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Influence of growth medium and yeast species on the formation of 
γ-glutamyl peptides 
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A B S T R A C T   

γ-Glutamyl peptides are known to impart a kokumi sensation and increase the palatability of food. To compare 
the γ-glutamyl peptides produced by different yeasts, Saccharomyces cerevisiae and Debaryomyces hansenii were 
cultured in a conventional medium (YPG) and a medium composed of porcine hemoglobin hydrolysates (YHG) 
for six days. Quantification of γ-glutamyl peptides as well as analysis of yeast growth and γ-glutamyltransferase 
(GGT) activity were carried out. Results showed that both strains could form a range of γ-glutamyl dipeptides and 
glutathione in either medium. The total concentration of dipeptides and the concentration of glutathione in each 
medium showed an upward trend over fermentation time. Compared with yeast species, medium composition 
had a greater impact on the formation of γ-glutamyl dipeptides. During most of the fermentation period, 
D. hansenii produced more γ-glutamyl dipeptides (reaching a maximum of 2.395 μM on day 6 in YHG), while 
S. cerevisiae generated more glutathione (reaching a maximum of 13.465 μM on day 5 in YHG). In addition, 
D. hansenii showed higher GGT activity than S. cerevisiae in the latter half of fermentation. This study illustrates 
the influence of growth medium and the crucial choice of yeast species for obtaining target γ-glutamyl peptides 
for kokumi sensation.   

1. Introduction 

γ-Glutamyl peptides refer to a class of small peptides with a γ-glu-
tamyl moiety at the N-terminus in a molecule (Yang, Bai, Zeng, & Cui, 
2019b). They are widely distributed from microorganisms to mammals, 
and have been detected in a range of dietary sources, including natural 
foods like edible beans (Dunkel, Koster, & Hofmann, 2007), durians 
(Pinsorn et al., 2018), and scallops (Kuroda et al., 2012), as well as 
fermented foods like soy sauce (Kuroda et al., 2013), cheese (Hillmann 
& Hofmann, 2016), and Thai fermented fish (Phewpan et al., 2020). In 
recent years, a series of γ-glutamyl di- and tripeptides have been found 
to impart a kokumi sensation in food, which increases the thickness, 
mouthfulness, continuity and complexity of food (Li, Zhang, & 
Lametsch, 2020). Addition of these kokumi peptides may modify the 
basic tastes, and enhance the overall palatability of food (Yan et al., 
2018). Apart from being kokumi enhancers, γ-glutamyl peptides have 
been reported to exhibit various bioactivities, such as antioxidant 
(Forman, Zhang, & Rinna, 2009), anti-inflammatory (Zhu et al., 2019), 
hypoglycemic (Muramatsu et al., 2014), and intestinal regulating ac-
tivities (Yang, Bai, Zeng, & Cui, 2019a). Therefore, research on 

γ-glutamyl peptides has attracted a growing interest throughout the 
world. 

Enzymatic synthesis is an efficient approach for preparation of 
γ-glutamyl peptides. The main enzymes involved encompass γ-gluta-
myltransferase (GGT, EC 2.3.2.2), L-glutaminase (L-glutamine amido-
hydrolase EC 3.5.1.2), and γ-glutamylcysteine ligase (GCL, EC 6.3.2.2) 
(Li, Zhang, & Lametsch, 2020). GGT catalyzes the transfer of γ-glutamyl 
moieties from γ-glutamyl compounds to peptides or free amino acids 
(Speranza & Morelli, 2012). Glutaminase is known to induce the 
hydrolytical deamination of glutamine to produce glutamate, but 
glutaminase from Bacillus amyloliquefaciens and Aspergillus oryzae can 
also exhibit GGT activity (Yang, Sun-Waterhouse, Cui, Dong, & Wang, 
2017). GCL generally uses glutamate and cysteine to form γ-Glu-Cys, 
while GCL from Lactobacillus reuteri is capable to synthesize γ-Glu-Ile as 
well (Yan et al., 2018). Previous literature has shown that GGT and GCL 
are naturally present in Saccharomyces cerevisiae, which is one of the 
most used yeasts in brewing and baking (Sofyanovich, Nishiuchi, 
Yamagishi, Matrosova, & Serebrianyi, 2019). The yeast Debaryomyces 
hansenii is often utilized to make cheese and fermented meat products, 
and has been documented to have glutaminase activity (Dura, Flores, & 
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Toldra, 2002). However, the ability of D. hansenii to produce γ-glutamyl 
peptides has not been clarified. 

