively, for the preference and 

descriptive sensory analyses. As a result, there was no significant difference 

found in all sensory parameters tested (dry-aged aroma, flavor, tenderness, 

and overall acceptability). Therefore, it can be suggested that the combination 

of P. anomala and D. hansenii at the ratio of 4:1 can accelerate dry aging 

process at least 5 days without adverse effect on its sensory property. 

 

Keyword: Dry-aged beef, Flavor, Moisture evaporation, Pilaira anomala, 

Debaryomyces hansenii 

Student number: 2014-31233 
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Chapter I. 

General introduction 

 

 

1.1. Meat quality 

1.1.1. Definition 

Meat quality is defined as ‘the totality of features and characteristics of a 

product or service that bear on its ability to satisfy stated or implied needs’ 

(Becker, 2000). It can be categorized as appearance, eating, and reliance 

quality traits affecting consumers’ preference for meat and meat products (Joo, 

2005; Troy and Kerry, 2010) (Table. 1). 

 

Table 1. Classification of meat quality 

 Traits     

 Appearance quality 

   Meat color 

   Drip and purge 

   Texture and firmness 

   Marbling 

 Eating quality 

   Tenderness 

   Flavor 

   Juiciness 

 Reliance quality 

   Safety 

   Nutrition 

   Animal welfare and ethics 

(modified from Joo, 2005) 
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1.1.2. Eating quality traits 

Among the meat quality, eating quality traits which indicate tenderness, 

flavor, and juiciness can influence the consumers’ purchasing decision in 

market (Troy and Kerry, 2010). Tenderness is considered as the most 

important eating quality traits for meat (Destefanis et al., 2008). However, 

when tenderness is achieved acceptance level (tender, less than 42.87 N of 

Warner–Bratzler shear force), flavor becomes more important. 

Flavor includes the sensations of taste and aroma (Lee et al., 2015). In 

general, raw meat has bloody-, metallic-, and salt-like taste with no or little 

aroma (Jayasena et al., 2013a; 2013b). During cooking, flavor compounds, 

such as IMP, RS, FAAs, and FFAs, in raw meat develop flavor through the 

Maillard reaction, lipid oxidation, and their interaction (Dashdorj et al., 2015; 

Toldra et al., 1998) (Fig. 1). 

The flavor compounds can be divided into water- and lipid-soluble 

compounds (Mottram, 1998). IMP, RS, and FAAs are referred as the water-

soluble compounds which can affect 5 different basic tastes: sweet (e.g. 

glucose, fructose, ribose, alanine, asparagine, glutamine, glycine, lysine, 

methionine, proline, serine, and threonine), sour (e.g. aspartic and glutamic 

acids), salt (e.g. the sodium salts from aspartic and glutamic acids), bitter (e.g. 

arginine, asparagine, glutamine, histidine, isoleucine, leucine, lysine, 

methionine, phenylalanine, tryptophane, tyrosine, and valine), and umami 

taste (e.g. IMP with aspartic and glutamic acids) (Dashdorj et al., 2015; 

Shahidi, 1994). The FFAs are the lipid-soluble compounds and generate 

aroma volatiles in meat and meat products as well as the Maillard reaction 
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resultants between RS and FAAs (Fig. 1). Such flavor compounds could be 

produced by endogenous enzymes mostly found in animal muscle (Toldra, 

2006; Toldra et al., 1997; 1998) and/or microorganisms (Flores and Toldra, 

2011). 

 

 

Figure 1. Flavor development of meat and meat products (modified from 

Dashdorj et al., 2015; Toldra et al., 1998). 

 

In addition, thiamin (vitamin B1) and minerals (e.g. Na, Mg, P, Cl, K, and 

Ca) can affect flavor of meat and meat products (Dashdorj et al., 2015). The 

thermal degradation of thiamin increased meat-like and roasted flavor, 

whereas minerals are related to bitter taste. Also, the amounts of myoglobin 

and iron influence undesirable changes in meat flavor (liver-like and/or 

warmed over) as both components promote lipid oxidation (Calkins and 

Hodgen, 2007; Faustman et al., 2010). 
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1.1.3. Methods to improve eating quality traits 

During postmortem storage, there have been a lot of methods to improve 

eating quality traits of meat, especially tenderness and flavor (Joo, 2005). At 

pre-rigor state, electrical stimulation could be used to prevent cold shortening 

by the acceleration of anaerobic glycolysis, whereas the application of tender 

stretch (aitch-bone hanging) and tendercut (cutting bones and connective 

tissues at two positions in the mid loin and the sir loin junction) limit cold 

shortening by the physical stretching. Hydrodynamic pressure, high 

hydrostatic pressure, ultrasound, and tight-wrapping also promote meat 

tenderization at post-rigor state as well as marination/injection and aging. 

However, most of these methods improve tenderness only, except for 

marination/injection and aging (Table 2). 

 

Table 2. Methods to improve eating quality traits during postmortem 

 Methods    Improvements 

 Pre-rigor state 

 Electrical stimulation    ▲ Tenderness 

 Tender stretch    ▲ Tenderness 

 Tendercut    ▲ Tenderness 

 Post-rigor state 

 Hydrodynamic pressure    ▲ Tenderness 

 High hydrostatic pressure    ▲ Tenderness 

 Ultrasound    ▲Tenderness 

 Tight-wrapping    ▲Tenderness 

 Marination/injection    ▲Tenderness and flavor 

 Aging    ▲Tenderness and flavor 

(modified from Joo, 2005) 
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1.2. Aging 

1.2.1. Definition 

Aging can be defined as raw meat stored for a certain time to improve its 

eating quality traits (Khan et al., 2016; Lee et al., 2017). This method is 

simple but effective as there are no additional processing step and material 

required for its manufacture. It can improve both tenderness and flavor of 

meat (Table 2) as it induces meat tenderization by several proteolytic enzymes 

(e.g. calpains, cathepsins, proteasome, and caspase) and changes the 

generation of flavor compounds in raw meat (Huff-Lonergan et al., 2010; 

Ouali et al., 2006; Toldra et al., 1997). 

 

1.2.2. Aging methods 

There are two different aging methods classified as dry and wet aging, 

mainly depending on the presence of vacuum packaging (Khan et al., 2016). 

During aging period, dry aging exposes raw meat to outside in a controlled 

condition (temperature, RH, and air flow velocity) without vacuum packaging, 

while wet aging stores meat in vacuumed-pack. Dry aging is the traditional 

aging method used prior to the introduction of vacuum packaging. However, 

market value of dry-aged beef was decreased since 1980’s due to its low 

efficiency in processing and reduced salable yield (Dashdorj et al., 2016). 

However, in recent years, the consumers’ demand for dry-aged beef has been 

increasing with a premium market value by its characteristic concentrated 

flavor (beefy and roasted), which is absent in wet-aged beef (Khan et al., 2016; 

Lee et al., 2018) (Table 3). In addition, dry aging can decrease negative 
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bloody/serumy and metallic flavor of meat (Campbell et al., 2001; Warren and 

Kastner, 1992). 

 

Table 3. Comparison on quality of dry- and wet-aged meat 

Traits Dry aging Wet aging 

Tenderness Improved Improved 

Flavor Flavorsome Mostly unchanged 

Salable yield Low High 

Cost High Slightly high 

 (modified from Khan et al., 2016) 

 

1.2.3. Flavor of dry-aged meat 

Although there have been a lot of attempts to elucidate flavor of dry-aged 

meat, its development mechanism and affecting factors are not clearly 

established until now. The moisture evaporation and/or higher proteolysis in 

dry-aged beef are suggested as the main contributors (Kim et al., 2016; Lee et 

al., 2017). However, the scientific evidences for these factors are hardly found 

and limited comparison on the flavor compounds between dry- and wet-aged 

beef are provided. For this reason, the objective of this study was conducted 

to investigate factors affecting flavor of dry-aged beef and mechanism for the 

flavor development during dry aging process. 
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Chapter II. 

Role of moisture evaporation in the taste 

attributes of dry- and wet-aged beef determined 

by chemical and electronic tongue analyses 

 

 

2.1. Introduction 

The definition of aging is storing meat for a certain period of time to 

improve eating quality attributes, including tenderness, flavor, and juiciness, 

of meat (Lee et al., 2017; Oh et al., 2017). In general, aging can be divided 

into two different methods: dry and wet aging. Dry aging exposes raw meat to 

ambient condition under the controlled temperature, RH, and air flow velocity 

during aging period. In contrast, wet aging stores meat in vacuum packaging 

at a designated temperature. Dry aging is the traditional aging method of meat. 

However, during dry aging process, the surface of dry-aged beef (called 

‘crust’) is dried and hardened by moisture evaporation and becomes un-usable. 

Therefore, the crust should be trimmed off before the consumption, resulting 

in a very low salable yield of dry-aged beef followed by considerable 

economical loss (Khan et al., 2016). Due to this disadvantage, most of dry 

aging had been replaced with wet aging after the vacuum packaging became 
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available (Lee et al., 2018). In recent years, however, the demands for dry-

aged beef have been increased due to its specific flavor (Dashdorj et al., 2016). 

The flavor of dry-aged beef has been studied for years. There are 

conflicting results in flavor differences between dry- and wet-aged beef; 

however, most studies agreed that dry-aged beef had more intense beefy and 

roasted flavor (Campbell et al., 2001; Kim et al., 2016; Warren and Kastner, 

1992). Khan et al. (2016) also indicated that flavor of dry-aged beef is 

flavorsome, while wet aging does not improve its flavor during the aging 

process. Besides, dry aging could also decrease negative bloody/serumy and 

metallic flavor of meat (Campbell et al., 2001; Warren and Kastner, 1992). 

Taken together, dry aging could produce meat with better flavor than wet 

aging; however, the flavor development of dry-aged beef and affecting factors 

are still unknown. 

According to previous studies, the concentrated taste compounds, 

especially FAAs, of dry-aged beef are considered as the main contributor to 

its flavor (Kim et al., 2016; Lee et al., 2017). Kim et al. (2016) compared 

several FAAs components of dry- and wet-aged beef and found more 

abundant FAAs content in dry-aged beef (e.g. glutamic acid, isoleucine, 

leucine, phenylalanine, tryptophan, tyrosine, and valine). This phenomenon 

could be related to the moisture evaporation (Kim et al., 2016), which is a 

typical result of dry aging process by the exposure of meat to ambient 

condition (Dashdorj et al., 2016; Khan et al., 2016). In addition, Kim et al. 

(2016) suggested a relatively higher rate of proteolysis as another contributor 
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to FAAs contents in dry-aged beef in comparison to wet-aged beef (Koutsidis 

et al., 2008a; 2008b). However, the scientific evidences for the effects of 

moisture evaporation and/or higher proteolysis on the flavor development of 

dry-aged beef are limited. In addition, the changes in other important taste-

active compounds, such as IMP and RS, and its effect on the taste attributes of 

dry-aged beef have not been clearly reported. Therefore, in this study, the taste 

attributes of dry- and wet-aged beef were compared by chemical and 

electronic tongue analyses to determine the role of moisture evaporation in the 

flavor of dry-aged beef. 
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2.2. Material and methods 

2.2.1. Raw material and aging process 

A total of 30 sirloins (longissimus lumborum) from both sides of 15 

different beef carcasses (Holstein steer, quality grade 3) were obtained from a 

local slaughterhouse and transferred to a meat processing plant (Seoul, Korea). 

The initial pH of all samples (5.51±0.01) was measured prior to the aging 

process. The sirloins from the same sides of different carcass were randomly 

arranged for each dry- and wet-aged group. Before the aging process, the wet-

aged group was vacuum-packaged (HFV-600L, Hankook Fujee Co., Ltd., 

Siheung, Korea) with a low density polyethylene/nylon bag (oxygen 

permeability of 22.5 mL/m
2
/24 h atm at 60% RH/ 25°C and water vapor 

permeability of 4.7 g/m
2
/24 h at 100% RH/25°C). Both groups were aged for 

0, 7, 14, 21, and 28 days under different conditions (dry aging at 4°C, 75% 

RH, and 2.5 m/s air flow velocity or wet aging at 4°C after the vacuum-

packaging). At the sampling stage, the crust of dry-aged beef was trimmed off 

and both dry- and wet-aged samples were vacuum-packaged (HFV-600L, 

Hankook Fujee Co., Ltd.) and stored at -70°C until the analyses. 

 

2.2.2. Taste-active compounds 

2.2.2.1. FAAs 

The samples for FAAs were prepared by the method of Schwarz et al. 
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(2005) and injected into the HPLC system (Ultimate 3000, Thermo Fisher 

Scientific Inc., Waltham, MA, USA) with pre-column derivatization. The 

analytical conditions were as follows: mobile phase, 40 mM sodium 

phosphate dibasic buffer (pH 7.8) and DW/acetonitrile/methanol (10:45:45, 

v/v); flow rate and time, 1.5 mL/min for 35 min; column, VDSpher 100 C18-

E (4.6×150 mm
2
, 3.5 μm particles, VDS optilab Chromatographie Technik 

GmbH, Berlin, Germany); and detector, UV/Vis detector at 266 and 340 nm. 

The standard (Agilent technologies, Santa Clara, CA, USA) was used to 

generate a standard curve for calculation of the peak area. 

 

2.2.2.2. IMP and RS 

  IMP was extracted from both dry- and wet-aged samples based on the 

method of Lee et al. (2017).
 
The extract was filtered through a membrane 

filter (0.2 μm; Whatman PLC., Kent, UK) into a glass vial and injected into 

the HPLC system (Ultimate 3000, Thermo Fisher Scientific Inc.). The 

analytical conditions were as follows: injection volume, 10 μL; mobile phase, 

20 mM potassium phosphate monobasic (pH 5.5); flow rate and time, 

1.0 mL/min for 25 min; column, Synergi Hydro-RP (250×4.6 mm
2
, 4 μm 

particles; Phenomenex Inc., Seoul, Korea) at 30°C; and detector, UV/Vis 

detector at 254 nm. The peak area was calculated from a standard curve 

obtained using a standard IMP (Sigma-Aldrich, St. Louis, MO, USA). 

RS was obtained from the samples by the method of Jayasena et al. (2015). 

Each extract was dissolved with DDW (1 mL) and added to 2 mL of 
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dinitrosalicylic solution (0.5 g of dinitrosalicylic acid, 8.0 g of sodium 

hydroxide, and 150 g of rochelle salt in 500 mL of DDW) in a 15-mL test tube 

and heated at 90°C for 10 min. The mixture was cooled under running water 

and its absorbance was measured at 550 nm (X-ma 3100, Human Co., Ltd., 

Seoul, Korea). The amount of RS was calculated using a standard curve 

developed with glucose (Sigma-Aldrich). 

 

2.2.3. Chemical traits 

2.2.3.1. Moisture content 

Moisture content of dry- and wet-aged beef was analyzed using the dry 

oven method (Lee et al., 2016) with a few modifications. The weight of 

ground meat (5 g) was measured before and after the drying process in a dry 

oven at 110°C for 16 h (DS-520L, Daewon, Gyeonggido, Korea). Moisture 

content was expressed as the ratio of weight from the samples before and after 

the drying process. 

