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compounds increased by 117.66, 23.28, and 216.88  % in 
the T. halophilus inoculated sample, two yeast strain inocu-
lated sample, and three strain inoculated sample, respec-
tively. Increased odour activity values of the nine com-
pounds that mainly contributed to the flavour of moromi 
ranged from 1 to 7.87 times in the three strain inoculated 
sample. These findings revealed that the co-culture of the 
three strains during moromi fermentation was beneficial to 
the improvement of flavour of soy sauce moromi.

Keywords  Soy sauce moromi · Physicochemical 
property · Volatile compound · Lactic bacteria · Yeast

Introduction

Soy sauce manufacture has a long history spanning 
3,000  years and originated from the Zhou Dynasty in 
China. Presently, soy sauce is an essential oriental fer-
mented condiment and is becoming increasingly popular 
worldwide because of its intense umami taste and charac-
teristic aroma [1]. The processes of soy sauce manufacture 
can be roughly divided into five major stages, namely, soy-
bean meal steaming, wheat grains roasting and crushing, 
koji culturing, soy sauce moromi (mash) fermentation, as 
well as pressuring and pasteurizing. Moromi fermentation 
is one of the key stages in soy sauce manufacture because 
the physicochemical properties and flavour characteristics 
of moromi are closely related with soy sauce. For Chinese-
type soy sauce, moromi is fermented and aged in a sponta-
neous environment for more than 6 months.

The unique flavour of moromi is attributed to micro-
bial community succession and metabolic regulation. Lac-
tic acid bacteria, producing lactic acid [2], acetic acid [3] 
reportedly propagates rapidly in the first stage of moromi 

Abstract  The effect of inoculated or co-cultured halo-
philic lactic bacteria (Tetragenococcus halophilus) and 
yeasts (Zygosaccharomyces rouxii and Candida versa-
tilis) on the quality of soy sauce moromi was investigated. 
Results showed no significant change in the major physic-
ochemical properties of soy sauce moromi such as amino 
nitrogen, total acid, and reducing sugar at the end of fer-
mentation, whereas the composition of free amino acids 
slightly changed with different fermentation patterns. In 
the sample inoculated with T. halophilus, the concentration 
of proline and tryptophan decreased by 18.83 and 50.87 % 
compared with the blank sample, whereas tyrosine and his-
tidine increased by 32.41 and 27.04 %. In the sample inoc-
ulated with Z. rouxii and C. versatilis, the concentration of 
bitter-tasting lysine, tyrosine, and phenylalanine increased 
by more than 20  %, and the concentration of tryptophan 
decreased by 56.71 %. The proportion of amino acids with 
sweet taste increased by 0.8  % through the co-culture of 
the three strains. Meanwhile, the total amount of volatile 
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fermentation, resulting in decreased pH in moromi to <6.0, 
at which yeast-producing alcohol such as Zygosaccharomy-
ces rouxii starts to propagate [4, 5]. To produce soy sauce 
moromi at the industrial scale, halophilic yeasts such as Z. 
rouxii, Candida versatilis, and Candida etchellsii [6–10] 
are necessary because these organisms play an important 
role in improving the quality of soy sauce moromi. For 
example, the concentration of volatile flavour compounds 
is increased by the co-culture of Pichia guilliermondii and 
Z. rouxii in the model system of Thai soy sauce fermen-
tation [6]. Udomsil et  al. [7] improved the flavour of fish 
sauce by inoculating Tetragenococcus halophilus during 
fermentation.

However, previous studies have mainly focused on the 
effect of major volatile flavours such as volatile esters 
(ethyl palmitate, ethyl linoleate, ethyl oleate, and so on) or 
on screening and modifying strains that can produce com-
pounds with special flavour [11–15]. In fact, many other 
strains exist in soy sauce moromi apart from halophilic 
lactic acid bacteria and yeasts, such as Staphylococcus 
gallinarum and Weissella cibaria [16, 17]. Moreover, the 
unique flavour of the moromi was endowed by the interac-
tion of indigenous microbial community and strains extra 
inoculated.