Along with the production of pork, porcine blood is a by-product 
produced in a large volume by the slaughter industry, and contains 
abundant proteins, such as hemoglobin, albumin, globulins, and 
fibrinogen (Bah, Bekhit, Carne, & McConnell, 2013). The deep red color 
and strong off-flavor of hemoglobin limit its application as food in-
gredients (Toldra, Mora, & Reig, 2016). Enzymatic hydrolysis using 
protease works efficiently in protein extraction from hemoglobin (Bah, 
Carne, McConnell, Mros, & Bekhit, 2016). It helps separate globin and 
the heme group, and thus reduces the dark color and metallic taste of 
protein hydrolysates (Bak, Petersen, Lametsch, Hansen, & 
Ruiz-Carrascal, 2018). The resultant hydrolysates mainly consist of 
peptides and free amino acids, and have the potential to be used as ni-
trogen sources required for yeast fermentation. In turn, the flavor of 
hydrolysates may be improved during fermentation, due to the desirable 
tastants possibly generated by yeast metabolism. 

Many studies have aimed to find effective ways for yeast to produce 
glutathione (GSH, γ-Glu-Cys-Gly), but not γ-glutamyl dipeptides. 
Moreover, there is scarce information on the impact of yeast species on 
the formation of γ-glutamyl peptides over time during fermentation. 
Therefore, one objective of this study was to compare the differences in 
the generation of γ-glutamyl di- and tripeptides during fermentation by 
S. cerevisiae and D. hansenii. Another objective was to reveal the possi-
bility of using porcine hemoglobin hydrolysates in place of peptone for 
yeast cultivation. 

2. Materials and methods 

2.1. Yeast strains and materials 

Two yeast strains, S. cerevisiae CBS 1171 and D. hansenii CBS 767, 
were obtained from the Westerdijk Fungal Biodiversity Institute 
(Utrecht, The Netherlands), formerly known as “Centraal Bureau voor 
Schimmelcultures” (CBS). Fresh porcine hemoglobin was supplied by a 
slaughterhouse (Danish Crown in Ringsted, Denmark), and Protease A 
2SD from Aspergillus oryzae (100 000 U/g) containing both endo- and 
exopeptidases was given by Amano Enzyme (Nagoya, Japan). Bacto 
peptone and Bacto yeast extract were obtained from Becton, Dickinson, 
and Company (Sparks, MD, USA). Reduced glutathione, γ-Glu-Ala, and 
analytical reagents were purchased from Sigma-Aldrich (Steinheim, 
Germany), while γ-Glu-Cys and γ-Glu-Val-Gly were obtained from 
APExBIO (Huston, USA) and Fujifilm Wako Chemicals (Tokyo, Japan), 
respectively. Besides, other γ-glutamyl peptides including γ-Glu-Gly, 
γ-Glu-Val, γ-Glu-Leu, γ-Glu-Gln, γ-Glu-Glu, γ-Glu-Met, γ-Glu-Phe, γ-Glu- 
Tyr and γ-Glu-Trp were purchased from Bachem (Weil am Rhein, 
Germany). 