Moisture content (%) =
(Weight before drying − Weight after drying)

Weight before aging
 × 100 

 

2.2.3.2. pH 

  Meat samples (1 g) were homogenized with DDW (9 mL) at Lv. 6 for 30 s 

(T10 basic, Ika Works, Staufen, Germany). The homogenates were 
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centrifuged at 2,265 ×g for 10 min (Continent 512R, Hanil Co., Ltd., Incheon, 

Korea) and filtered (Whatman No. 4, Whatman PLC., Kent, UK) to obtain the 

supernatants. The pH of the supernatants was measured by a pH meter 

(SevenGo, Mettler-Toledo Inti., Inc., Schwerzenbach, Switzerland). Prior to 

the measurement, the pH meter was calibrated with the standard buffers at 

4.01, 7.00, and 9.21 (Mettler-Toledo Inti., Inc.). 

 

2.2.3.3. TMA content 

For the analysis of TMA, ground meat (5 g) was place in a 20 mL vial and 

volatiles from the headspace were injected into the GC-type electronic nose 

(Heracles II, Alpha MOS, Toulouse, France) equipped with dual columns 

(MXT-5 and 1701, Restek, Bellefonte, PA, USA). The analytical conditions 

were as follows: 10 min headspace generation at 80°C; 5 mL injection volume; 

40°C and 240°C the initial and final trap temperature, respectively; and flame 

ionization detector. The column oven temperature was 40°C for 5 s, increased 

to 150°C by 0.5°C/s, 260°C by 5°C/s, and held for 30 s. The peak area was 

integrated using the AlphaSoft program (Alpha MOS) and reported TMA 

content from the samples. 

 

2.2.4. Electronic tongue 

Taste attributes of dry- and wet-aged beef were detected using an electronic 

tongue (Astree, Alpha MOS) with seven sensors (AHS, PKS, CTS, NMS, 
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CPS, ANS, and SCS) and one reference electrode (Ag/AgCl). The ground 

meat samples (100 g) were homogenized (T25, Ika Works) with DW (200 mL) 

and centrifuged at 2,265 ×g for 10 min (Continent 512R, Hanil Co., Ltd.). 

Then, the supernatants were obtained from the samples and used for electronic 

tongue analysis. During the analysis, the sample vials were kept at 20C. The 

data was reported as the pattern discrimination index (%) and taste attributes 

of dry- and wet-aged beef based on the AlphaSoft program (Alpha MOS). 

 

2.2.5. Statistical analysis 

A completely randomized design was applied to compare taste-active 

compounds and electronic tongue analysis of dry- and wet-aged beef. Dry- 

(n=15) and wet-aged beef (n=15) were assigned for 0, 7, 14, 21, and 28 days 

of aging (n=3 for each aging period). The general linear model was analyzed 

for the effect of aging method and period. The results were reported as mean 

values with standard error of the means (SAS 9.4, SAS Institute Inc., Cary, 

NC, USA) and significant differences among the mean values were 

determined on the basis of the Tukey’s multiple range test at a level of P<0.05. 

Correlation coefficient (r
2
) between moisture content and taste-active 

compounds of dry- and wet-aged beef was calculated (SAS Institute Inc.). 
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2.3. Results and discussion 

2.3.1. Taste-active compounds 

2.3.1.1. FAAs 

The significant increase in all FAAs components was shown during the first 

7 days (2 folds in average) then slowly increased thereafter until 21 days of 

aging, regardless of aging method (P<0.05, Table 4). Then, the amount of 

FAAs in dry-aged beef was significantly higher at days 21 and 28 when 

compared to those in wet-aged one. This phenomenon was occurred as most 

of FAAs (17 out of 18 components) in wet-aged beef was maintained or 

decreased at the later stage of aging process, whereas FAAs (12 out of 18 

components) in dry-aged beef were continually increased (P<0.05). Therefore, 

the change in total FAAs content from days 21 to 28 was 4.2 folds higher in 

dry-aged beef than wet-aged one (Fig. 2), showing that dry aging may 

promote further increase in FAAs content at the later stage of dry aging 

process. Similarly, the continuous increase in glutamic acid content of dry-

aged beef was reported until 50 days of dry aging process by previous study 

(Iida et al., 2016). Kim et al. (2016) demonstrated that the amounts of FAAs 

were more abundant in dry-aged beef (e.g. glutamic acid, isoleucine, leucine, 

phenylalanine, tryptophan, tyrosine, and valine) when compared to those in 

wet-aged one, probably due to the relative concentration of protein 

composition by moisture evaporation and/or a higher rate of proteolysis 

during dry aging process. However, there was no clear evidence for them. 
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In this study, the role of moisture evaporation in the concentration of FAAs 

in dry-aged beef was determined using the Pearson’s correlation coefficient 

between moisture and total FAAs content (Fig. 3). All FAAs components in 

dry-aged beef had a significantly negative correlation to moisture content 

(r
2
=-0.9 in average), as a consequence, its total FAAs content (r

2
=-0.9, 

P<0.0001) was more affected by moisture content when compared to that of 

wet-aged one (r
2
=-0.5, P<0.05). It means that the moisture evaporation had a 

strong correlation to the concentration of FAAs in dry-aged beef. However, 

from days 21 to 28, not all FAAs components in dry-aged beef were 

proportionally increased by the decrease in moisture content (e.g. alanine, 

arginine, glycine, histidine, tryptophan, and tyrosine) (Table 4 and Fig. 5), 

which is consistent with the result from Kim et al. (2016). This result 

indicates that the changes in FAAs content of dry-aged beef could not be 

completely understood with the concentration effect by the moisture 

evaporation alone. There may be another factor affecting the further increase 

in FAAs content of dry-aged beef especially at the later stage of aging process 

and it may have a significant role in the flavor development of dry-aged beef. 

Proteolysis has been referred as the candidate of another contributor to the 

higher FAAs content of dry-aged beef (Kim et al., 2016). In general, 

proteolysis in meat and meat products is occurred by two types of proteolytic 

enzymes, endo- (e.g. calpains and cathepsins) and exo-peptidases (e.g. 

peptidase and aminopeptidase) (Toldra and Flores, 1998). Among them, 

aminopeptidase is responsible for the generation of FAAs during the aging 
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process and is derived from muscle and/or microorganisms (Flores and Toldra, 

2011; Iida et al., 2016; Toldra, 1998). In this study, it was postulated that the 

further proteolysis of dry-aged beef may be more related to microorganisms 

during dry aging process as muscle enzymes could lose its activity with 

increasing aging period (Iida et al., 2016; Toldra et al., 1997). The growth of 

microorganisms, especially mold and yeast, is one of the characteristic 

changes in dry-aged beef as well as the moisture evaporation (Dashdorj et al., 

2016; Khan et al., 2016; Ryu et al., 2018). Ryu et al. (2018) investigated the 

microorganisms in dry-aged beef during 50-60 days of aging and found molds 

and yeasts, such as Rhodotorula, Penicillum camemberti, and Debaryomyces 

hansenii. The growth of mold and yeast on the crust of dry-aged beef was also 

observed in this study with the increase of aging period (data not shown). The 

effect of mold and yeast could be varied with the conditions of dry aging 

process (e.g. low temperature and water activity). However, their role in dry-

aged beef is certainly expected as the proteolysis and lipolysis 

microorganisms have been proven for decades in dry-cured/fermented meat 

products (Flores and Toldra, 2011). Besides, the microorganisms in dry-aged 

beef may influence the activity of muscle aminopeptidase indirectly in this 

study as its metabolites, including amine and ammonia, could increase the pH 

(Lee et al., 2018). Most of muscle aminopeptidases are active at neutral pH 

(Toldra et al., 1997). In this study, a significantly higher pH of dry-aged beef 

(5.72) was found than that of wet-aged one (5.44) (Fig. 6), possibly by the 

higher trimethylamine content in dry-aged beef (Fig. 7). Iida et al. (2016) also 

reported that the activity of muscle aminopeptidase C and H were maintained 
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until 60 days of dry aging process. It may suggest the possibility of microbial 

role in dry-aged beef with the higher pH. In other words, the growth of mold 

and yeast during dry aging process may induce the further proteolysis of dry-

aged beef from days 21 to 28, directly by their proteolytic enzymes and/or 

indirectly through the activation of muscle aminopeptidase with the pH 

increase. 



  

22 

 

Table 4. Free amino acids content (mg/100 g) of beef sirloin aged with 

different aging methods during 28 days 

Traits 
Aging 

method 

Aging period (day) 
SEM

1
 

0 7 14 21 28 

Ala 

Dry 22.19
c
 44.09

b
 44.18

b
 59.64

ax
 63.69

ax
 0.879 

Wet 22.19
c
 44.81

b
 44.59

b
 49.40

ay
 42.39

by
 0.967 

SEM
2
 0.192 0.752 0.725 1.465 0.999  

Arg 

Dry 6.72
d
 12.32

b
 14.01

bx
 19.43

ax
 19.21

ax
 0.261 

Wet 6.72
c
 12.09

b
 12.64

by
 14.24

ay
 11.75

by
 0.215 

SEM
2
 0.019 0.164 0.188 0.348 0.320  

Asn 

Dry 2.77
e
 6.18

d
 7.64

cy
 10.59

b
 13.80

ax
 0.132 

Wet 2.77
d
 6.47

c
 8.27

bx
 10.79

a
 11.94

ay
 0.256 

SEM
2
 0.015 0.125 0.067 0.424 0.087  

Asp 

Dry 0.55
c
 1.17

b
 1.19

by
 1.60

by
 4.78

ax
 0.108 

Wet 0.55
e
 1.22

d
 1.65

cx
 3.52

bx
 3.89

ay
 0.044 

SEM
2
 0.010 0.051 0.031 0.087 0.151  

Glu 

Dry 2.12
e
 8.47

dx
 14.08

c
 23.09

by
 32.75

ax
 0.484 

Wet 2.12
d
 5.76

cy
 13.82

b
 25.99

ax
 23.83

ay
 0.582 

SEM
2
 0.178 0.344 0.651 0.653 0.658  

Gly 

Dry 6.57
c
 9.48

b
 10.52

b
 13.86

a
 13.38

ax
 0.254 

Wet 6.57
d
 9.51

c
 9.95

bc
 12.30

a
 11.59

aby
 0.396 

SEM
2
 0.140 0.336 0.274 0.544 0.225  

His 

Dry 3.10
d
 6.69

c
 7.90

b
 11.28

a
 11.73

ax
 0.223 

Wet 3.10
d
 6.26

c
 7.46

b
 10.30

a
 8.56

by
 0.256 

SEM
2
 0.019 0.120 0.128 0.349 0.369  

Ile 
Dry 2.99

e
 8.01

d
 9.97

c
 15.05

bx
 17.66

ax
 0.283 

Wet 2.99
d
 7.84

c
 9.76

b
 13.35

ay
 13.27

ay
 0.124 
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SEM
2
 0.010 0.081 0.103 0.304 0.360  

Leu 

Dry 5.51
e
 14.95

d
 17.87

c
 26.54

bx
 29.26

ax
 0.422 

Wet 5.51
d
 14.56

c
 17.53

b
 23.84

ay
 23.01

ay
 0.236 

SEM
2
 0.010 0.132 0.178 0.510 0.523  

Lys 

Dry 4.10
d
 11.84

c
 13.93

c
 24.93

bx
 20.40

ax
 0.573 

Wet 4.10
c
 12.31

b
 14.20

b
 19.81

ay
 12.92

by
 0.446 

SEM
2
 0.073 0.236 0.323 0.794 0.722  

Met 

Dry 2.57
e
 6.44

d
 8.02

c
 11.50

bx
 12.58

ax
 0.206 

Wet 2.57
d
 6.50

c
 7.91

b
 10.55

ay
 10.34

ay
 0.131 

SEM
2
 0.015 0.079 0.111 0.182 0.312  

Phe 

Dry 3.74
e
 8.72

d
 10.72

c
 15.60

bx
 17.35

ax
 0.231 

Wet 3.74
d
 8.64

c
 10.57

b
 14.30

ay
 14.13

ay
 0.153 

SEM
2
 0.006 0.077 0.135 0.251 0.325  

Pro 

Dry 3.57
d
 7.08

cd
 10.47

bcx
 12.47

b
 18.56

ax
 0.971 

Wet 3.57
c
 4.08

bc
 6.88

abcy
 10.29

ab
 13.15

ay
 1.442 

SEM
2
 0.274 1.449 0.838 2.067 0.640  

Ser 

Dry 6.36
e
 14.56

d
 16.98

c
 21.26

b
 25.98

ax
 0.316 

Wet 6.36
d
 14.59

c
 16.72

b
 20.57

a
 22.33

ay
 0.390 

SEM
2
 0.035 0.383 0.347 0.547 0.253  

Thr 

Dry 4.25
e
 10.26

d
 12.08

c
 17.23

b
 20.24

ax
 0.195 

Wet 4.25
d
 10.28

c
 12.37

b
 16.02

a
 15.85

ay
 0.270 

SEM
2
 0.020 0.182 0.225 0.395 0.194  

Try 

Dry 1.08
d
 2.60

c
 3.14

b
 4.07

a
 4.51

ax
 0.106 

Wet 1.08
d
 2.64

c
 3.20

b
 3.78

a
 3.56

aby
 0.113 

SEM
2
 0.020 0.060 0.111 0.080 0.194  

Tyr 
Dry 3.49

d
 10.96

c
 12.17

bx
 18.19

ax
 18.89

ax
 0.221 

Wet 3.49
c
 10.73

b
 10.08

by
 12.27

ay
 11.06

by
 0.243 
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SEM
2
 0.193 0.133 0.157 0.338 0.275  

Val 

Dry 4.56
e
 13.56

d
 16.57

c
 25.29

bx
 28.67

ax
 0.373 

Wet 4.56
d
 13.25

c
 17.08

b
 23.26

ay
 22.06

ay
 0.257 

SEM
2
 0.019 0.204 0.225 0.342 0.551  

Total 

Dry 86.23
e
 197.39

d
 231.44

c
 331.64

bx
 373.44

ax
 4.258 

Wet 86.23
e
 191.54

d
 224.68

c
 294.59

ay
 275.62

by
 3.327 

SEM
2
 0.172 3.327 4.210 5.942 5.758  

1
Standard error of means (n= 15), 

2
(n=6). 

a-e
Means within the same row with different superscript differ significantly 

(P<0.05). 

x,y
Means within the same column with different superscript differ significantly 

(P<0.05). 

  



  

25 

 

 

Figure 2. Change in total free amino acids content (mg/100 g) in dry- (□) and 

wet-aged beef (■) with the different aging periods. 

The values were calculated as the subtraction of each result from different 

aging periods at 7 days interval. 

Each number indicates the ratio of free amino acids content in dry-aged beef 

to that in wet-aged one. 
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Figure 3. Correlation coefficient (r
2
) between moisture and total free amino 

acids content in dry- (□) and wet-aged beef (■). 