To regulate moromi fermentation and shorten the fer-
mentation period, the effects of halotolerant yeast, lactic 
acid bacteria, and co-culture of both on moromi flavour and 
taste need to be elucidated. The mechanism of interaction 
between indigenous microbial community and strains inoc-
ulated extra, which play an important role in improving the 
quality of soy sauce, must also be examined. Therefore, in 
the present study, Aspergillus oryzae 3.042, a very impor-
tant filamentous fungus in soy sauce koji fermentation in 
China, was used as the mould strain of koji making, and 
T. halophilus, Z. rouxii, and C. versatilis were used as the 
inoculated strains during fermentation. This study aimed 
to investigate the effects of inoculated halotolerant strains 
on the major physicochemical properties, free amino acids, 
and volatile compounds of moromi during fermentation.

Materials and methods

Strains, growth media, and culture conditions

The mould strain used was Aspergillus oryzae 3.042 
(DIFA Co. Ltd., Shanghai, China), which was propagated 
in malt extract medium at 30  °C for 72 h. The halophilic 
yeasts used were Z. rouxii CGMCC 3791 and C. versatilis 
CGMCC 3790, which were isolated in our laboratory from 
soybean paste, identified by 26S rDNA and ITS sequences, 
and stored in CGMCC. Yeasts were also propagated in malt 
extract medium at 30 °C for 72 h. T. halophilus CGMCC 

3792 was isolated in our laboratory from soy sauce 
moromi, identified by 16S rDNA sequences, and stored in 
CGMCC. T. halophilus was propagated in MRS at 30  °C 
for 36 h. Wheat and soybeans were purchased from a local 
market.

Manufacture of soy sauce moromi

Soy sauce moromi was traditionally produced by koji fer-
mentation and post-fermentation of soybeans and wheat. 
Figure  1 showed the manufacture of 4 moromi sam-
ples, and Table  1 showed the fermentation parameters of 
moromi. In a typical procedure, samples produced by four 
fermentation processes (A1, A2, A3, and A4) were inocu-
lated with different strains. T. halophilus was inoculated at 
the beginning of moromi fermentation at a cell concentra-
tion of 5 × 107 cfu/mL, whereas Z. rouxii and C. versatilis 
were inoculated on the third and seventh day at cell con-
centrations of 4.5 × 106 and 5 × 106 cfu/mL, respectively. 
Sample A1, which had no starter culture inoculated, was 
used as a blank. A monthly sampling plan was taken and 
all samples used were stored at −20 °C. All samples were 
performed in triplicate.

Analytical methods

Determination of amino nitrogen (AN), total acid (TA), and 
reducing sugar (RS): About 20.0 g of moromi was diluted 
with ultrapure water to 50 mL, filtered through filter paper 
(Whatman No. 4), and appropriately diluted. AN was ana-
lysed by formol titration [18], and TA was determined by 
alkali titration. In alkali titration, 20 mL of sample diluents 
were mixed with 60 mL of ultrapure water, titrated to pH 
8.2 with 0.05 M NaOH, and added with 10 mL of forma-
lin solution (40 %). The consumed volume was recorded to 
calculate the TA of the samples. The samples were finally 
titrated to pH 9.2 with 0.05 M NaOH, and the consumed 
volume was recorded to calculate the AN of the samples. 
RS in the samples was determined by the dinitrosalicylic 
acid method [19].

Fig. 1   Manufacture procedure of moromi samples
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Determination of free amino acids: To determine indi-
vidual free amino acids, 10 mL of the previously filtered 
liquor was precipitated with 50  mL of 10  % trichloro-
acetic acid for 2  h at ambient temperature to remove 
large peptides and then centrifuged (10,000×g, 4 °C) for 
10  min. The supernatant was filtered through 0.45  μm 
filter and appropriately diluted. Sample solutions with 
20  μL volume each were prepared and determined for 
free amino acid composition using an amino acid analyser 
(A300, membraPure GmbH, Germany). The concentra-
tions of free amino acids in the samples were calculated 
by calibrating with standard amino acids. Determination 
of AN, TA, RS, and free amino acids was performed in 
triplicate.