2.2. Preparation of porcine hemoglobin hydrolysates 

Porcine hemoglobin was diluted 1:2 (w/w) with water. The optimal 
hydrolysis conditions (50 ◦C, pH 7.0) were set for Protease A as sug-
gested by the manufacturers. Protease A was added at a final concen-
tration of 0.5% (w/w). After continuous shaking for 5 h, hydrolysis was 
terminated by heating at 90 ◦C for 15 min, followed by cooling to room 
temperature. The pH of the mixture was adjusted to 4.0 by adding HCl 
(4 M) to dissociate the heme groups. Then the supernatant was collected 
by centrifugation at 8000g for 10 min, and the pH was adjusted back to 
7.0. The resultant hemoglobin hydrolysates were freeze-dried and 
ground into powders for further use. 

2.3. Measurement of nitrogen content 

The nitrogen content of freeze-dried hemoglobin hydrolysates was 
measured by an Elementar vario MACRO cube CHNS analyzer (Ele-
mentar Analysensysteme GmbH, Hanau, Germany) using helium as the 

carrier gas (Joehnke et al., 2018). The CHNS elemental analysis is 
established on the basis of the Dumas combustion method. 

2.4. Fermentation process 

YPG medium (5.0 g/L yeast extract, 10.0 g/L peptone and 10.0 g/L 
glucose) and YHG medium (5.0 g/L yeast extract, 11.77 g/L hemoglobin 
hydrolysates and 10.0 g/L glucose) were prepared for yeast cultivation. 
Both media had a total nitrogen content of 15.5%. The pH of YPG and 
YHG media was adjusted to 5.6 with 1.0 M HCl, and the media were 
divided into 200 mL in 500 mL Erlenmeyer flasks fitted with aluminum 
caps before being autoclaved. The yeast strains were pre-inoculated and 
activated in YPG medium. Each flask was inoculated with S. cerevisiae 
CBS 1171 or D. hansenii CBS 767 at a final concentration of 1.0 × 105 

colony forming unit per milliliter (CFU/mL). Afterwards, the media 
were incubated at 25 ± 1 ◦C with continuous shaking at 150 rpm for six 
days. All fermentations were carried out in triplicate, and 10 mL of 
fermented media was sampled for analysis each day (Fig. 1). 

2.5. Yeast growth analysis 

The fermented media were diluted appropriately in saline solution 
(0.9% NaCl), and yeasts from serial dilutions were cultivated on YPG 
agar plates at 25 ± 1 ◦C for 48 h before counting. 

2.6. Quantification of γ-glutamyl peptides 

Glass beads (0.5 mm, Sigma Aldrich, Steinheim, Germany) were 
added to the fermented medium, and the mixture was shaken in a Mixer 
Mill MM 400 (Retsch, Haan, Germany) at a frequency of 1800 shakes per 
min for 20 min. Then, 1/10 volume of 100% TCA solution (w/v) was 
added to the medium with lysed cells, and the mixture was centrifuged 
at 10,000 g for 1 min to remove cells, proteins and large peptides. The 
supernatant was filtrated through a 0.22 μm filter, and the filtrate was 
collected for peptide analysis. 

According to our previously described method (Li, Liu, et al., 2020), 
quantitative analysis of γ-glutamyl peptides was performed using an 
ultra-performance liquid chromatography coupled with tandem mass 
spectrometry (UHPLC-MS/MS) method, in which a Dionex Ultimate 
3000 UHPLC system (Thermo Fisher Scientific, Hvidovre, Denmark) 
with a C18 column (BioZen, 1.7 μm Peptide XB-C18, 150 × 2.1 mm, 
Phenomenex, Værløse, Denmark) was employed to separate peptides, 
and a Q Exactive Orbitrap mass spectrometer fitted with positive elec-
trospray ionization (ESI) mode and parallel reaction monitoring (PRM) 
technique was used to detect the target ions derived from peptides 
(Thermo Fisher Scientific, Roskilde, Denmark). Unlike α-glutamyl di- 
and tripeptides, protonated γ-glutamyl di- and tripeptides usually show 
an elimination of ammonia instead of water (Harrison, 2003). The 
γ-glutamyl peptides were identified by comparing the mass of fragment 
ions and retention time with those from reference substances, and their 
concentrations were calculated by comparing the peak area of the 
characteristic ions [M – NH3 + H]+ with those of reference substances 
with known concentrations using Xcalibur software. Information 
including mass, retention time and normalized collision energy for each 
γ-glutamyl peptide is listed in Table 1. 