*
, P<0.05; 

**
, P<0.01; 

***
, P<0.0001 (n=30). 

-0.5* 

-0.9*** 

-1.0 -0.8 -0.6 -0.4 -0.2 0.0

Wet aging

Dry aging

Correlation coefficient (r2) 
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2.3.1.2. IMP and RS 

IMP degradation is a well-known reaction during the aging process (Lee et 

al., 2017); however, there are only a few reports which present the changes in 

IMP of dry-aged beef and their comparison to wet-aged beef (Iida et al., 2016; 

Kim et al., 2016). In this study, IMP contents of dry- and wet-aged beef were 

significantly decreased with the increase of aging period, except for wet-aged 

one from days 21 to 28 (Table 5). During this period, the continuous decrease 

of IMP was found only in dry-aged beef. As a result, dry-aged beef had a 

significantly lower IMP content (55.07 mg/100 g) than that of wet-aged one 

(87.14 mg/100 g) after 28 days of aging (P<0.05), which is similar to the 

result from Kim et al. (2016) who reported 1.65 folds higher IMP content in 

wet-aged beef. 

The lower IMP content of dry-aged beef at day 28, when compared to that 

of wet-aged one (P<0.05, Table 5), could be attributed to the activation of 

enzymes involved in IMP degradation (Koutsidis et al., 2008b). The 

hypoxanthine content of wet-aged beef was not significantly changed from 

days 21 to 28, whereas that of dry-aged beef was increased (P<0.05, data not 

shown). Consequently, dry-aged beef had higher hypoxanthine content after 

28 days of aging than that in wet-aged one. This result indicates that IMP 

degradation was continued until the end of dry aging process, not like that in 

wet-aged beef. Similarly, Iida et al. (2016) demonstrated that dry aging could 

significantly decrease IMP content of beef longissimus thoracis up to day 50. 

In contrast, RS content of wet-aged beef (10.16 mM) was lower after 28 
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days of aging when compared to that of dry-aged beef (14.37 mM) (P<0.05, 

Table 5). Both aging methods had a significant negative correlation to 

moisture content (r
2
=-0.9, P<0.0001 and r

2
=-0.8, P<0.01 for dry- and wet-

aged beef, respectively) (Fig. 4). However, as the correlation of dry-aged beef 

was slightly stronger than that of wet-aged beef, a higher RS content of dry-

aged beef may be more related to IMP degradation during the aging process. 

The enzymatic breakdown of IMP liberated ribose and ribose-5-phosphate 

(main RS components in animal muscle) through two different pathways after 

the slaughter: i) dephosphorylation of IMP to inosine and then breakdown 

inosine to hypoxanthine and ribose or ii) IMP itself degraded to hypoxanthine 

and ribose-5-phosphate (Lee and Newbold, 1963). In this study, the changes 

in IMP and RS also had similar tendencies in both aging methods. As a 

consequence, this result shows that dry aging could increase RS content 

indirectly through the IMP degradation and the concentration effect by the 

moisture evaporation during dry aging process may be partially responsible. 
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Table 5. Inosine 5 -́monophosphate (mg/100 g) and reducing sugar contents 

(mM) of beef sirloin aged with different aging methods during 28 days 

Traits 
Aging 

Method 

Aging period (day) 
SEM

1
 

0 7 14 21 28 

IMP 

Dry 180.21
a
 138.71

bx
 126.24

cx
 97.96

dx
 55.07

ey
 1.515 

Wet 180.21
a
 130.78

by
 115.78

cy
 85.81

dy
 87.14

dx
 0.905 

SEM
2
 1.341 1.402 0.886 1.249 1.294  

RS 

Dry 9.05
d
 10.84

cy
 11.71

bc
 12.91

ab
 14.37

ax
 0.328 

Wet 9.05
b
 13.22

ax
 11.80

a
 13.06

a
 10.16

by
 0.330 

SEM
2
 0.340 0.412 0.216 0.451 0.063  

1
Standard error of means (n= 15), 

2
(n=6). 

a-e
Means within the same row with different superscript differ significantly 

(P<0.05). 

x,y
Means within the same column with different superscript differ significantly 

(P<0.05). 

IMP, inosine 5 -́monophosphate; RS, reducing sugar.  
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Figure 4. Correlation coefficient (r
2
) between moisture and reducing sugar 

content in dry- (□) and wet-aged beef (■). 

*
, P<0.05; 

**
, P<0.01; 

***
, P<0.0001 (n=30). 

-0.8** 

-0.9*** 

-1.0 -0.8 -0.6 -0.4 -0.2 0.0

Wet aging

Dry aging

Correlation coefficient (r2) 
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2.3.2. Chemical traits 

2.3.2.1. Moisture content 

Based on this study, the changes in moisture content of dry- and wet-aged 

beef was attributed to the interaction effect of aging method and days 

(P<0.0001, Fig. 5). The moisture content of dry-aged beef was not lower than 

that of wet-aged one up to day 21 but lower only at day 28 (P<0.05), which is 

the point that the highest amounts of FAAs and RS was found in dry-aged 

beef (Tables 4 and 5). However, as mentioned earlier, the concentration effect 

of taste-active compounds in dry-aged beef by the moisture evaporation could 

not completely explain the flavor of dry-aged beef as it was not proportionally 

changed. In other words, the concentration effect by the moisture evaporation 

would be a partial reason for the higher amounts of taste-active compounds 

found in dry-aged beef than wet-aged counterpart. 
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Figure 5. Moisture content (%) of beef sirloin aged with different aging 

methods after 28 days (mean ± standard deviation). 

a,b
Different letters indicate a significant difference within the same aging 

method (P<0.05, n=6). 

x,y
Different letters indicate a significant difference within the same aging 

period (P<0.05, n=6). 
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2.3.2.2. pH 

After 28 days of aging, dry-aged beef had a significantly higher pH when 

compared to that in wet-aged one (Fig. 6), similar to Dikeman et al. (2013) 

who reported pH increase in dry aging than that in wet aging (P<0.01). This 

phenomenon was occurred from day 21 and may be owing to i) the increase of 

pH in dry-aged beef by the high production of amine/ammonia contents (basic) 

in dry-aged beef (e.g. trimethylamine in Fig. 7) and/or ii) the decrease of pH 

possibly by the growth of lactic acid bacteria, increasing lactic acid content 

(acidic) in ‘vacuum-packed’ wet-aged beef. As the features of mold and yeast 

were also observed on the crust of dry-aged beef from day 14, it was assumed 

that such microorganisms could cause the increase in pH of dry-aged beef 

inside at the later stage of dry aging process. 

The significantly different pH between dry- and wet-aged beef could 

change their enzyme activity and/or formation of aroma volatiles (e.g. 

pyrazines, pyridines, and sulfur containing compounds) during cooking as the 

Maillard reaction is pH dependent (Meynier and Mottram, 1995). 
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Figure 6. pH of beef sirloin aged with different aging methods after 28 days 

(mean ± standard deviation). 

a,b
Different letters indicate a significant difference within the same aging 

method (P<0.05, n=6). 

x,y
Different letters indicate a significant difference within the same aging 

period (P<0.05, n=6). 
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2.3.2.3. TMA content 

As it was hypothesized that the further proteolysis of dry-aged beef may be 

highly related to microorganisms on the crust, the amount of TMA was 

determined to estimate the microbial metabolic activity on dry-aged beef (Fig. 

7). At day 28, which showed the highest amounts of FAAs and RS, TMA 

content was significantly higher in dry-aged beef (approximately 2-3 folds) 

when compared to those in wet-aged one (P<0.05). Due to the fact that TMA 

production is proportional to the microbial activity (Flores et al., 1997; 

Pearson, 1968), the proteolytic activity by microorganisms in dry-aged beef 

could be a main reason for its specific flavor. Ryu et al. (2018) also suggested 

that microorganisms may play an important role in the flavor of dry-aged beef. 
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Figure 7. Trimethylamine content (area peak) of beef sirloin aged with 

different aging methods after 28 days (mean ± standard deviation). 

a,b
Different letters indicate a significant difference within the same aging 

method (P<0.05, n=6). 

x,y
Different letters indicate a significant difference within the same aging 

period (P<0.05, n=6). 
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3.3. Electronic tongue 

The difference in taste attributes of dry- and wet-aged beef was analyzed 

using the electronic tongue (Figs. 8 and 9). The pattern discrimination index 

of dry- and wet-aged beef was increased with the increase of aging period, 

and it became discriminable from day 14 (> 73.17%) and it reached to > 92.29% 

after 28 days of aging (Fig. 8). The increase in the distances between taste 

attributes of dry- and wet-aged beef may be related to the difference in 

saltiness, sourness, and umami taste detected by the sensors of ANS, CTS, and 

NMS, respectively (Fig. 9). These were gradually increased during 28 days of 

dry aging process, resulting in a relatively higher score in dry-aged beef than 

wet-aged one at day 28. 

The differences in taste-active compounds (FAAs, IMP, and RS) between 

dry- and wet-aged beef (Tables 4 and 5) could cause significant differences in 

their flavor. FAAs itself could contribute to sweet and bitter taste and also 

influence saltiness and sourness together with acids and inorganic/sodium 

salts, respectively (Shahidi, 1994). In addition, glutamic acid is one of the 

most important components for umami taste in meat (Zhao et al., 2016). In 

this study, the sum of FAAs components which can be attributed to each taste 

(sweet, bitter, and umami) were significantly higher in dry-aged beef after 28 

days of aging when compared to wet-aged one (data not shown). Besides, 

aroma volatiles can be formed by FAAs with RS during cooking (Koutsidis et 

al., 2008b; Mottram, 1998). Aroma volatiles were not analyzed in this study. 

However, based on previous study, it was assumed that significant differences 
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in FAAs may cause different aroma development of dry- and wet-aged beef. 

For example, methionine could generate cooked beef aroma with a low 

threshold value, whereas isoleucine, leucine, phenylalanine, serine, threonine, 

and valine produce Strecker aldehydes and heterocyclic compounds, which 

possess the characteristic aroma in meat (Mottram, 1998; Toldra et al., 2000). 

Meanwhile, different IMP degradation/RS accumulation between dry- and 

wet-aged beef could contribute to different flavor of dry- and wet-aged beef. 

IMP and RS possess umami and sweet taste, respectively (Koutsidis et al., 

2008b). In addition, RS can generate aroma volatiles in meat through the 

Maillard reaction with amino acid (Mottram, 1998). However, further 

degradation of IMP in dry-aged beef may increase the accumulation of 

hypoxanthine, which has none or bitter taste in meat and meat products 

(Shahidi, 1994; Tikk et al., 2006). 

Table 6 summarizes the comparison on taste-active compounds and 

electronic tongue analysis between dry- and wet-aged beef based on the 

results from the present study. 
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Figure 8. Pattern discrimination index (%) of beef sirloin aged with different 

aging methods during 28 days by an electronic tongue analysis. 

The data was analyzed using the AlphaSoft program (n=30). 
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Figure 9. Spider plot for taste attributes from electronic tongue analysis of (a) 

dry- or (b) wet-aged beef sirloin during 28 days by an electronic tongue 

analysis. 

The data was analyzed using the AlphaSoft program (n=30). 
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Table 6. Comparison on the taste attributes of dry- and wet-aged beef by 

chemical and electronic tongue analyses during aging period 

Taste 

attributes
1
 

Aging method 

FAAs Dry > Wet 

IMP Dry < Wet 

RS Dry > Wet 

Saltiness Dry > Wet 

Sourness Dry > Wet 

Umami Dry > Wet 

This table was summarized based on the results from the present study. 

FAAs, free amino acids; IMP, inosine 5 -́monophosphate; RS, reducing sugar. 
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2.4. Conclusion 

Dry aging can produce meat with more abundant taste and/or aroma by the 

presence of higher taste-active compounds than wet aging. The differences in 

taste attributes between dry- and wet-aged beef could be caused by 2 different 

reasons: i) mainly the further metabolic activities such as proteolysis and IMP 

degradation in dry-aged beef possibly by microorganisms on the crust and ii) 

partially the concentration effect by the moisture evaporation during dry aging 

process. The results of further study in role of microorganisms in dry-aged 

beef are presented in Chapters III and IV to confirm this hypothetic 

mechanism. 
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Chapter III. 

Effect of air flow velocity on microbial 

composition and sensory property in dry-aged 

beef 

 

 

3.1. Introduction 

Dry aging is the traditional method of aging which exposes ‘unpackaged 

meat’ to controlled condition with temperature, RH, and air flow velocity 

(Khan et al., 2016). Its application for meat had been reduced due to the high 

weight loss (e.g. aging and trimming losses) by moisture evaporation; 

however, in recent years, it has been getting consumers’ attention for its beefy 

and roasted flavor (Lee et al., 2018). 

The development of meat flavor (aroma and taste; Dinesh et al., 2013a; 

2013b) is attributable to the reaction between flavor compounds (water- or 

lipid-soluble) during the aging and/or cooking (Mottram, 1998). The main 

water-soluble compounds are IMP, RS, and FAAs, whereas several hundred 

aroma volatiles were derived from the oxidation of lipids (e.g. triglycerides, 

phospholipids, and FFAs) and/or the Maillard reaction between RS and FAAs. 

The amounts of such compounds in meat at the point of cooking determine its 

flavor. Therefore, the concentrated flavor compounds of dry-aged meat by the 

moisture evaporation have been suggested as the main contributors to its 
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flavor (Kim et al., 2016), however, the development of flavor in dry-aged 

meat has not been completely understood yet. 

Temperature, RH, and air flow velocity can influence dry-aged meat quality, 

including yield, microbial safety, and palatability (e.g. tenderness, flavor, and 

juiciness) during dry aging process (Dashdorj et al., 2016). Temperature is 

involved in the enzymatic process and microbial growth of dry-aged meat, 

affecting its palatability and microbial growth. However, it cannot induce the 

difference in sensory property of dry- and wet-aged meat as the optimum 

temperature of dry-aged meat is varied at 0-4°C, similar to wet aging 

(Dashdorj et al., 2016; Huff-Lonergan et al., 2010). Also, RH contributes to 

yield and microbial growth and recommended to be 75-80% for dry aging. 

The higher RH may result in defective texture and/or flavor by microbial 

growth, especially bacteria, whereas the higher weight loss could be occurred 

with the lower RH during dry aging process. Air flow velocity promotes dry 

process; however, the investigation in its effect on dry-aged meat is limited to 

weight loss so far (Dashdorj et al., 2016; Kim et al., 2016). 

In previous study, it was suggested that the possibility of microbial role in 

the flavor development of dry-aged beef was suggested as well as the 

concentration effect by the moisture evaporation. In addition, the different 

appearance of mold/yeast was observed by the presence of air flow velocity 

during the experiment (Fig. 10). It was hypothesized that different air flow 

velocities may change microbial composition (e.g. mold/yeast and bacteria) 

during dry aging process, resulting in different sensory property of dry-aged 

beef. Therefore, the objective of this study was to investigate the effect of 
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different air flow velocities on microbial composition and sensory property of 

dry-aged beef during 28 days of aging period. 