Extraction and analysis of volatile compounds from 
soy sauce: The volatile compounds of the samples were 
extracted according to Zheng et  al. [20]. Internal stand-
ard solution ((±)-2-octanol (4.11  mg/L), Sigma-Aldrich, 
St. Louis, MO, USA) was added into the sample before 
extraction. 5  mL of the previously filtered liquor was 
added into 20 mL extraction solution of anhydrous ether: 
dichloromethane (1:1, v:v) and the mixture was treated 
in the ultrasound cleaner (KQ-100E, Kunshan, China) 
under the 30 °C water bath for 5 min. Then, the organic 
phase was transferred into the graduated test tube and 
concentrated to 0.5  mL slowly under the gentle stream 
of nitrogen in ice bath. All extractions were performed in 
triplicate.

Analysis of the volatile compounds: The concentrated 
organic extracts were analysed triplicate by GC–MS using 
the Trace GC Ultra gas chromatograph-DSQ ΙΙ mass spec-
trometer (Thermo Electron Corporation, USA) equipped 
with a HP-5MS capillary column (30.0 m × 0.25 mm i.d., 
0.25 μm film thickness, Agilent, USA). The conditions of 
GC analyses were as follows: 0.5 microlitre of the sample 
extract was injected at 250  °C with a split ratio of 10:1, 
and Helium (purity: 99.999  %) carrier gas flow of 1  mL/
min. The oven temperature was held at 40  °C for 3  min, 
followed by an increase in 5  °C/min to 100  °C, and then 
programmed at 6 °C/min until 220 °C, and held for 10 min. 

For mass spectrometer, the mass selective detector capil-
lary direct interface temperature was 250  °C. The mass 
spectrum was generated in the electron impact (EI) mode 
at 70 eV. The spectrum was taken over the m/z range of 40–
400, and the solvent elution delay time was 3 min. Relative 
amounts (mg/100 mL) of certain volatiles were compared 
to the known concentration of internal standard on GC total 
ion chromatograms.

Statistical analysis

Identification and quantification of volatile compounds: 
Each volatile compound was identified by comparing their 
mass spectrum with the NIST05 library database and previ-
ous literature. At the same time, retention indices (RI) of 
each compound were calculated by the method of Zheng 
et al. [1, 20].

One-way ANOVA with Duncan’s test was performed 
to evaluate significant differences in volatile compounds. 
Significance of differences was defined at p < 0.05 (n = 3). 
One-way ANOVA was conducted using SPSS software 
(version 19.0). Odour activity values (OAVs) were calcu-
lated by dividing concentrations with their respective odour 
thresholds. Origin 7.5 was used to create the figures in this 
study.

Results and discussion

Changes in AN, TA, and RS in soy sauce moromi

Changes in AN, TA, and RS in moromi during the pro-
cess are shown in Fig. 2. The AN concentrations evidently 
increased at the initial stage (first 30  days) because of the 
high activities of protease and amylase [21]. Thereafter, the 
AN concentrations slightly increased in A1 and A2 until 
the end of fermentation. By contrast, concentrations began 
to decrease from 120 days onwards in A3 and A4 (Fig. 2a) 
because of the consumption of AN by yeasts and lactic acid 
bacteria or by the Maillard reaction [22]. When fermentation 

Table 1   Fermentation parameters of soy sauce moromi samples

“–” No strain added

Samples Koji making Moromi making Moromi fermentation

Bean/wheat 
(w/w)

Brine Koji/brine 
(w/w)

Temperature (°C) Strains

Concentration (%) Temperature (°C)