2.7. Determination of GGT activity 

The fermented medium was centrifuged at 3000 g for 5 min. The 
supernatant was removed, and the precipitate was re-suspended in a 
Tris-HCl buffer (0.1 M, pH 9.0) at a concentration of 0.125 g cell wet 
weight (CWW) per milliliter. To break yeast cells, glass beads (0.5 mm, 
Sigma Aldrich, Steinheim, Germany) were added to the suspension, and 
cells were disrupted using a Mixer Mill MM 400 (Retsch, Haan, Ger-
many) at a frequency of 1800 shakes per min. The lysis was carried out 
at 4 ± 1 ◦C for 20 min. Transferase activity was measured as described 
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by Penninckx, Jaspers, and Wiame (1980) with some modifications. The 
mixture was prepared by combining 450 μL of 10 mM γ-glutamyl-p-ni-
troanilide (γ-GpNA), 450 μL of 40 mM Gly-Gly, and 100 μL of cell sus-
pension in 0.1 M Tris-HCl buffer (pH 9.0). The blank sample contained 
the same reagents and inactivated yeasts, which were obtained by 
heating the cell suspension at 90 ◦C for 10 min. The mixture was incu-
bated at 37 ◦C for 30 min, and the reaction was stopped by adding 450 
μL of 0.1 M HCl. One unit (U) of activity was defined as the amount of 
yeast cells that released 1 nmol of p-nitroaniline per minute from 
γ-GpNA through reaction. The transferase activity was calculated on the 
basis of absorbance difference at 410 nm between the mixture and the 
blank samples. 

2.8. Statistical analysis 

All measurements were performed in three independent replicates, 
and the data were presented as mean values with standard deviations. 
The differences between means were tested by one-way analysis of 
variance (ANOVA) with Duncan’s analysis using the software IBM SPSS 
Statistics 27.0 (IBM Corporation, Armonk, NY), and the significance was 
defined as P < 0.05. 

3. Results and discussion 

3.1. Yeast growth 

Changes in yeast population during the fermentation of YPG and 
YHG media are shown in Fig. 2. Both S. cerevisiae and D. hansenii could 
grow in YHG medium, which indicated that the protein hydrolysates 
from porcine hemoglobin could be utilized by yeasts. In the exponential 
phases, S. cerevisiae grew from 5.32 to 7.48 log (CFU/mL) and from 5.38 
to 6.93 log (CFU/mL) in YPG and YHG media, respectively, whereas 
D. hansenii showed faster growth rates, increasing from 5.10 to 7.37 log 

(CFU/mL) and from 5.07 to 7.44 log (CFU/mL) in YPG and YHG media, 
respectively. The growth of both species in either medium entered the 
stationary phase on Day 2, with the exception of S. cerevisiae in YPG 
medium (Day 3). At the end of fermentation, the concentrations of 
S. cerevisiae in YPG and YHG media were 7.14 and 6.73 log (CFU/mL), 
respectively, while the concentration of D. hansenii in YPG and YHG 
media decreased to 6.82 and 6.74 log (CFU/mL), respectively. 

As shown in Fig. 2A, except for Day 3 and 6, there was no significant 
(P > 0.05) difference between the concentrations of S. cerevisiae in the 
two media, and the growth curve of S. cerevisiae in YHG medium almost 
overlapped with that in YPG medium. A similar phenomenon was also 
observed in the growth of D. hansenii (Fig. 2B), suggesting that hemo-
globin hydrolysates could serve as an alternative of peptone for culti-
vating both species. As described by the manufacturers, the peptone 
used in this study was an enzymatic digest of animal protein, and 
thereby its composition should be similar to that of hemoglobin hy-
drolysates to some extent. This is a possible reason why both species 
could make good use of hemoglobin hydrolysates as a nitrogen source. 