 

(a)  (b)  (c) 

 

 

 

 

 

Figure 10. Different appearance of mold/yeast on (a) upper, (b) front, and (c) 

rear sides of the crust of beef sirloin after 28 days of dry aging process. 
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3.2. Material and methods 

3.2.1. Raw material and aging process 

Twenty one beef rumps (middle gluteal) from different carcasses (Holstein 

steer, quality grade 3) were obtained from a local slaughter house and 

measured initial pH (5.63±0.02) prior to the aging process. The rumps were 

transferred to a meat processing plant (Seoul, Korea) and, among them, 18 

rumps were randomly arranged for 3 dry-aged groups at 4°C and 75% RH 

with different air flow velocities (0, 2.5, and 5 m/s), whereas the other 3 

rumps were assigned as the control (non-aged group). Then, all dry-aged 

groups were aged for 28 days at 14 days interval and trimmed off their crust at 

each sampling stage. The obtained samples [non-aged group at day 0 and 3 

dry-aged groups with different air flow velocities of 0, 2.5, and 5 m/s (Dry 0, 

Dry 2.5, and Dry 5, respectively) at days 14 and 28; n=3 for each treatment] 

were vacuum-packaged (HFV-600L, Hankook Fujee Co., Ltd.) and stored at -

70°C until the analyses. 

 

3.2.2. Microbial analysis 

3.2.2.1. Microbial isolation 

Microbial isolation and identification were conducted according to the 

method of Oh et al. (2016) with a few modifications. In brief, meat samples 

(25 g) were randomly obtained from each non- and dry-aged group and 

enriched with 0.1% peptone water (Difco Laboratories, Detroit, MI, USA). 

The enrichments were blended using a laboratory blender (BagMixer 400 P, 
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Interscience, France) and the diluents were spread onto the agar plates of PDA 

and TSA (Difco Laboratories) for mold/yeast and bacteria, respectively. After 

the incubation, the colonies on the agar plates were used for PCR analysis. 

 

3.2.2.2. Identification and pyrosequencing 

The colonies on each PDA and TSA (Difco Laboratories) were identified 

using the ITS3-ITS4 and 16S rDNA sequencing for mold/yeast and bacteria, 

respectively. DNA was extracted (Powersoil
®
 DNA isolation kit; Mo Bio 

Laboratories, Carlsbad, CA, USA) and amplified (EF-Taq; Solgent, Daejeon, 

Korea) as follows: i) initial denaturation at 95°C for 2 min, ii) denaturation at 

95°C at 1 min, iii) annealing at 55°C for 1 min, iv) extension 72°C for 1 min 

with 35 cycles, and v) final extension at 72°C for 10 min. The amplified DNA 

was analyzed by an ABI Prism 3730XL DNA analyzer (Applied Biosystems, 

Foster City, CA, USA). 

 

3.2.3. Physicochemical traits 

3.2.3.1. Moisture content 

Moisture content was analyzed using the dry oven method in ‘the section 

2.2.3.1’. 

 

3.2.3.2. pH 

  pH was measured as described in ‘the section 2.2.3.2’. 
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3.2.3.3. Shear force 

The vacuum-packed meat sample (approximately 100 g) was boiled in a 

water bath until a core temperature was reached at 72°C. Then, the cooked 

samples were cut parallel to the muscle fiber into rounded cores (1.27 cm 

diameter) and placed under a Warner-Bratzler shear probe, perpendicularly to 

the muscle fiber. Shear force was measured using a texture analyzer (TA1, 

Lloyd Instruments Ltd., Fareham, UK) with a cell load of 0.1 N and a cross-

head speed of 200 mm/min 

 

2.4. Flavor compounds 

3.2.4.1. FAAs 

The analysis of FAAs was conducted using a 600 MHz NMR spectrometry 

(Bruker, Karlsruhe, Germany). The FAAs were extracted by 0.6 M perchloric 

acid and freeze-dried. The freeze-dried extract was reconstituted with 

phosphate buffer (pH 7.0) and treated by deuterium oxide containing 1 mM 

TSP (Sigma-aldrich). The analytical conditions of NMR were as follows: 

spectral width, 7813 kHz; the number of point, 128 k; the number of dummy 

scan and scan, 2 and 128, respectively. One-dimensional NMR spectrum was 

identified based on the Human Metabolome Database and calculated using an 

internal standard (1 mL TSP) (Sigma-Aldrich). 

 

3.2.4.2. IMP and RS 

IMP and RS contents were analyzed according to the same preparation and 

methods in ‘the section 2.2.2.2’. 
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3.2.4.3. FFAs 

  Total lipids were extracted from the samples based on the method of Folch 

et al. (1957). The extract (0.1 g) was added to 1 mL of chloroform and the 

internal standard (1 mg triundecanoate/mL iso-octane, Sigma-Aldrich) in a 

15-mL test tube. Triglycerides were removed from the mixture by chloroform: 

2-propanol (2:1. v/v) and FFAs were extracted by 2% acetic acid in diethyl 

ether through the solid phase extraction kit (Sigma-Aldrich). The extract was 

evaporated using nitrogen gas (99.999%) and heated at 85°C for 10 min and, 

for methylation, 2 mL of 14% boron trifluoride-methanol solution was added 

after the cooling and heated again at 85°C for 10 min. After the cooling, 2 mL 

of iso-octane and 1 mL of saturated sodium chloride were added and 

centrifuged at 1,573 ×g for 3 min (Continent 512R, Hanil Co., Ltd.). The 

upper layer containing FFAs methyl esters were dehydrated with anhydrous 

sodium sulfate and injected into the GC (HP 7890, Agilent Technologies, 

Santa Clara, CA, USA) with a split ratio at 10:1. The analytical conditions of 

GC were as follows: injection volume, 1 μL; carrier gas, nitrogen gas 

(99.999%); flow rate and time, 4.0 mL/min for 1 h; column, DB-23 (60 

m×0.25 mm×0.25 μm, Supelco, Bellefonte, PA, USA); and detector, flame 

ionization detector. The temperature of injector and detector was maintained 

at 250°C and 280°C, respectively. The column oven temperature was 50°C for 

1 min, increased to 130°C by 25°C/min, 170°C by 8°C/min, 215°C by 

2°C/min, and held for 10 min. Each FFAs methyl ester was identified by the 

external standards (37 FAME mix and CLA mix, Sigma-Aldrich) and 

calculated using the formula from the Korean Food Standards Codex 
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(Ministry of Food and Drug Safety, 2018). 

 

3.2.5. Statistical analysis 

A completely randomized design was used to investigate the effect of air 

flow velocity on microbial composition and sensory property of dry-aged beef. 

Each 3 rumps were arranged by Dry 0, Dry 2.5, and Dry 5 and dry aged for 0, 

14, and 28 days. The general linear model was analyzed for the effect of air 

flow velocity and aging period and the results were reported as mean values 

with standard error of the means (SAS 9.4, SAS Institute Inc.). Significant 

differences among the mean values were determined on the basis of the 

Tukey’s multiple range test at a level of P<0.05. Differences in 

physicochemical quality traits and flavor compounds of Dry 0, Dry 2.5, and 

Dry 5 groups were also calculated at the early (days 0 and 14) and later (days 

14 and 28) stages of dry aging process with paired t-test (SAS Institute Inc.). 
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3.3. Results and discussion 

3.3.1. Microbial analysis 

3.3.1.1. Mold and yeast composition 

The mold and yeast were not detected on the crust of dry-aged beef until 

day 14 (data not shown) and different microbial features were found thereafter 

with different air flow velocities (Fig. 11a). The mold and yeast were isolated 

from the crust of dry-aged beef in each dry-aged group and identified them. 

As a result, Pilaira anomala (99.8%) and Debaryomyces hansenii (0.2%) 

occupied on the crust of Dry 0, whereas Dry 2.5 and Dry 5 had the different 

composition of P. anomala (81.0% and 86.0%, respectively) and D. hansenii 

(18.6% and 14.0%, respectively). In addition, Rhodotorula (0.4%) was 

observed only in Dry 2.5. The presence of Rhodotorula (until 25 days only) 

and D. hansenii in dry-aged beef was also reported by Ryu et al. (2018) who 

dry aged beef longissimus thoracis and Biceps femoris at 1-4°C and 80-90% 

RH for 60 days. These 2 microorganisms have been reported in meat and meat 

products, especially dry-cured/fermented meat products (Dave and Ghaly, 

2011); however P. anomala was firstly introduced on the crust of dry-aged 

beef in this study. It had been detected only from doenjang, a Korean 

fermented soybean paste (Kim et al., 2009). 

Based on this result, it was postulated the presence and/or extent of air flow 

velocity can change the mold and yeast composition in dry-aged beef and it 

may affect sensory property of dry-aged beef as both microorganisms tend to 

have proteolytic and/or lipolytic activity (Flores et al., 2015; Flores and Toldra, 

2011). The effect of air flow velocity on microbial composition in meat and 
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meat products is unknown. During dry aging process, the application of air 

flow velocity is to promote moisture evaporation for drying meat (Dashdorj et 

al., 2016). Moisture content can affect water activity, which is an important 

factor for microbial growth (Dave and Ghaly, 2011). In this study, the 

moisture content between days 14 and 28 was significantly decreased only in 

Dry 5 (Table 7), resulting in the similar amount of moisture in Dry 0 and Dry 

2.5 after 28 days of dry aging process (P<0.05, Table 8). Therefore, the 

moisture evaporation cannot explain the difference in microbial composition 

of P. anomala and D. hansenii (Fig. 11a). Also, most of mold and yeast can 

be grown within the wide range of water activity (Beuchat, 1983). Instead, 

according to Garijo et al. (2008) who investigated in the occurrence of mold, 

yeast, and bacteria in the air of Spanish winery, mold could be everywhere 

inside the winery and present in the air, however, yeast gets onto the subjects 

through wind dispersal. Consequently, the presence of air flow velocity may 

increase D. hansenii composition of Dry 2.5 and Dry 5 in this study. 

 

3.3.1.2. Bacterial composition 

Before the dry aging, the bacterial composition of beef rump was the 

highest with Lactobacillus followed by Pseudomonas, Flavobacterium, and 

Enterobacterium (50.0, 38.5, 1.5. and 0.1%, respectively) (Fig. 11b). Then, 

after 28 days of dry aging process with different air flow velocities, the 

composition of Pseudomonas and Enterobacterium was increased in all dry-

aged groups and, especially, Dry 0 had the highest composition of both 

Pseudomonas and Enterobacterium. Dry 2.5 and Dry 5 had the similar 
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composition of Pseudomonas, whereas Dry 5 had the lowest Enterobacterium 

composition within the different dry-aged groups. Meanwhile, Lactobacillus, 

which was predominant in non-aged group, was considerably decreased its 

composition possibly by the Pseudomonas increase during dry aging process. 

Therefore, Dry 2.5 and Dry 5 had the higher composition of Lactobacillus, 

Flavobacterium, and other bacteria, when compared to those in Dry 0. The 

growth of Pseudomonas and Enterobacterium during dry aging process may 

be by aerobic and refrigerated condition, while Lactobacillus is susceptible to 

anaerobic condition (Dave and Ghaly, 2011; Garcia-Lopez et al., 1998). Air 

flow velocity itself does not help bacterial growth; however, it allows 

microorganisms to travel through in the air with 3 different ways: a dust 

particle, droplet, and/or single particle (Garijo et al., 2008). Therefore, the 

presence of air flow velocity in this study may help the settlement of bacteria 

on the crust of dry-aged beef. 

On the other hand, it was assumed P. anomala and D. hansenii may induce 

the change in sensory property of dry-aged beef rather than the effect of 

bacteria as most of significant changes in physicochemical traits and flavor 

compounds were occurred between days 14 and 28 (Table 7), after the 

different mold/yeast features were observed (Fig. 11a). 
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Figure 11. The compositions (%) of (a) mold/yeast and (b) bacteria isolated 

from the crust of beef rump dry aged for 28 days with different air flow 

velocities. 

Non-aged beef (None) and dry-aged beef with air flow velocities of 0 (Dry 0), 

2.5 (Dry 2.5), and 5 m/s (Dry 5); n=8. 

ND, not detected. 

ND 
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Table 7. Differences in physicochemical traits and flavor compounds of beef rump dry aged for 28 days with different air flow velocities 

Traits 
∆ Day 14 – Day 0  ∆ Day 28 – Day 14 

Dry 0 Dry 2.5 Dry 5  Dry 0 Dry 2.5  Dry 5 

 Physicochemical traits 

 Moisture (%) -1.37 -0.45 -0.40  2.14
*
 -0.50 -4.95

**
 

 pH -0.01 -0.06 -0.04  0.34
**

 0.03 0.04 

 Shear force (N) -26.39
**

 -27.93
***

 -24.68
**

  -16.71
**

 4.73
**

 -8.53
*
 

 Umami taste-related compounds and RS 

 Glu (mg/100 g) 1.11
*
 2.04

**
 5.02

**
  3.04

**
 10.62

**
 11.09

**
 

 IMP (mg/100 g) -67.19
**

 -26.38
**

 -32.88
**

  -87.24
**

 -103.00
**

 -104.50
***

 

 Reducing sugar (mM) -2.61 3.25
*
 3.64  -0.47 4.30

**
 3.41 

 Free amino acids 

 Ile (mg/100 g) 0.98 2.26
*
 2.29

*
  7.59

**
 9.57

*
 10.85

*
 

 Leu (mg/100 g) 0.16 1.23
*
 2.40

**
  5.68

**
 8.27

**
 8.02

**
 

 Phe (mg/100 g) -0.17 1.44 2.02  4.93
**

 6.34
**

 6.87
**
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 Val (mg/100 g) 0.31 0.85
**

 1.47
*
  5.00

**
 6.18

**
 4.83

**
 

 Total (mg/100 g) 1.27 5.78
*
 8.17

*
  23.19

**
 30.36

**
 30.57

**
 

 Free fatty acids 

 C16:0 (mg/g) 0.43 2.23 0.96
*
  4.94

*
 2.14

*
 0.97

**
 

 C16:1 (mg/g) 0.01 0.11 0.06  0.42
*
 0.18

*
 0.14

**
 

 C18:0 (mg/g) 0.09 0.73
*
 0.03  1.69

*
 0.20 0.24

*
 

 C18:1 (mg/g) 0.70 1.69 1.31
*
  4.78

*
 2.23

*
 1.55

*
 

 C18:2 (mg/g) 0.04 1.06
*
 0.80  1.25

*
 1.31

**
 0.76

**
 

 Total (mg/g) 1.27 6.04 3.31
**

  13.23
*
 6.32

*
 3.29

*
 

*, P<0.05; **, P<0.01; ***, P<0.0001 (n=3). 

Dry-aged beef with air flow velocities of 0 (Dry 0), 2.5 (Dry 2.5), and 5 m/s (Dry 5). 