A1 1:1 25 55  1:1.8 30 –

A2 1:1 25 55 1:1.8 30 T. halophilus

A3 1:1 25 55 1:1.8 30 Z.rouxii, C.versatilis

A4 1:1 25 55 1:1.8 30 T. halophilus, Z.rouxii, C.versatilis
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finished, the co-cultured samples, two yeast strain, and three 
strain samples, exhibited slightly lower concentrations of 
AN at 0.77 and 0.74 g/100 mL, respectively. Regarding TA, 

the concentration sharply increased until 120  days of fer-
mentation due to the accumulation of lactic acid and then 
slightly increased (Fig.  2b). The range of change of TA in 

Fig. 2   Changes in AN (a), TA (b), and RS (c) during soy sauce 
moromi fermentation. Lines with hollow triangle marks represent 
blank (A1); lines with solid square marks represent inoculated with T. 

halophilus (A2); lines with circle marks represent co-culture with Z. 
rouxii and C. versatilis (A3); lines with solid triangle marks represent 
co-culture with Z. rouxii, C. versatilis and T. halophilus (A4)

Table 2   Free amino acid profile of soy sauce moromi

Different letters obtained by ANOVA indicate significant differences at p < 0.05 (n = 3)
a  Tastes of free amino acid were taken from Refs. [30, 31]
b  The concentration of every taste was divided by the total concentration of free amino acids leading to the result of percentage
ND N ot determined

Amino acid Taste of free amino acida 0 day (mg/100 mL) 180 days (mg/100 mL)

A1 A2 A3 A4

Aspartate Umami 65.43 ± 0.70a 250.18 ± 2.25c 256.25 ± 12.99c 252.56 ± 10.71c 220.20 ± 5.14b

Glutamate Umami 196.67 ± 2.39a 531.94 ± 8.50c 542.46 ± 13.24c 584.49 ± 15.05d 468.53 ± 12.65b

Percentageb 15.29 20.22 20.24 20.41 19.62

Threonine Sweet 46.62 ± 0.43a 143.98 ± 0.50b 159.21 ± 3.96c 172.13 ± 7.56d 140.92 ± 4.64b

Serine Sweet 74.58 ± 0.01a 213.26 ± 0.17c 226.56 ± 4.85d 234.65 ± 9.03e 198.03 ± 4.59b

Glycine Sweet 41.48 ± 1.28a 112.24 ± 1.09c 130.41 ± 3.45e 123.18 ± 5.54d 108.00 ± 1.76b

Alanine Sweet 87.97 ± 0.42a 221.35 ± 1.33c 237.79 ± 5.30d 243.59 ± 8.04e 214.06 ± 1.80b

Lysine Sweet, bitter 44.37 ± 0.28a 79.30 ± 1.18b 95.79 ± 3.57d 96.71 ± 5.18d 85.62 ± 1.95c

Proline Sweet, bitter 82.42 ± 1.92a 287.02 ± 1.31d 232.97 ± 5.87b 267.50 ± 4.83c 240.78 ± 4.95b

Percentage 22.01 27.33 27.44 27.75 28.13

Valine Bitter 56.47 ± 1.90a 266.84 ± 3.30c 273.01 ± 1.15d 291.68 ± 1.90e 251.86 ± 9.68b

Methionine Bitter 9.53 ± 0.91a 25.11 ± 0.07b 25.88 ± 0.53b 27.83 ± 1.71c 25.38 ± 1.42b

Isoleucine Bitter 60.84 ± 1.32a 229.89 ± 1.85b 249.09 ± 5.35c 260.36 ± 10.68d 220.10 ± 6.87b

Leucine Bitter 118.85 ± 1.89a 381.01 ± 3.41c 412.20 ± 11.60d 416.06 ± 5.14d 365.30 ± 5.51b

Tyrosine Bitter 42.15 ± 1.54a 109.05 ± 1.59b 144.39 ± 0.86e 139.01 ± 6.82d 131.23 ± 0.69c

Phenylalanine Bitter 95.43 ± 1.5a 184.81 ± 3.01b 224.56 ± 13.59d 233.46 ± 6.18d 199.71 ± 8.20c