3.2. Analysis of γ-glutamyl peptides 

3.2.1. γ-Glutamyl dipeptides 
Concentrations of γ-glutamyl dipeptides during yeast fermentation of 

YPG and YHG media are shown in Fig. 3. For both S. cerevisiae and 
D. hansenii species, 9 out of 11 monitored γ-glutamyl dipeptides were 
detected in YPG medium, whereas all monitored dipeptides were 
detected in YHG medium. Our previous study has shown that the he-
moglobin hydrolysates prepared under the same hydrolysis conditions 
contained all the free amino acids involved in the formation of these 
γ-glutamyl dipeptides (Li, Liu, et al., 2020). Thus, YHG medium could 
provide a variety of free amino acid substrates for yeast metabolism. In 
the YPG medium fermented by either species, γ-Glu-Trp and γ-Glu-Ala 
were not detected throughout the fermentation, which might be due to a 

Fig. 1. The workflow of experimental design. YHG medium was composed of yeast extract, hemoglobin hydrolysates and glucose, and YPG medium consisted of 
yeast extract, peptone and glucose. 
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low content of these two free amino acids (tryptophan and alanine) in 
the medium. From this point of view, medium composition had a greater 
impact on the formation of γ-glutamyl dipeptides during fermentation 
than the inoculated yeast species. 

During most of the fermentation period, the YHG medium with 
S. cerevisiae contained higher concentrations of γ-Glu-Gly, γ-Glu-Glu, 
γ-Glu-Leu and γ-Glu-Gln in addition to γ-Glu-Trp and γ-Glu-Ala, but 
lower concentrations of γ-Glu-Cys and γ-Glu-Val compared with the YPG 
medium with S. cerevisiae (Fig. 3A and B). A similar phenomenon was 
observed in both media with D. hansenii, but the YHG medium with 
D. hansenii also showed higher concentrations of γ-Glu-Val, γ-Glu-Tyr 

and γ-Glu-Phe than the corresponding YPG medium on Day 4–6 (Fig. 3C 
and D). This likewise showed that medium composition affected the 
formation of γ-glutamyl dipeptides by the same yeast species. When 
comparing the same medium fermented by different species, the YHG 
medium with D. hansenii had higher concentrations of γ-Glu-Gly, γ-Glu- 
Leu, γ-Glu-Val, γ-Glu-Tyr and γ-Glu-Phe on Day 4–6, as well as a 
significantly (P < 0.05) lower concentration of γ-Glu-Cys throughout the 
fermentation than the YHG medium with S. cerevisiae (Fig. 3A and C). 
Such differences in the concentrations of γ-Glu-Gly and γ-Glu-Cys were 
also observed in the YPG medium fermented by both yeasts, whereas the 
concentrations of the other γ-glutamyl dipeptides were at a similar level 

Table 1 
The chemical structure, retention time (RT), normalized collision energy (NCE), as well as the m/z values of precursor ions and selected fragment ions of the monitored 
γ-glutamyl peptides.  

γ-Glutamyl peptides Chemical structure RT (min) NCE (V) Precusor ion (m/z; [M + H]+) Selected fragment ion (m/z; [M – NH3 + H]+) 

γ-Glu-Gly 1.52 30 205.0824 188.0550 

γ-Glu-Ala 1.97 25 219.0981 202.0709 

γ-Glu-Val 7.72 30 247.1294 230.1020 

γ-Glu-Cys 2.30 30 251.0701 234.0430 

γ-Glu-Leu 13.10 30 261.1450 244.1176 

γ-Glu-Gln 1.65 30 276.1195 259.0921 

γ-Glu-Glu 1.99 30 277.1035 260.0761 

γ-Glu-Met 8.14 30 279.1014 262.0738 

γ-Glu-Phe 14.23 25 295.1294 278.1017 

γ-Glu-Tyr 11.15 25 311.1243 294.0966 

γ-Glu-Trp 15.97 30 334.1403 317.1125 

γ-Glu-Val-Gly 5.86 25 304.1508 287.1236 

γ-Glu-Cys-Gly 2.43 25 308.0916 291.0642  
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in the two YPG media (Fig. 3B and D). As mentioned above, the cell 
densities in all media were very close on each day of fermentation. 
Therefore, the differences in peptide concentrations could be attributed 
to different abilities of the yeast species. These results suggest that 
S. cerevisiae and D. hansenii have different metabolic capacities of 
γ-glutamyl dipeptides. 