IMP, inosine 5 -́monophosphate; RS, reducing sugar. 
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3.3.2. Physicochemical traits 

3.3.2.1. Moisture content 

Moisture evaporation by the air flow velocity was suggested as a 

contributor to the dry-aged flavor due to the concentration of flavor 

compounds, especially FAAs and RS, in dry-aged beef (Chapter II). In this 

study, Dry 5 had a significantly lower moisture content after 28 days of dry 

aging process, when compared to those in non- and the other dry-aged groups 

(Dry 0 and Dry 2.5) (P<0.05, Table 8). This phenomenon was attributed to 

the change in moisture content from days 14 to 28 as Dry 5 decreased 

approximately 4.95% moisture content (P<0.01, Table 7). As a consequence, 

the similar amounts of moisture in Dry 0 and Dry 2.5 indicate the moisture 

evaporation would not elucidate the differences in flavor compounds among 

them. 

 

3.3.2.2. pH 

After 28 days of dry aging process, Dry 0 had a significantly higher pH 

than those in the other dry-aged groups (Table 8) by the pH increase between 

days 14 and 28 (P<0.01, Table 7). This could be due to the production of 

amine/ammonia (basic) by more Pseudomonas and less Lactobacillus 

producing lactic acid (acidic) in Dry 0, when compared to those in Dry 2.5 

and Dry 5 (Dave and Ghaly, 2011) (Fig. 11b). However, this may not 

completely explain the increase in pH of Dry 0 as the other dry-aged groups 

also had the high composition of Pseudomonas varied 69.5-70.1% as well as 

D. hansenii, which is known to have the high proteolytic activity (Dura et al., 
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2004; Patrignani et al., 2007). Therefore, it was postulated P. anomala, which 

was predominant in Dry 0, may also induce the pH increase with its 

production of amine/ammonia possibly by its higher proteolytic activity than 

that in D. hansenii. 

 

3.2.3. Shear force 

Dry 0 had the lowest shear force, when compared to those in Dry 2.5 and 

Dry 5 (P<0.05, Table 8). During 28 days of dry aging process, there was a 

significant decrease in shear force of all dry-aged groups throughout aging 

period, especially at the early stage of dry aging process (P<0.01, Table 7). 

However, the extent of shear force decrease was similar within the dry-aged 

groups between days 0 and 14, therefore, there was no significant difference 

found with different air flow velocities during 14 days of dry aging process 

(54.14-60.87 N). Meanwhile, between days 14 and 28, the decrease in shear 

force of Dry 0 was relatively higher than those of Dry 2.5 and Dry 5 (Table 7). 

This result indicates that an unknown factor, possibly the different mold and 

yeast composition (Fig. 11a), may influence the change in shear force of Dry 

0 at the later stage of dry aging process (P<0.01, Table 7). 

Meat tenderization is owing to proteolytic enzymes in animal muscle (e.g. 

calpains, cathepsins, proteasome, and caspase) (Huff-Lonergan et al., 2010; 

Ouali et al., 2006) and/or from microorganisms (Flores and Toldra, 2011). In 

terms of this study, the decrease in shear force of all dry-aged groups at the 

early stage of dry aging process could be affected by muscle proteinases as 

most of them are active at that period (Huff-Lonergan et al., 2010; Ouali et al., 
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2006). On the other hand, the different composition of P. anomala and D. 

hansenii may vary the change in shear force at the later stage of dry aging 

process as both microorganisms were detected on the curst of dry-aged beef 

after 14 days of dry aging process (data not shown). Different microorganisms 

have different effect on proteolysis in meat and meat products due to their 

different proteolytic enzymes (Flores and Toldra, 2011). In this study, the 

higher composition of P. anomala in Dry 0 (Fig. 11a) may lead the higher 

proteolysis, when compared to those in Dry 2.5 and Dry 5. It means that P. 

anomala may have the higher proteolytic activity, resulting higher pH and 

lower shear force than D. hansenii. In addition, as such calpains in animal 

muscle are active at neutral pH (Huff-Lonergan et al., 2010); Dry 0 may 

induce the more activation of muscle proteinases during 28 days of dry aging 

process. 
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Table 8. Physicochemical traits [moisture (%), pH, and shear force (N)] of 

beef rump dry aged for 28 days with different air flow velocities 

Traits 
Day 0 Day 28 

SEM
1
 

None Dry 0 Dry 2.5 Dry 5 

Moisture 71.67
a
 72.44

a
 70.72

a
 66.32

b
 1.280 

pH 5.63
b
 5.96

a
 5.60

b
 5.63

b
 0.024 

Shear force 84.84
a
 41.74

c
 58.86

b
 53.34

b
 2.992 

1
Standard error of the means (n=12). 

a-c
Means within the same row with different superscript differ significantly 

(P<0.05). 

Non-aged beef (None) and dry-aged beef with air flow velocities of 0 (Dry 0), 

2.5 (Dry 2.5), and 5 m/s (Dry 5). 
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3.3.3. Flavor compounds 

3.3.3.1. Umami taste-related compounds and RS 

The amounts of both umami taste-related compounds, glutamic acid and 

IMP, were significantly changed during whole dry aging period (P<0.05, 

Table 7). Glutamic acid resulted in a relatively higher increase at the later 

stage of dry aging process and, regardless of dry aging process period, the 

more generation of glutamic acid was observed with the higher air flow 

velocity. As a result, Dry 2.5 and Dry 5 had significantly higher glutamic acid 

content after 28 days of dry aging process, when compared those in Dry 0 and 

non-aged group (P<0.05, Table 9). This result will be discussed in the 

following section with the other FAAs components as most of them showed 

the similar results to glutamic acid (Table 10). 

Meanwhile, IMP content was significantly decreased during 28 days of dry 

aging process, especially Dry 0 (Table 9). This phenomenon was mainly 

owing to the significant change in IMP content between days 14 and 28, 

which was relatively higher than that within the first 14 days (Table 7). Based 

on our previous study, dry aging could lead further IMP breakdown at the 

later stage of aging period, which is not shown in wet aging (Chapter II). It 

may be attributed to the different composition of P. anomala and D. hansenii 

detected after 14 days of dry aging process with different air flow velocities 

(Fig. 11a), possibly by the activities of proteolytic enzymes or pH increase 

(Koutsidis et al., 2008; Reina et al., 2014). The higher pH could induce the 

lower IMP and inosine contents as it decreases the dephosphorylation rate. In 

this study, the higher pH in Dry 0 may occur the lower IMP content than those 
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in Dry 2.5 and Dry 5. Considering the results in pH and shear force (Table 8), 

the higher proteolytic activity may also contribute to the significantly lower 

IMP content in dry-aged beef when compared to that in wet-aged one 

(Koutsidis et al., 2008; Reina et al., 2014). 

The significant difference in RS content with different air flow velocities 

also supports the possibility of microbial role in the sensory property of dry-

aged beef (Table 9). In previous study, it was demonstrated that the amount of 

RS was significantly increased only with dry aging (Chapter II), which is 

similar to Dry 2.5 and Dry 5 in this study. The lowest RS content in Dry 0 

(P<0.05) could be related to the utilization for microbial growth and/or 

changes in the liberation rate of IMP to ribose and ribose-5-phosphate (Lee 

and Newbold, 1963), however, further study for individual microorganisms is 

required to explain this result. However, it may still indicate that different air 

flow velocities could vary RS content, certainly by the different composition 

of microorganisms (Figs. 11a and 11b). 
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Table 9. Umami taste-related compounds (mg/100 g) and reducing sugar (mM) 

of beef rump dry aged for 28 days with different air flow velocities 

Traits 
Day 0 Day 28 

SEM
1
 

None Dry 0 Dry 2.5 Dry 5 

Glu 5.56
c
 8.60

b
 16.18

a
 16.65

a
 0.249 

IMP 164.59
a
 10.16

c
 35.26

b
 27.21

b
 1.855 

RS 15.84
b
 12.75

c
 23.39

a
 22.89

a
 0.849 

1
Standard error of the means (n=12). 

a-c
Means within the same row with different superscript differ significantly 

(P<0.05). 

IMP, inosine 5 -́monophosphate; RS, reducing sugar. 

Non-aged beef (None) and dry-aged beef with air flow velocities of 0 (Dry 0), 

2.5 (Dry 2.5), and 5 m/s (Dry 5). 
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3.3.3.2. FAAs 

The FAAs components presented (e.g. isoleucine, leucine, phenylalanine, 

and valine) (Table 10) are related to the generation of cooked beef aroma, 

whereas glutamic acid possess umami taste (Mottram, 1998; Toldra et al., 

2000). During 28 days of dry aging process, all dry-aged groups increased 

FAAs content (P<0.05) and 3 out of 5 FAAs components (e.g. glutamic acid, 

leucine, and phenylalanine) in Dry 2.5 and Dry 5 were significantly higher, 

when compared to that in Dry 0. Such FAAs tends to be increasing with aging 

period by muscle aminopeptidase and/or microbial-derived enzymes (Flores 

and Toldra, 2011; Toldra et al., 1997). In terms of this study, most of FAAs 

components resulted in a relatively higher increase at the later stage of dry 

aging process (Table 7) with the occurrence of P. anomala and D. hansenii at 

different composition (Fig 11a). From that, it can be postulated P. anomala 

and D. hansenii may have different role in proteolysis during dry aging 

process, possibly by their different endo- and exo-peptidase (Flores and 

Toldra, 2011; Toldra, 2006). P. anomala may have more positive impact on 

tenderness, whereas D. hansenii does on the generation of FAAs. 
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Table 10. Free amino acids content (mg/100 g) of beef rump dry aged for 28 

days with different air flow velocities 

Traits 
Day 0 Day 28 

SEM
1
 

None Dry 0 Dry 2.5 Dry 5 

Ile 3.51
b
 11.10

a
 13.08

a
 14.36

a
 0.985 

Leu 6.57
c
 12.25

b
 14.84

a
 14.59

a
 0.141 

Phe 6.46
c
 11.39

b
 12.81

ab
 13.34

a
 0.359 

Val 3.64
b
 8.65

a
 9.83

a
 8.47

a
 0.306 

Total 20.20
c
 43.39

b
 50.56

a
 50.76

a
 0.983 

1
Standard error of the means (n=12). 

a-c
Means within the same row with different superscript differ significantly 

(P<0.05). 

Non-aged beef (None) and dry-aged beef with air flow velocities of 0 (Dry 0), 

2.5 (Dry 2.5), and 5 m/s (Dry 5). 
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3.3.3.3. FFAs 

Major components of FFAs (C16:0-C18:2) in the dry-aged groups were 

significantly increased after 28 days mainly by the changes at the later stage 

of dry aging process (Tables 7 and 11). The formation of FFAs is attributed to 

both lipid hydrolysis of triglycerides and/or phospholipids and lipid oxidation 

by lipolytic enzymes in animal muscle and/or from microorganisms (Huang et 

al., 2013). In terms of this study, as the main change was observed after the 

different compositions of P. anomala and D. hansenii were detected, the 

occurrence of both microorganisms may influence lipolysis between days 14 

and 28. Among them, P. anomala may have a higher lipolytic activity than D. 

hansenii when considered the significantly higher FFAs content in Dry 0. 

FFAs are highly susceptible to oxidation process as it is in the free form and 

affects the formation of aroma volatiles in meat and meat products (Huang et 

al., 2013). 
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Table 11. Free fatty acids content (mg/g) of beef rump dry aged for 28 days 

with different air flow velocities 

Traits 
Day 0 Day 28 

SEM
1
 

None Dry 0 Dry 2.5 Dry 5 

C16:0 5.92
b
 10.86

a
 8.06

ab
 6.89

b
 0.652 

C16:1 0.19
b
 0.61

a
 0.37

b
 0.33

b
 0.045 

C18:0 4.10
b
 5.79

a
 4.30

b
 3.86

b
 0.243 

C18:1 2.52
b
 7.31

a
 4.75

b
 4.07

b
 0.529 

C18:2 0.58
b
 1.83

a
 1.89

a
 1.33

a
 0.164 

Total 13.40 26.63
a
 19.72

b
 16.69

b
 1.453 

1
Standard error of the means (n=12). 

a,b
Means within the same row with different superscript differ significantly 

(P<0.05). 

Non-aged beef (None) and dry-aged beef with air flow velocities of 0 (Dry 0), 

2.5 (Dry 2.5), and 5 m/s (Dry 5). 

 

  



  

73 

 

3.4. Conclusion 

In this study, the presence and/or extent of air flow velocity could vary 

microbial composition on the crust of 3 different dry-aged groups. Among 

them, the significant changes in physicochemical traits and flavor compounds 

were observed, possibly by different proteolytic and lipolytic activity from the 

different composition of microorganisms. Therefore, it was hypothesized that 

P. anomala and D. hansenii could have different capacity of proteolysis and 

lipolysis during dry aging process. The further investigation to determine the 

role of P. anomala and D. hansenii in dry-aged beef is presented in Chapter IV. 
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Chapter IV. 

Role of Pilaira anomala and Debaryomyces 

hansenii in flavor of dry-aged beef and their 

application for dry aging process 

 

 

4.1. Introduction 

The application of mold and/or yeast has been routinely conducted in meat 

industry, especially for the manufacture of dry-cured/fermented meat products 

(Flores and Toldra, 2011; Martin et al., 2002). Indigenous microflora has been 

isolated from these products and was studied in their activity for decades; 

therefore, it is now well-known that the proteolysis and lipolysis of mold 

and/or yeast is one of the main contributors to flavor of dry-cured/fermented 

meat products (Flores and Toldra, 2011; Flores et al., 2015). 

In previous study, P. anomala and D. hansenii (mold and yeast, 

respectively) were isolated from dry-aged beef and found their activity of 

proteolysis and lipolysis in an agar model system using skim milk or 

tributyrin, respectively (Fig. 12). Therefore, both P. anomala and D. hansenii 

were expected to have a significant role in the flavor development of dry-aged 

beef; however, their effect was not studied yet with dry-aged beef. The 

presence of P. anomala on the crust of dry-aged beef was rarely reported 

(Chapter III) and the effect of D. hansenii was investigated only in dry-
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cured/fermented meat products so far (Bolumar et al., 2006; Dura et al., 2004; 

Flores et al., 2004; 2015). Recently, Ryu et al. (2018) referred to the 

possibility of D. hansenii to improve sensory property of dry-aged beef; 

however, no clear evidence for the role of D. hansenii in dry-aged beef was 

reported. 

On the other hand, the production of dry-aged beef includes different 

processing steps from the aforementioned dry cured/fermented meat products, 

for example, salting, drying, ripening (or aging), and/or fermentation, which is 

mostly manufactured at 14-20°C (Toldra et al., 1997). However, dry aging 

process includes drying and aging only by the exposure into air in refrigerated 

condition (Dashdorj et al., 2016). Due to this difference in processing, the 

growth of microorganisms and their effect could be different in dry-aged beef. 