Histidine Bitter 4.55 ± 0.24a 7.58 ± 0.17b 9.63 ± 0.22d 7.84 ± 0.24b 8.43 ± 0.58c

Tryptophan Bitter 114.26 ± 1.41c 235.32 ± 4.46d 115.62 ± 4.12c 101.86 ± 1.59b 82.55 ± 2.76a

Arginine Bitter 207.48 ± 0.50a 501.76 ± 5.98c 523.12 ± 14.69d 543.64 ± 15.53e 473.14 ± 8.42b

Percentage 41.38 50.18 50.11 49.30 50.08

Asparaginate ND 292.45 ± 1.78d 62.24 ± 0.33b 61.36 ± 0.15b 71.66 ± 5.30c 54.60 ± 2.17a

Cysteine ND 73.23 ± 1.82a 25.45 ± 0.91b 25.87 ± 0.19b 32.37 ± 3.29b 21.16 ± 0.13b

Total 1,714.80 3,868.35 3,946.18 4,100.56 3,509.59
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Table 3   Volatile compounds of each soy sauce moromi

Compounds RIa Concentration of compoundb (mg/L)

0 day 180 days

A1 A2 A3 A4

Acids

3-Methyl butanoic acidc 854 0.90 ± 0.14d 0.48 ± 0.05b 0.70 ± 0.10c 0.33 ± 0.04a 1.09 ± 0.04e

Hexanoic acidc 906 2.38 ± 0.70b 0.15 ± 0.08a 0.12 ± 0.00a NDf 0.10 ± 0.10a

Benzeneacetic acid 1,239 0.09 ± 0.01a 0.59 ± 0.01c 0.81 ± 0.10d 0.31 ± 0.05b 1.31 ± 0.08e

Alcohols

3-Methyl butanalc <800 NDf 0.62 ± 0.04a 2.72 ± 0.28c 1.31 ± 0.25b 5.50 ± 0.49d

Cyclopropyl methyl carbinol <800 NDf 1.34 ± 0.09b 1.37 ± 0.26b 0.89 ± 0.09a 2.96 ± 0.37c

2,3-Butanediolc <800 2.11 ± 0.43a 40.72 ± 1.22b 119.00 ± 14.58d 68.51 ± 8.37c 143.59 ± 9.91e

3,5-Dimethyl tetrahydro-2H-pyran-2-olc 831 2.15 ± 0.05b 0.05 ± 0.01a 0.04 ± 0.02a 0.02 ± 0.00a 0.21 ± 0.04a

2,3-Dimethyl-2,3-Butanediol 974 0.64 ± 0.11a 1.37 ± 0.18b 0.73 ± 0.16a 0.40 ± 0.03a 2.37 ± 0.33c

3-(Methylthio)-1-propanolc 980 0.23 ± 0.09a 0.63 ± 0.01b 1.82 ± 0.23c 0.89 ± 0.23b 2.87 ± 0.27d

Phenylethyl alcoholc 1,113 0.69 ± 0.18a 3.19 ± 0.38c 4.39 ± 0.45d 2.09 ± 0.19b 8.07 ± 0.54d

Eaters

Ethyl lactate 883 3.83 ± 1.01b 0.26 ± 0.02a 0.38 ± 0.07a 0.14 ± 0.01a 0.58 ± 0.08a

Butyrolactone 985 0.43 ± 0.09a 1.33 ± 0.03b 1.99 ± 0.44c 1.27 ± 0.16b 2.75 ± 0.28d

Butanedioic acid monoethyl ester 1,115 0.46 ± 0.18a 0.47 ± 0.24a 4.16 ± 0.55c 2.02 ± 0.30b 6.83 ± 0.12d

Hexanoic acid hexyl ester 1,310 25.66 ± 11.38b 0.06 ± 0.01a 0.27 ± 0.14a 0.03 ± 0.00a 0.39 ± 0.10a

5-Oxo-2-pyrrolidinecarboxylic acid ethyl ester 1,453 0.70 ± 0.45a 1.00 ± 0.16a 2.17 ± 0.25b 0.79 ± 0.09a 2.99 ± 0.10c