Glutamate and glutamine play an essential role in the main pathway 
of nitrogen metabolism by regulating the anabolism of other amino acids 
in yeasts. Glutamate serves as a substrate for the synthesis of many 
amino acids except for asparagine and tryptophan, and these two amino 
acids can be generated by glutamine (Ljungdahl & Daignan-Fornier, 
2012). As shown in Fig. 3, during most of the fermentation period, the 
concentration of γ-Glu-Gln was much higher than that of γ-Glu-Glu in 
the four media. This may be because glutamate was more involved in the 
biosynthesis of amino acids in metabolism, rather than participating in 
the formation of γ-glutamyl dipeptides. Different from the consistently 
low concentration of γ-Glu-Glu, the concentration of γ-Glu-Gln showed 
an upward trend in the exponential phase and earlier stationary phase, 
and then decreased considerably till the end of fermentation. This 
decreased concentration could be due to a higher degradation than 
formation of γ-Glu-Gln, since more glutamine may be needed to syn-
thesize asparagine and tryptophan to sustain the survival of yeasts in the 
later period of fermentation. 

3.2.2. Total γ-glutamyl dipeptides 
The total concentrations of all monitored γ-glutamyl dipeptides in 

fermented YPG and YHG media are presented in Fig. 4A. Generally, 
there was an increasing trend in the total concentration of γ-glutamyl 
dipeptides in each fermented medium over time. At the beginning of 
fermentation (Day 1), the total concentration in the YHG medium with 
S. cerevisiae was significantly (P < 0.05) higher than that in the other 
media. However, afterwards, the highest total concentration was found 
in the YHG medium with D. hansenii (Day 2–6), indicating that 
D. hansenii became more capable to form γ-glutamyl dipeptides in YHG 
medium. In YPG medium, the total concentration between the media 
with the two species did not differ significantly (P > 0.05) on a daily 
basis, although the concentration of individual γ-glutamyl dipeptide 
might be different as discussed above. On the last day of fermentation 
(Day 6), except for the YHG medium with S. cerevisiae, the total con-
centration in all media was significantly (P < 0.05) higher than that on 
Day 0–3, which suggests that the two yeasts may upregulate the syn-
thesis of γ-glutamyl dipeptides during the stationary phase under certain 
conditions. 

Compared with the corresponding YPG medium, the YHG medium 
fermented by both species demonstrated a higher total concentration of 
γ-glutamyl dipeptides during most of the fermentation period. For 
example, on Day 6, the total concentration in the YHG medium with 
D. hansenii reached 2.395 μM, which was 2.22-fold higher than that in 
the YPG medium with the same species (1.077 μM). In yeast, γ-glutamyl 
dipeptides are usually generated through the γ-glutamyl cycle using free 
amino acids (Sofyanovich et al., 2019). According to our previous study 
(Li, Liu, et al., 2020), hemoglobin hydrolysates obtained from the same 
conditions contained over 60% of low molecular weight substances 
(<500 Da), while the molecules within this range in peptone accounted 
for nearly 20% as provided by the manufacturers. Therefore, hemoglo-
bin hydrolysates probably contain higher amounts of free amino acids, 
and may be more suitable medium components for production of 
γ-glutamyl dipeptides than peptone. 