Also, there are no suggestions on the application of P. anomala and D. 

hansenii during dry aging process. Therefore, the objectives of this study were 

i) to determine the role of P. anomala and D. hansenii in sensory property of 

dry-aged beef and ii) to find their optimal condition for the application of dry 

aging. 
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(a)  (b) 

 

 

 

(c)  (d) 

 

 

 

Figure 12. Activities of proteolysis (a, b) and lipolysis (c, d) with P. anomola 

and D. hansenii isolated from the crust of dry-aged beef, determined by 3% 

skim milk and tributyrin agar, respectively. 
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4.2. Material and Methods 

4.2.1. Experiment I: The role of P. anomala and D. hansenii in of dry-aged 

beef 

4.2.1.1. Inoculum preparation 

  P. anomala and D. hansenii isolated from dry-aged beef were grown on 

PDA (Difco Laboratories) at 20°C for 96 h. A 5 mL of PBS was added on the 

PDA and the spores and colonies were rubbed to obtain the microbial 

suspension. The suspension was diluted with the PBS until the final 

concentration was reached 10
6
 CFU/mL and used as the inoculum for sample 

preparation. 

 

4.2.1.2. Raw material, inoculation, and aging process 

  A total of 24 beef sirloins (longissimus lumborum) from 12 carcasses 

(Holstein steer, quality grade 3, initial pH 5.54±0.01) were obtained and 

transferred to a meat processing plant (Seoul, Korea). Prior to the inoculation, 

the samples were exposed to UV light for the removal of indigenous 

microflora. Then, the sirloins from the same sides of different carcass were 

inoculated with the inoculum of P. anomala and D. hansenii, respectively, and 

dry aged for 28 days (temperature, 4°C; RH, 75%; air flow velocity, 2.5 m/s). 

After the dry aging, the crust of dry-aged beef was trimmed off at days 0, 14, 

21, and 28 and stored the beef sirloins in a vacuum packaging (a low density 

polyethylene/nylon bag with oxygen permeability of 22.5 mL/m
2
/24 h atm at 

60% RH/ 25°C and water vapor permeability of 4.7 g/m
2
/24 h at 100% 

RH/25°C) at -70°C until analyses. The length and interval of dry aging 
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process were determined based on our preliminary study. 

 

4.2.1.3. Microbial analysis 

  Each sample (5 g) from the crust was blended in sterile saline (45 mL, 

0.85%) for 2 min using a laboratory blender (BagMixer 400 P, Interscience) 

and diluted with 0.1% peptone water (Difco Laboratories). Each dilution (100 

μL) was spread on the PDA (Difco Laboratories) and incubated at 10°C for 

128 h. After the incubation, mold and yeast counts were enumerated and 

expressed as log CFU/g. 

 

4.2.1.4. Physicochemical traits 

4.2.1.4.1. pH 

  pH was measured as described in ‘the section 2.2.3.2’. 

 

4.2.1.4.2. Shear force and TEM 

Shear force was measured using the same methods as ‘the section 3.2.3.3’ 

and the result was expressed as N. 

For TEM analysis (LIBRA
®
 120, Carl Zeiss, Oberkochen, Germany), the 

specimen (1×4 cm
2
) was collected from the samples and fixed in Karnovsky’s 

fixation [2% paraformaldehyde and 2% glutaraldehyde in 0.05 M SCB], 

washed 3 times with 0.05 M SCB, and fixed again in 1% osmium tetroxide in 

0.05 M SCB at 4°C for 2 h. Then, the fixed specimen was washed with DDW 

and stained with 0.5% uranyl acetate at 4°C for 30 min. After the staining, the 

stained specimen was dehydrated with an increasing concentration of ethanol 
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followed by transition and infiltration with propylene oxide and/or spurr’s 

resin. The specimen was polymerized in spurr’s resin for 24 h and sectioned 

(MT-X, RMC, Tucson, AZ, USA) prior to the TEM analysis. The 

ultrastructure of dry-aged beef with the inoculation of P. anomala and D. 

hansenii was observed at 80 kV and the magnification of ×20,000. 

 

4.2.1.5. Flavor compounds 

4.2.1.5.1. FAAs 

The amount of FAAs (glutamic acid, isoleucine, leucine, phenylalanine, 

and valine) was analyzed using ‘the section 3.2.4.1’. 

 

4.2.1.5.2. IMP and RS 

IMP and RS contents were calculated according to the same preparation 

and methods in ‘the section 2.2.2.2’. 

 

4.2.1.5.3. FFAs 

The analysis of FFAs was conducted using ‘the section 3.2.4.3’. 

 

4.2.1.6. Statistical analysis 

A completely randomized design was applied to investigate the role of P. 

anolama and D. hansenii in beef sirloin during dry aging process. Each 12 

sirloins were arranged by different microorganisms and dry aged for 0, 14, 21, 

and 28 days (n=3 for each aging period). The general linear model was 

analyzed for the effect of microbial species and dry aging period using SAS 
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9.4 (SAS Institute Inc.). The results were reported as mean values with 

standard error of the means. Significant differences among the mean values 

were determined on the basis of the Tukey’s multiple range test at a level of 

P<0.05. 

 

4.2.2. Experiment II: The combination effect of P. anomala and D. hansenii on 

dry-aged beef 

4.2.2.1. Inoculum preparation 

  The inoculum was prepared as mentioned in ‘the section 4.2.1.1’ and each 

inoculum was mixed at the ratio of 1:1 and 4:1 by P. anomala and D. hansenii, 

respectively. This ratio was determined based on our preliminary study. 

 

4.2.2.2. Raw material, inoculation, and aging process 

  Thirty six beef sirloins (longissimus lumborum) were prepared from 18 

carcasses (Holstein steer, quality grade 3, initial pH 5.55±0.04) and sterilized 

as written in ‘the section 4.2.1.2’. Among them, 24 sirloins were inoculated 

with the mixed inoculum of P. anomala and D. hansenii at the ratio of 1:1 or 

4:1 (P1D1 or P4D1, respectively). The other 12 sirloins were treated with PBS 

only and assigned as the control (None). Then, all samples were dry aged for 

21 days (temperature, 4°C; RH, 75%; air flow velocity, 2.5 m/s). After the dry 

aging process, the crust of dry-aged beef was trimmed off at days 0, 10, 15, 

and 21 and stored dry-aged beef in a vacuum packaging (a low density 

polyethylene/nylon bag with oxygen permeability of 22.5 mL/m
2
/24 h atm at 

60% RH/ 25°C and water vapor permeability of 4.7 g/m
2
/24 h at 100% 



  

85 

 

RH/25°C) at -70°C until analyses. The length and interval of dry aging 

process were determined based on the results from ‘the experiment I’ in 

Chapter IV. 

 

4.2.2.3. Shear force 

 Shear force was measured using the same methods as ‘the section 3.3.2.3’. 

 

4.2.2.4. Umami intensity, FAAs, and FFAs 

The amounts of FAAs (glutamic acid, isoleucine, leucine, phenylalanine, 

and valine), IMP, and FFAs were analyzed according to ‘the sections 3.2.4.1, 

2.2.2.2, and 3.2.4.3’, respectively. From that, the umami intensity of all 

samples was calculated using the formula adapted from Iida et al. (2016), 

which is: 

Umami intensity = Glu (%) + 1218 × Glu (%) × IMP (%) 

 

4.2.2.5. Sensory analysis 

The preference and descriptive sensory analyses were evaluated with a 

trained panel (total 10 panelists) to compare the sensory property of None, 

P1D1, and P4D1 groups obtained from different days at 15, 15, and 10, 

respectively. Prior to the analysis, the samples were selected by the results 

from umami intensity, FFAs content, and shear force. The panel had been 

participated in the other sensory analysis for dry-aged beef, 5-6 times in 

average, and trained for dry-aged beef tasting and was provided the standard 

sample (beef sirloin dry aged for 28 days) shortly before the descriptive 
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sensory analysis. Each sample was cut into the same size (4×2×2.54 cm
3
) and 

grilled (EG-GW1700, Kitchenart, Incheon, Korea) until the core temperature 

reached 72°C. The cooked samples were evaluated by a 9-point hedonic scale. 

The preference for appearance, flavor, tenderness, and overall acceptability (1, 

extreme dislike; 9, extreme like) and the descriptive sensory for dry-aged odor 

(1, extreme weak; 9, extreme strong) were scored in a total of 3 trials and the 

average score from each trial was used as one replication. 

 

4.2.2.6. Statistical analysis 

A completely randomized design was applied to investigate the 

combination effect of P. anomala and D. hansenii on dry-aged beef. Each 12 

sirloins were arranged by None, P1D1 and P4D1 groups and dry aged for 0, 

10, 15, and 21 days (n=3 for each aging period). The general linear model was 

analyzed for the effect of combination ratio of the microorganisms and dry 

aging period using SAS 9.4 (SAS Institute Inc.) and the results were reported 

as mean values with standard error of the means. Significant differences 

among the mean values were determined on the basis of the Tukey’s multiple 

range test at a level of P<0.05. 
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4.3. Results and Discussion 

4.3.1. Experiment I: The role of P. anomala and D. hansenii in dry-aged beef 

4.3.1.1. Microbial analysis 

The viability of microorganisms is important when it is applied for meat 

and meat products (Flores and Toldra, 2011). For example, Ryu et al. (2018) 

reported the presence of molds and yeasts (e.g. Candida spp., Cladosporium 

spp., Rhodotorula glutinis, Rhodotorula mucilaginosa, Penicillium 

camemberti, and D. hansenii) on the crust of dry-aged beef, however, most of 

them were disappeared with increasing dry aging period, except for P. 

camemberti and D. hansenii. In this study, the numbers of mold and yeast on 

the crust were significantly increased until 14 days then maintained 6-8 log 

CFU/g thereafter in both P. anomala- and D. hansenii-inoculated group (Fig. 

13). This means that P. anomala and D. hansenii had sufficient viability on the 

crust despite of its harsh condition (low temperature and low water activity by 

the moisture evaporation), suggesting the possibility of their application for 

dry aging process. 

Also, there was no mycotoxin production by P. anomala (Fig. 14). D. 

hansenii has been used in meat industry since 1970’s as a starter culture 

(Flores et al., 2015). Therefore, it was postulated that both P. anomala and D. 

hansenii isolated from dry-aged beef could be applied for dry aging without 

safety issue. 

 



  

88 

 

 

 

Figure 13. The mold or yeast counts (log CFU/g) of the crust of beef sirloin 

inoculated with (a) P. anomola or (b) D. hansenii and dry aged for 28 days, 

respectively (mean ± standard deviation). 

a,b
Different letters indicate a significant difference during dry aging period 

(P<0.05). 
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Figure 14. The amounts of aflatoxin B1, B2, G1, and G2 (μg/kg) produced by P. 

anomola. 

ND, not detected. 

 

  

ND ND ND ND 
0.0

0.2

0.4

0.6

0.8

1.0

B1 B2 G1 G2

A
fl

a
to

x
in

 c
o

n
te

n
t 

(μ
g

/k
g

) 

Aflatoxin type 



  

90 

 

4.3.1.2. Physicochemical traits 

4.3.1.2.1 pH  

The inoculation of both P. anomala and D. hansenii induced the highest pH 

at day 21 then decreased their value thereafter, during 28 days of dry aging 

process (P<0.05, Table 12). Based on previous studies, the increase of pH 

may be attributed to the production of protein-derived amine/ammonia (basic) 

by the proteolysis of microorganisms (Lee et al., 2018; Sunesen and Stahnke, 

2003), P. anomala and D. hansenii in this study. This trend in the changes of 

pH was significantly greater in P. anomala-inoculated group (P<0.0001, 

F=222.62) and its interaction with dry aging (P<0.0001, F=53.28), which 

demonstrates higher amine/ammonia production by P. anomala due to its 

higher proteolytic activity (Patrignani et al., 2007). On the other hand, dry 

aging also affected pH (P<0.0001, F=378.85), similar to the results from our 

previous study (Chapter II) and Dikeman et al. (2013). However, the effect of 

dry aging process on pH change is inconsistent within the studies (Kim et al., 

2016; Li et al., 2013; 2014). 

The consequent decrease of pH from day 21 may be related to i) the 

production of acid (e.g. acetic and/or lactic acid) (acidic) by the microbial 

growth, especially lactic acid bacteria, in dry-aged beef (Dura et al., 2004) 

and/or ii) the denaturation of buffer protein by the high proteolytic activity of 

microorganisms followed by the release of H
+
 ions (Leygonie et al., 2012). It 

was assumed the later metabolic activity as a major factor for the pH decrease 

in this study since such phenomenon was higher in P. anomala-inoculated 

group, which is considered to have the higher proteolytic activity than that 
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with D. hansenii. In addition, the growth of lactic acid bacteria was hardly 

found in our previous study, especially with the high composition of P. 

anomala in dry-aged beef (Chapter III). Therefore, the higher rate of increase 

and/or decrease in pH by P. anomala may be postulated its high proteolytic 

activity could affect the activities of other enzymes in dry-aged beef. 

 



  

92 

 

Table 12. pH of beef sirloin inoculated with P. anomola or D. hansenii and dry 

aged for 28 days 

Treatment 
Dry aging period (day) 

SEM
1
 

0 14 21 28 

P. anomala 5.54
c
 5.55

cx
 5.81

ax
 5.69

bx
 0.007 

D. hansenii 5.54
c
 5.51

dy
 5.65

ay
 5.59

by
 0.004 

SEM
2
 0.000 0.002 0.008 0.007  

1
Standard error of means (n=12), 

2
(n=6). 

a-d
Means within the same row with different superscript differ significantly 

(P<0.05). 

x,y
Means within the same column with different superscript differ significantly 

(P<0.05). 
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4.3.1.2.2. Shear force and TEM 

Proteolytic activity of both P. anomala and D. hansenii may influence not 

only flavor of dry-aged beef but also its tenderness by the breakdown of 

ultrastructure in animal muscle (Toldra, 2006). In this study, the inoculation of 

P. anomala significantly decreased the shear force of beef sirloin with 

increasing dry aging period, until day 21. The shear force value was lower 

when compared to that of D. hansenii-inoculated group (P<0.05, Table 13). It 

could be another evidence for the higher proteolytic activity of P. anomala on 

tenderness than that of D. hansenii under the interaction with dry aging 

(P<0.0001, F=63.30). Also, the main effect of the microorganisms could be 

underestimated (P=0.1539, F=2.11), possibly due to the unexpected increase 

of shear force in P anomala-inoculated group from days 21 to 28. When the 

data for day 28 is excluded, the effect of microbial species become higher 

itself (P<0.0001, F=54.78) and its interaction with dry aging was also 

significant (P<0.0001, F=23.74). The image of analysis using TEM could 

support this phenomenon as greater breakdown was observed in the 

ultrastructure, especially myofibrils, of P. anomala-inoculated group at day 28 

(Fig. 15). Meanwhile, the unexpected increase from days 21 to 28 in P. 

anomala group may be owing to its rapid rate of acidification (Arnau et al., 

2007). The more rapid decrease in pH of P. anomala-inoculated group at the 

later stage of dry aging process (2 folds faster than D. hansenii-inoculated one) 

(Table 12) may produce the firmer product by the protein aggregation, 

resulting in the defective tenderness (Table 13). 

The inoculation of D. hansenii affected the shear force of dry-aged beef in 
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a different manner from P. anomala-inoculated one. It caused a significant 

decrease in the shear force of dry-aged beef during days 0-14 and 21-28, 

similar to the report from Dura et al. (2004) and Patrignani et al. (2007) who 

observed a more pronounced proteolysis of D. hansenii at the early and later 

stages of dry aging process. In other words, the inoculation of D. hansenii did 

not induce undesirable change in tenderness during 28 days of dry aging 

process, possibly due to its slower rate of acidification when compared to P. 

anomala-inoculated one (Table 12). Therefore, the combination of P. animala 

and D. hansenii may decrease this undesirable change in tenderness in P. 

anomala-inoculated group at day 28 by lowering the rate of acidification or it 

can be suggested that less than 21 days of dry aging process may be 

appropriate if P. anomala is inoculated for dry-aged beef. 
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Table 13. Shear force (N) of beef sirloin inoculated with P. anomola or D. 

hansenii and dry aged for 28 days 

Treatment 
Dry aging period (day) 

SEM
1
 

0 14 21 28 

P. anomala 35.91
a
 19.00

cy
 12.59

dy
 27.60

bx
 0.815 

D. hansenii 35.91
a
 22.46

bx
 22.81

bx
 17.09

cy
 0.719 

SEM
2
 0.908 0.587 0.733 0.810  

1
Standard error of means (n=12), 

2
(n=6). 

a-d
Means within the same row with different superscript differ significantly 

(P<0.05). 

x,y
Means within the same column with different superscript differ significantly 

(P<0.05). 
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(a) (b) 

  

Figure 15. The ultrastructure of beef sirloin inoculated with (a) P. anomola or 

(b) D. hansenii after 28 days of dry aging process. 
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4.3.1.3. Flavor compounds 

4.3.1.3.1. Umami taste-related compounds and RS 

The change in glutamic acid content was investigated for flavor 

development, especially umami taste (Mottram, 1998), of dry-aged beef with 

the inoculation of P. anomala and D. hansenii for 28 days (Table 14). Based 

on our previous study, both microorganisms resulted in a relatively higher 

glutamic acid content (40.30 and 40.69 mg/100 g for P. anomala and D. 

hansenii-inoculated group, respectively) when compared to that of dry-aged 

beef without the inoculation (Chapter II). However, the rate of their change 

was varied during dry aging process by the interaction of the microbial 

species and dry aging (P=0.0017, F=8.08). The linear increase of glutamic 

acid content was shown in P. anomala-inoculated group, whereas D. hansenii 

caused a curvilinear increase (P<0.05). At the later stage of dry aging process, 

the increase in glutamic acid content of D. hansenii-inoculated group was 2.6 

folds higher than that of P. anomala-inoculated one, resulting in similar 

amounts of glutamic acid in both groups. This result can be reflected with 

shear force in this study (Table 13). Dura et al. (2004) also reported the more 

intense microorganisms metabolism by D. hansenii at the later stage of 

ripening process. 

IMP is also considered as an important umami taste-related compound 

(Mottram, 1998). In this study, P. anomala may have inhibitory effect of IMP 

generation in dry-aged beef; therefore, D. hansenii-inoculated group induced 

4.1 folds higher IMP content when compared to that of P. anomala-inoculated 

one at day 28 (Table 14). The decrease in IMP generation could be attributed 
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to the inactivation of enzymes involved in the dephosphorylation of 

nucleotides by the increase of pH or proteolytic activity (Koutsidis et al., 2008; 

Reina et al., 2014). For example, dry-cured loin with a slightly higher pH 

decreased the dephosphorylation rate of nucleotides (e.g. ATP, ADP, and IMP), 

therefore, lowered IMP and inosine contents (Reina et al., 2014). There are 

several factors affecting pH in meat and meat products, however, in terms of 

our study, the higher pH of P. anomala-inoculated group than that of D. 

hansenii-inoculated one (Table 12) was possibly due to the production of 

amine/ammonia by the high proteolysis of P. anomala. Therefore, in either 

ways, the lower IMP generation in P. anomala-inoculated group (Table 14) 

was owing to its higher proteolytic activity. As a result, the amount of 

hypoxanthine were significantly decreased from days 21 to 28 only in P. 

anomala-inoculated group (data not shown), indicating that it failed to 

undergo IMP generation/degradation during dry aging process by microbial 

species itself and together with dry aging (P<0.0001, F=45.20 and P<0.0001, 

F=20.17, respectively). In D. hansenii-inoculated group, the amount of 

hypoxanthine was not significantly changed during the same aging period 

(data not shown). 

Based on the results from umami taste-related compounds, it can be 

interpreted that both microorganisms inoculated in this study influenced 

umami taste of dry-aged beef due to the increase of glutamic acid content. 

However, P. anomala may cause lower umami taste than D. hansenii by its 

low IMP content. On the other hand, the change in RS content of dry-aged 

beef was depending on dry aging period only (P<0.0001, F=24.180; Table 
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14). Regardless of microbial species, the amount of RS in dry-aged beef was 

significantly increased from days 0 to 14, decreased days between 14 and 21, 

and then increased thereafter during 28 days of dry aging process. 
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Table 14. Umami taste-related compounds (mg/100 g) and reducing sugar 

contents (mM) of beef sirloin inoculated with P. anomola or D. hansenii and 

dry aged for 28 days 

Traits Treatment 
Dry aging period (day) 

SEM
1
 

0 14 21 28 

Glu 

P. anomala 7.00
d
 27.33

c
 36.36

bx
 40.30

a
 0.567 

D. hansenii 7.00
c
 31.48

b
 30.25

by
 40.69

a
 1.209 

SEM
2
 0.352 1.319 0.750 1.069  

IMP 

P. anomala 186.18
a
 92.10

b
 42.32

cy
 11.19

dy
 2.830 

D. hansenii 186.18
a
 98.98

b
 54.22

cx
 45.77

cx
 2.054 

SEM
2
 0.690 4.436 2.069 0.168  

RS 

P. anomala 9.93
d
 14.46

a
 11.63

cx
 13.30

b
 0.221 

D. hansenii 9.93
b
 13.51

a
 10.09

by
 13.58

a
 0.528 

SEM
2
 0.201 0.748 0.160 0.173  

1
Standard error of means (n=12), 

2
(n=6). 

a-d
Means within the same row with different superscript differ significantly 

(P<0.05). 

x,y
Means within the same column with different superscript differ significantly 

(P<0.05). 

IMP, inosine 5 -́monophosphate; RS, reducing sugar. 
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4.3.1.3.2. FAAs 

FAAs are one of the main taste-active compounds in meat and meat 

products and it also generates several aroma volatiles by the Maillard reaction 

with RS (Mottram, 1998). Among them, the changes in isoleucine, leucine, 

phenylalanine, and valine contents were analyzed in this study (Table 15) as 

their reaction products (e.g. Strecker aldehydes and heterocyclic compounds) 

possess cooked beef aroma (Shahidi, 1994; Toldra et al., 2000). As a result, 

most of FAAs components in D. hansenii-inoculated group were significantly 

lower at day 21, when compared to those in P. anomala-inoculated one. 

However, at day 28, D. hansenii-inoculated group had the higher FAAs 

contents, except for phenylalanine, possibly due to the more pronounced 

proteolysis of D. hansenii at the later stage of dry aging process. This 

phenomenon with D. hansenii (curvilinear increase) was similar to those in 

shear force and glutamic acid, whereas P. anoamala gradually increased total 

FAAs contents (linear increase) during dry aging process. The different rate of 

proteolytic activity between P. anomala and D. hansenii was caused possibly 

by the interaction effect of the microbial species and dry aging (P<0.0001, 

F=77.28). 

In general, the effect of proteolysis on sensory property in meat and meat 

products (e.g. tenderness and flavor) is attributed to different proteolytic 

enzymes (e.g. endo- and exo-peptidase) derived from muscle and/or 

microorganisms (Toldra, 2006). Considering the results from our study, there 

may be different enzymes affecting the proteolytic activity of each P. anomala 

and D. hansenii-inoculated group. The enzymes involved in the proteolytic 
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activity of P. anomala may be more effective with tenderization when 

compared to those of D. hansenii, whereas D. hansenii resulted in slightly 

higher proteolysis on most of FAAs generation, especially by its more intense 

metabolism at the later stage of dry aging process. The change in FAAs 

content by the inoculation of P. anomala and D. hansenii could influence the 

development of taste and aroma in dry-aged beef (Mottram, 1998). 
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Table 15. Free amino acids content (mg/100 g) of beef sirloin inoculated with 

P. anomola or D. hansenii and dry aged for 28 days 

Traits Treatment 
Dry aging period (day) 

SEM
1
 

0 14 21 28 

Ile 

P. anomala 2.31
c
 5.15

b
 9.74

ax
 9.87

ay
 0.224 

D. hansenii 2.31
d
 5.65

c
 7.23

by
 11.66

ax
 0.328 

SEM
2
 0.094 0.300 0.261 0.385  

Leu 

P. anomala 5.22
c
 16.67

b
 26.75

ax
 25.80

ay
 0.358 

D. hansenii 5.22
c
 18.98

b
 20.24

by
 28.32

ax
 0.512 

SEM
2
 0.130 0.611 0.448 0.435  

Phe 

P. anomala 2.97
c
 8.79

b
 12.80

ax
 13.21

a
 0.348 

D. hansenii 2.97
c
 9.45

b
 10.16

by
 14.04

a
 0.444 

SEM
2
 0.175 0.484 0.444 0.418  

Val 

P. anomala 2.95
c
 8.69

by
 16.44

ax
 16.96

ay
 0.256 

D. hansenii 2.95
c
 12.17

bx
 12.28

by
 18.48

ax
 0.220 

SEM
2
 0.068 0.331 0.176 0.288  

Total 

P. anomala 13.43
c
 39.30

by
 65.73

ax
 65.85

ay
 0.690 

D. hansenii 13.43
c
 46.25

bx
 49.92

by
 72.50

ax
 0.998 

SEM
2
 0.341 1.152 0.941 0.786  

1
Standard error of means (n=12), 

2
(n=6). 

a-d
Means within the same row with different superscript differ significantly 

(P<0.05). 

x,y
Means within the same column with different superscript differ significantly 

(P<0.05). 
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4.3.1.3.3. FFAs 

In this study, the faster and higher lipolytic activity of P. anomola was 

shown by the changes in FFAs (P<0.0001, F=249.25) and interaction of 

microbial species and dry aging (P<0.0001, F=118.29; Table 16). At the early 

stage of dry aging process, P. anomala started the generation of all FFAs 

components, by the higher hydrolysis of triglyceride or phospholipid (Alapont 

et al., 2015; Chizzolini et al., 1998), whereas D. hansenii increased only 5 out 

of total 10 FFAs components. Thereafter, the extent of lipolysis was increased 

during the next 14-21 days with the inoculation of P. anomala and D. hansenii 

and oxidized their components to the further oxidative products (e.g. 

aldehydes, alcohols, ketone, and other compounds). Through these 2 reactions 

(lipolysis and lipid oxidation), FFAs had a significant role in the formation of 

aroma volatiles in meat and meat products (Mottram, 1998; Toldra, 1998). 

Consequently, the aroma volatiles could be more abundant in P. anomala-

inoculated group as its change in FFAs content was predominant during dry 

aging process (Fig. 16), possibly by the high lipolysis of P. anomala. The 

difference in FFAs content was the maximum at day 21 between P. anomala- 

and D. hansenii-inoculated group, which suggests 21 days of dry aging 

process for the inoculation of P. anomala. 
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Table 16. Free fatty acids content (mg/g) of beef sirloin inoculated with P. 

anomola or D. hansenii and dry aged for 28 days 

Traits Treatment 
Dry aging period (day) 

SEM
1
 

0 14 21 28 

C12:0 

P. anomala 0.03
c
 0.04

bx
 0.15

ax
 0.04

bx
 0.002 

D. hansenii 0.03 0.03
y
 0.04

y
 0.03

y
 0.003 

SEM
2
 0.000 0.002 0.005 0.000  

C14:0 

P. anomala 0.15
c
 0.60

bx
 2.99

ax
 0.63

bx
 0.061 

D. hansenii 0.15
b
 0.15

by
 0.57

ay
 0.25

by
 0.046 

SEM
2
 0.019 0.009 0.106 0.010  

C14:1 

P. anomala 0.04
d
 0.13

cx
 0.40

ax
 0.17

bx
 0.008 

D. hansenii 0.04
b
 0.04

by
 0.17

ay
 0.09

by
 0.013 

SEM
2
 0.007 0.003 0.019 0.006  

C16:0 

P. anomala 3.47
c
 9.21

bx
 38.61

ax
 9.73

bx
 0.675 

D. hansenii 3.47
b
 4.09

by
 8.50

ay
 4.82

by
 0.524 

SEM
2
 0.157 0.302 1.152 0.133  

C16:1 

P. anomala 0.16
c
 0.82

bx
 3.44

ax
 0.92

bx
 0.073 

D. hansenii 0.16
c
 0.16

cy
 0.82

ay
 0.36

by
 0.040 

SEM
2
 0.025 0.020 0.112 0.019  

C18:0 

P. anomala 2.39
c
 4.37

bx
 14.61

ax
 4.47

bx
 0.228 

D. hansenii 2.39
b
 2.64

by
 4.11

ay
 2.75

by
 0.294 

SEM
2
 0.110 0.230 0.457 0.062  

C18:1 

P. anomala 1.57
c
 6.31

bx
 28.58

ax
 7.72

bx
 0.503 

D. hansenii 1.57
b
 1.66

by
 6.36

ay
 2.83

by
 0.346 

SEM
2
 0.211 0.172 0.811 0.118  

C18:2 
P. anomala 0.22

c
 0.68

bx
 2.57

ax
 0.72

bx
 0.050 

D. hansenii 0.22
b
 0.39

aby
 0.44

ay
 0.37

aby
 0.041 
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SEM
2
 0.018 0.061 0.066 0.009  

C20:3 

P. anomala 0.04
c
 0.11

bx
 0.19

ax
 0.12

b
 0.006 

D. hansenii 0.04
c
 0.06

bcy
 0.09

aby
 0.11

a
 0.009 

SEM
2
 0.003 0.013 0.007 0.003  

C20:4 

P. anomala 0.08
c
 0.23

bx
 0.56

ax
 0.26

bx
 0.017 

D. hansenii 0.08
b
 0.08

by
 0.15

aby
 0.20

ay
 0.021 

SEM
2
 0.006 0.033 0.018 0.007  

Total 

P. anomala 8.15
c
 22.50

bx
 92.10

ax
 24.80

bx
 1.536 

D. hansenii 8.15
b
 9.31

by
 21.24

ay
 11.82

by
 1.232 

SEM
2
 0.459 0.620 2.654 0.338  

1
Standard error of means (n=12), 

2
(n=6). 

a-d
Means within the same row with different superscript differ significantly 

(P<0.05). 

x,y
Means within the same column with different superscript differ significantly 

(P<0.05). 
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Figure 16. Total change in free fatty acids content (mg/g) of beef sirloin 

inoculated with P. anomola (□) or D. hansenii (■) before/after 28 days of dry 

aging process. 