3.2.3. γ-Glutamyl tripeptides 
It has been documented that glutathione and γ-Glu-Val-Gly (γ-EVG) 

are strong kokumi enhancers with low taste threshold concentrations 
(Ohsu et al., 2010), and therefore they were chosen as the representa-
tives of γ-glutamyl tripeptides for quantification. 

Throughout the fermentation, γ-EVG was not detected in all media. 
The concentration of glutathione in fermented YPG and YHG media is 
illustrated in Fig. 4B. When S. cerevisiae and D. hansenii were inoculated 
on Day 0, the concentration of glutathione in each medium was under 
the detection limit. Although some studies have reported the presence of 
glutathione and γ-EVG in yeast extract (Liu et al., 2015; Sofyanovich 
et al., 2019), the composition of yeast extract may vary a lot as a result of 
different yeast raw materials and manufacturing conditions (Jacob, 
Hutzler, & Methner, 2019). This could be a major reason for the fact that 
these tripeptides were not detected on Day 0 in this study. Moreover, 
this also implies that the cells of both yeast species did not contain 
significant amounts of glutathione when inoculated. Afterwards, gluta-
thione began to accumulate over time. The concentration of glutathione 
in the YPG medium with S. cerevisiae reached a maximum value of 
13.465 μM on Day 5. Although on Day 6, the glutathione concentration 
decreased to 9.884 μM, the value was still significantly (P < 0.05) higher 
than that in the other media. Besides, at the end of fermentation (Day 
5–6), the YPG medium with D. hansenii had a significantly (P < 0.05) 
higher concentration of glutathione than the corresponding YHG me-
dium, which also indicated that YPG medium was more suitable for 
obtaining a higher glutathione content compared with YHG medium. 
One possible reason for this phenomenon may be that the higher con-
centration of γ-Glu-Cys in YPG medium provides sufficient precursors 
for the biosynthesis of glutathione (Delalande et al., 2010). 

Both YPG and YHG medium had a significantly (P < 0.05) higher 
concentration of glutathione when fermented with S. cerevisiae than 

Fig. 2. Growth of S. cerevisiae (A) and D. hansenii (B) in YHG and YPG media 
during fermentation. YHG medium was composed of yeast extract, hemoglobin 
hydrolysates and glucose, and YPG medium consisted of yeast extract, peptone 
and glucose. The asterisk indicates that the counts of the same yeast strain in 
YHG and YPG media are significantly (P < 0.05) different. 
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with D. hansenii on Day 1–6, suggesting that fermentation with 
S. cerevisiae was more beneficial for obtaining glutathione. There could 
be a few reasons for this. For example, compared with other yeasts, 
S. cerevisiae has a strong ATP regeneration capacity, which could greatly 
support the biosynthesis of a higher amount of glutathione (Li, Wei, & 
Chen, 2004). In addition, D. hansenii exhibits a higher sensitivity to-
wards oxidative stress than S. cerevisiae (Navarrete, Siles, Martinez, 
Calero, & Ramos, 2009). The glutathione generated in D. hansenii may 
be more readily consumed to prevent oxidative modifications of mac-
romolecules, thereby resulting in a lower glutathione concentration in 
the fermented medium. In fact, S. cerevisiae has already been used to 
produce glutathione on an industrial scale (Li et al., 2004). As the 
fermentation was not carried out under food-grade conditions, no sen-
sory evaluation of the media was performed. However, the glutathione 
concentration used for kokumi sensory training is 10 μM (Phewpan 
et al., 2020), and γ-glutamyl peptides may not work alone but contribute 
in interactions to kokumi sensation (Li, Liu, et al., 2020). Therefore, the 
media should be able to impart a kokumi sensation when used directly 
or after concentration. 