The values were calculated as the subtraction of each result before/after 28 

days of dry aging process. 

Each number indicates the ratio of free fatty acids content in P. anomala-

inoculred beef sirloins to that in D. hansenii-inoculated one. 
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4.3.2. Experiment II: The combination effect of P. anomala and D. hansenii on 

dry-aged beef 

4.3.2.1. Shear force 

In None, shear force was significantly decreased from day 15 of dry aging 

process (Table 17). However, it was varied with the different combination of P. 

anomala and D. hansenii by the effect of the microorganisms ratio itself 

(P=0.0040, F=7.02) and together with dry aging (P<0.0001, F=19.87). P1D1 

resulted in the lowest shear force at days 10 and 15 and increased thereafter, 

whereas that of P4D1 reached at days 10 and 21 (P<0.05). From that, the 

appropriate dry aging period for shear force in each treatment was suggested 

as 15, 10, and 10 days in the None, P1D1, and P4D1 groups, respectively. 

Nevertheless, their values resulted in similar shear force, regardless of 

combination ratio and/or dry aging period (P<0.05, Fig. 17). 
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Table 17. Shear force (N) of beef sirloin inoculated with the different 

combinational ratios of P. anomola and D. hansenii and dry aged for 21 days 

Treatment
1
 

Dry aging period (day) 
SEM

2
 

0 10 15 21 

None 23.56
a
 24.96

ax
 16.37

by
 15.73

by
 0.696 

P1D1 23.56
a
 17.10

cy
 19.28

bcx
 20.68

abx
 0.737 

P4D1 23.56
a
 16.25

bcy
 19.28

bx
 14.80

cy
 0.766 

SEM
3
 1.124 0.767 0.418 0.354  

1
Dry-aged beef without inoculation (None) or with the inoculation of P. 

anomala and D. hansenii at the ratio of 1:1 (P1D1) or 4:1 (P4D1). 

2
Standard error of means (n=12), 

3
(n=9). 

a-c
Means within the same row with different superscript differ significantly 

(P<0.05). 

x-z
Means within the same column with different superscript differ significantly 

(P<0.05). 
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Figure 17. Shear force (N) of beef sirloin inoculated with the different 

combinational ratios of P. anomola and D. hansenii and dry aged for 15 

(None), 10 (P1D1), and 10 days (P4D1), respectively (mean ± standard 

deviation). 

Dry-aged beef without inoculation (None) or with the inoculation of P. 

anomala and D. hansenii at the ratio of 1:1 (P1D1) or 4:1 (P4D1). 
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4.3.2.2. Umami intensity, FAAs and FFAs 

The inoculation of P1D1 and P4D1 influenced the change in umami 

intensity of dry-aged beef (Table 18). The highest value of None, P1D1 and 

P4D1 groups reached after 15, 15, and 10 days of dry aging process, 

respectively. However, P4D1 at day 10 had the lowest value among them 

(P<0.05). As reported in ‘the section 4.3.1.3.1’, the higher ratio of P. anomala 

in P4D1 could decrease the umami intensity when compared to the None and 

P1D1 groups, by its lower IMP content (P<0.05), whereas the amount of 

glutamic acid in P4D1 was not significantly lower than those in the None and 

P1D1 groups (Fig. 18). 

Regardless of combination ratio, the amount of FAAs producing cooked 

beef aroma (e.g. isoleucine, leucine, phenylalanine, and valine) (Toldra et al., 

2000) was significantly increased in all treatments during 28 days of dry aging 

process (Table 18). The extent of increase in FAAs content was faster in the 

inoculated groups (P1D1 and P4D1) when compared to None. The aging 

period which had the statistically highest FAAs content were 21, 15, and 21 

days for the None, P1D1, and P4D1 groups, respectively, whereas total FFAs 

content reached its highest value at 15, 15, and 10 days. In terms of this study, 

the changes in the amounts of both FAAs and FFAs could be due to the high 

proteolytic and lipolytic activity of P. anomala and/or D. hansenii inoculated 

onto dry-aged beef (see ‘the sections 3.1.3.2 and 3.1.3.3’). 
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Table 18. Umami intensity, free amino acids (mg/100 g), and free fatty acids 

(mg/g) of beef sirloin inoculated with the different combinational ratios of P. 

anomola and D. hansenii and dry aged for 21 days 

Traits
1
 

Treat 

ment
2
 

Dry aging period (day) 
SEM

3
 

0 10 15 21 

Umami 

intensity 

None 0.28
c
 0.46

bx
 0.80

ax
 0.44

bx
 0.021 

P1D1 0.28
b
 0.27

by
 0.64

ax
 0.19

bz
 0.027 

P4D1 0.28
c
 0.47

ax
 0.46

aby
 0.37

bcy
 0.022 

SEM
4
 0.006 0.016 0.041 0.014  

Total 

FAAs 

None 11.30
d
 22.09

cy
 32.28

by
 39.18

ay
 0.447 

P1D1 11.30
c
 24.32

by
 37.10

ax
 40.12

ay
 0.682 

P4D1 11.30
c
 33.87

bx
 31.14

by
 46.17

ax
 0.755 

SEM
4
 0.540 0.625 0.566 0.803  

Total 

FFAs 

None 21.94
b
 27.32

bz
 42.67

ay
 24.33

bz
 1.697 

P1D1 21.94
d
 49.21

cy
 67.89

ax
 61.80

by
 2.556 

P4D1 21.94
d
 84.77

ax
 48.57

cy
 74.54

bx
 1.189 

SEM
4
 1.166 1.475 1.959 2.658  

1
Umami intensity = glutamic acid (%) + 1218 × glutamic acid (%) × IMP (%); 

total FAAs, the sum of isoleucine, leucine, phenylalanine, and valine; total 

FFAs, the sum of C12:0-C20:4. 

2
Dry-aged beef without inoculation (None) or with the inoculation of P. 

anomala and D. hansenii at the ratio of 1:1 (P1D1) or 4:1 (P4D1). 

3
Standard error of means (n=12), 

4
(n=9). 

a-d
Means within the same row with different superscript differ significantly 

(P<0.05). 

x-z
Means within the same column with different superscript differ significantly 

(P<0.05). 

FAAs, free amino acids; FFAs, free fatty acids. 
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Figure 18. The amounts of (a) IMP (mg/100 g) and (b) glutamic acid (mg/100 g) in beef sirloin inoculated the different combinational ratios of 

P. anomola and D. hansenii and dry aged for 15 (None), 15 (P1D1), and 10 days (P4D1), respectively (mean ± standard deviation). 

Dry-aged beef without inoculation (None) or with the inoculation of P. anomala and D. hansenii at the ratio of 1:1 (P1D1) or 4:1 (P4D1). 

a,b
Different letters indicate a significant difference within the treatments (P<0.05). 
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4.3.2.3. Sensory evaluation 

Considering the results from each trait in the present study (Table 19), the 

test samples were selected for sensory evaluation (None, P1D1, and P4D1 

groups for 15, 10, and 15 days, respectively) and compared the sensory 

property of dry-aged beef with/without the inoculation of P1D1 or P4D1 at 

different aging periods (Fig. 19). As a result, no significant difference was 

found in all sensory parameters tested including dry-aged aroma, flavor, 

tenderness and overall acceptability of the samples at different aging periods. 

It means that the application of P4D1 could reduce dry aging period without 

adverse effect on its sensory property. 
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Table 19. Appropriate time (day) of dry aging process for each trait of beef 

sirloin inoculated with the different combinational ratios of P. anomola and D. 

hansenii and dry aged for 21 days 

Traits 
Appropriate time (day) 

None P1D1 P4D1 

Shear force 15 10 10 

Umami intensity 15 15 10 

Total FAAs 21 15 21 

Total FFAs 15 15 10 

This table was summarized based on the results from the present study. 

Dry-aged beef without inoculation (None) or with the inoculation of P. 

anomala and D. hansenii at the ratio of 1:1 (P1D1) or 4:1 (P4D1). 

FAAs, free amino acids; FFAs, free fatty acids. 
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Figure 19. The preference and descriptive sensory analyses of beef sirloin 

inoculated with the different combinational ratios of P. anomola and D. 

hansenii and dry aged for 15 (None), 15 (P1D1), and 10 days (P4D1), 

respectively (mean ± standard deviation). 

Dry-aged beef without inoculation (None) or with the inoculation of P. 

anomala and D. hansenii at the ratio of 1:1 (P1D1) or 4:1 (P4D1). 

The descriptive sensory for dry-aged odor (1, extreme weak; 9, extreme 

strong) and the preference for flavor, tenderness, and overall acceptability (1, 

extreme dislike; 9, extreme like) were evaluated by a 9-point hedonic scale. 
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4.4. Conclusion 

Both P. anomala and D. hansenii had proteolytic activity during dry aging 

process; however, the inoculation of P. anomala was more effective with 

tenderness, whereas that of D. hansenii could generate the higher amount of 

FAAs. Also, P. anomala had the higher capacity of lipolysis than those in D. 

hansenii, resulting in significantly higher FFAs content. The different activity 

of proteolysis and lipolysis by P. anomala and D. hansenii may affect taste 

and aroma volatiles in dry-aged beef in different manner. Therefore, the 

inoculation of these microorganisms alone and/or together could influence 

sensory property of dry-aged beef and it can be suggested that the 

combination of P. anomala and D. hansenii at the ratio of 4:1 could be the 

best for dry-aged beef as it accelerates dry aging period at least 5 days by the 

synergistic effect of their combination. 
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Chapter V. 

Overall conclusion 

 

 

Flavor of dry-aged beef could be developed with i) mainly the more intense 

proteolysis and/or lipolysis by the microorganisms on the crust of dry-aged 

beef and ii) partially the concentration effect on flavor compounds by the 

moisture evaporation during dry aging period. In terms of this study, the 

microorganisms were isolated from the crust of dry-aged beef, especially 

mold and yeast, and identified them as P. anomala and D. hansenii. P. 

anomala had more impact on tenderness and lipolysis, whereas D. hansenii 

produced the higher amount of FAAs. As a result, both microorganisms could 

affect the flavor development of dry-aged beef and the combination of P. 

anomala and D. hansenii at the ratio of 4:1 is suggested as it could accelerate 

dry aging period at least 5 days without adverse effect on sensory property of 

dry-aged beef. 
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Overall summary in Korean 
 

 

숙성이란 빙점 이상의 온도에 식육을 일정기간 동안 저장하여 연

도, 풍미, 다즙성 등 식육의 관능적 품질을 증가시키는 대표적인 방

법으로 크게 건식숙성 및 습식숙성으로 나누어진다. 이 중 건식숙성

은 포장하지 않은 식육을 특정 온도, 습도, 풍속 하 저장하는 방법

으로 습식숙성에는 없는 건식숙성 고유의 풍미(beefy and roasted)를 

가지는 것이 특징이나 현재까지 이와 관련한 연구는 미흡한 실정이

다. 따라서, 본 연구에서는 i) 건식숙성육의 풍미에 영향을 미치는 

요인 및 ii) 풍미 형성 기작 등을 조사하고 ⅲ) 이를 활용하여 건식

숙성의 최적조건을 제안하고자 수행되었다. 

실험 Ⅰ에서는 건식숙성 중 수분의 증발이 건식숙성육 내 맛 관

련 물질 및 맛 특성에 미치는 영향을 조사하였다. 본 실험 결과, 건

식숙성 중 수분의 함량이 습식숙성에 비해 유리아미노산, 환원당 함

량과 유의적으로 더 높은 상관성을 가지고 있었다. 또한, 본 연구에

서 숙성 후기 건식숙성육의 크러스트(crust, the dried surface of dry aged 

beef) 표면에 곰팡이/효모 등 미생물 생장이 관찰된 점과 건식숙성 

후 pH 변화, 트리메틸아민 함량 등을 고려하였을 때, 건식 및 습식

숙성 중 숙성 후기 맛 특성 변화의 차이는 수분 증발 및 미생물 생

장에 의한 것으로 사료된다. 

건식숙성 중 크러스트 표면 미생물의 외관 상 변화를 관찰한 결

과, 풍속에 따라 미생물 생장이 달라짐을 확인하였다. 실험 II에서 

각각 다른 풍속(0, 2.5 및 5 m/s; 각각 Dry 0, Dry 2.5 및 Dry 5) 하 건

식숙성 시 14일 이후 곰팡이(Pilaira anomala) 및 효모(Debaryomyces 
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hansesnii)를 크러스트에서 분리∙동정하였으며 Dry 0에서는 P. anomala

의 조성이 우세하였으나 Dry 2.5와 Dry 5는 Dry 0보다 D. hansenii가 

더 높은 조성을 보였다. 또한, P. anomala 및 D. hansenii가 발현된 건

식숙성 후기(14-28일)에 물리화학적 특성 및 풍미관련물질에서 유의

적으로 큰 변화를 보임에 따라 이 때 곰팡이 및 효모의 생장이 건

식숙성육의 풍미의 형성에 영향을 미칠 것으로 사료된다. 

실험 II에서 분리∙동정한 P. anomala 및 D. hansenii 특성을 조사하

고 이를 활용하여 건식숙성의 최적조건을 제안하고자 실험 III을 수

행하였다. 본 실험은 2가지 실험으로 구성되어 있고 실험 i에서는 P. 

anomala와 D. hansenii를 각각 접종 후 28일동안 건식숙성한 결과, P. 

anomala는 식육의 연도와 유리지방산 생성에 유의적인 변화를 일으

킨 반면 D. hansenii는 유리아미노산 생성에 유의적 영향을 미침을 

확인하였다. 실험 ii에서는 P. anomala와 D. hansenii를 혼합접종(1:1 

및 4:1; 각각 P1D1 및 P4D1)하여 21일동안 건식숙성 후 각 처리군

별 최적의 샘플을 선택하고 이를 이용하여 관능평가(묘사분석 및 기

호도평가)를 수행하였다. 대조군, P1D1 및 P4D1 각각 15일, 15일, 10

일의 샘플이 선정되었다. 관능평가 결과, 건식숙성 향(dry-aged 

aroma), 풍미, 연도, 종합적 기호도 모두 대조군과 처리군간 유의적 

차이를 보이지 않아 건식숙성 시 P. anomala 및 D. hansenii가 식육의 

관능적 품질에 영향을 미치며 4:1로 혼합접종 시 최소 5일간의 건식

숙성 진행을 앞당길 수 있음을 최종적으로 확인하였다. 

본 연구 결과, 건식숙성 중 수분의 증발과 곰팡이 및 효모의 생장

은 건식숙성육의 풍미에 영향을 미치며 건식숙성 시 P. anomala 및 

D. hansenii 조성이 4:1일 경우 가장 우수한 품질의 건식숙성육을 생

산될 것으로 사료된다. 
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