3.3. GGT activity 

It is known that GGT participates in the degradation of glutathione 
and plays an important role in the pathway of yeast metabolism (Pen-
ninckx et al., 1980). Fig. 5 displays the GGT activity of S. cerevisiae and 
D. hansenii over time during fermentation in YPG and YHG media. The 
initial value of GGT activity of S. cerevisiae and D. hansenii was around 10 
U/g CWW, and no significant (P > 0.05) difference was observed be-
tween the media fermented with the same species on Day 0. It is note-
worthy that D. hansenii exhibited GGT activity when cultured in either 
medium. Currently, little information on GGT and its activity of 

D. hansenii is available. Previous studies have indicated that glutaminase 
from many sources (e.g. Bacillus amyloliquefaciens, Aspergillus oryzae and 
rat kidney) was able to show GGT activity (Tate & Meister, 1975; 
Tomita, Ito, Yano, Kumagai, & Tochikura, 1988; Yang et al., 2017). 
Although the existence of glutaminase in D. hansenii has been confirmed, 
the glutaminase had high substrate specificity and could not hydrolyze 
glutathione and γ-GpNA, which are often used as substrates for the 
determination of GGT activity (Dura et al., 2002). Therefore, the GGT 
activity of D. hansenii may not be due to the presence of glutaminase, and 
the enzyme associated with the GGT activity of D. hansenii needs further 
investigation. 

In general, the GGT activity of both species in each medium fluctu-
ated but showed an increasing tendency over time. The GGT activity of 
S. cerevisiae in both media reached the maximum on Day 5, and after-
wards decreased significantly (P < 0.05). The GGT activity of D. hansenii 
in YPG medium was higher than in the other experiments on Day 3–6. 
The abundance of nitrogen source is an influencing factor that on the 
GGT activity of yeasts, and nitrogen starvation promotes the mobiliza-
tion of nearly 90% of glutathione to the vacuolar membrane, where the 
yeast GGT is normally located (Mehdi & Penninckx, 1997). As a result of 
yeast growth, the nitrogen content in all media most probably suffers a 
gradual loss, which in turn may derepress the synthesis of GGT and 
facilitate the degradation of glutathione to compensate for the reduced 
nitrogen content (Mehdi & Penninckx, 1997). In this study, the cell 
density of yeasts (especially D. hansenii) tended to decrease at the end of 
fermentation, probably suggesting the shortage of nutrition for main-
tenance of yeast cells. However, apart from GGT, some other enzymes 
such as GCL and glutathione synthetase are also involved in yeast 
metabolism and affect the concentrations of γ-glutamyl peptides 
(Sofyanovich et al., 2019). Thus, these enzyme activities need consid-
eration in order to further elucidate the results of γ-glutamyl peptide 

Fig. 3. Concentrations of 11 γ-glutamyl dipeptides (γ-Glu-Gly/Glu/Cys/Val/Leu/Trp/Gln/Ala/Met/Tyr/Phe) in YHG medium fermented by S. cerevisiae (A), YPG 
medium fermented by S. cerevisiae (B), YHG medium fermented by D. hansenii (C) and YPG medium fermented by D. hansenii (D). YHG medium was composed of 
yeast extract, hemoglobin hydrolysates and glucose, and YPG medium consisted of yeast extract, peptone and glucose. 
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concentrations. 

4. Conclusion 

This study demonstrates that S. cerevisiae and D. hansenii could grow 
well in a medium composed of porcine hemoglobin hydrolysates. During 
fermentation, both species could form a series of γ-glutamyl dipeptides 
and glutathione, which are well-known kokumi enhancers with desir-
able taste-boosting properties. In all media, many of the target peptides 
generally accumulated over time. The choice of nitrogen source had a 
greater impact on the formation of γ-glutamyl dipeptides than the 
inoculated yeast species. D. hansenii was mostly more capable to form 
γ-glutamyl dipeptides in YHG medium, while S. cerevisiae showed a 
stronger ability to produce glutathione in either medium. Moreover, 
D. hansenii exhibited higher GGT activity than S. cerevisiae in the late 
part of fermentation, especially when cultured in YPG medium. The 
fermented medium containing γ-glutamyl peptides could be further 
processed into kokumi ingredients, and the gained knowledge may 
inspire the valorization of waste streams from e.g. the dairy and meat 
industry. 
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