Ethyl palmitatec 1,995 6.55 ± 1.36a 27.31 ± 10.30b 49.58 ± 2.48c 32.39 ± 1.06b 84.14 ± 9.07d

Ethyl linoleatec >2,000 12.06 ± 0.15a 73.44 ± 19.62b 159.51 ± 8.57c 90.59 ± 7.52b 246.36 ± 4.72d

Ethyl oleatec >2,000 6.48 ± 1.37a 40.81 ± 11.93b 78.29 ± 5.07c 45.16 ± 3.97b 123.97 ± 4.23d

Ethyl 15-methyl heptadecanoatec >2,000 4.07 ± 0.50a 7.87 ± 2.11b 15.78 ± 0.34c 9.67 ± 0.45b 23.60 ± 1.86d

Aldehydes

3-Furaldehydec 833 0.35 ± 0.08c 0.12 ± 0.00a 0.22 ± 0.03b 0.08 ± 0.01a 0.24 ± 0.02b

Ketone

3-Hydroxy-2-butanone <800 2.89 ± 0.73b 0.74 ± 0.08a 4.78 ± 0.78c 1.12 ± 0.24a 2.78 ± 0.30b

3-Methyl-2-pentanonec <800 3.47 ± 0.91a NDf NDf NDf NDf

5-Hydroxy-2-(hydroxymethyl)-4H-pyran-4-one 1,157 0.14 ± 0.05a 0.87 ± 0.02c 1.75 ± 0.21d 0.60 ± 0.06b 1.61 ± 0.01d

2-Methyl-3-methoxy-4H-pyran-4-one 1,105 3.78 ± 1.27c 0.83 ± 0.07a 1.39 ± 0.23ab 0.81 ± 0.09a 1.99 ± 0.14b

Phenols

3,5-Dihydroxy-6-methyl-2,3-dihydro-4H-Pyran-
4-one (maltol)c

1,153 0.03 ± 0.03a 0.29 ± 0.29b 0.48 ± 0.05bc 0.58 ± 0.11c 0.72 ± 0.00c

4-Ethyl-phenolc 1,170 0.58 ± 0.20b 0.38 ± 0.00ab 0.44 ± 0.07ab 0.27 ± 0.03a 0.81 ± 0.11c

4-Ethyl-2-methoxy-phenolc 1,280 1.51 ± 0.57b 0.80 ± 0.19a 0.35 ± 0.03a 0.41 ± 0.06a 1.65 ± 0.08b

Furans

5-Isopropyl-3,3-dimethyl-2-merhylene-2,3-dihy-
drofuran

932 0.09 ± 0.04 1.07 ± 0.07b 0.36 ± 0.08a 0.17 ± 0.03a 1.48 ± 0.26b

4-Hydroxy-2,5-dimethyl-3(2H)-furanone 
(4-HDMF)c

1,150 0.14 ± 0.04 2.84 ± 0.05c 5.92 ± 0.58c 2.11 ± 0.30b 5.38 ± 0.07d

Pyrazines

3-Isobutyhexahydropyrrolo(1,2a)pyrazine-
1,4-dionec

1,912 3.61 ± 1.12b 1.98 ± 0.04a 6.45 ± 0.95c 2.04 ± 0.35a 9.03 ± 0.66d

5,10-Diethoxy-2,3,7,8-tetrahydro-1H,6H-
dipyrrolo(1,2-a;1′,2’-d)pyrazinec

1,940 2.86 ± 0.29b 2.22 ± 0.30ab 4.93 ± 0.91c 1.78 ± 0.34a 5.90 ± 0.53d

Miscellaneous

Acetic anhydride <800 ND 0.99 ± 0.16a 1.48 ± 0.28b 0.78 ± 0.06a 1.60 ± 0.15b

1,1-Diethoxyethane <800 20.71 ± 5.18b 0.35 ± 0.12a 0.24 ± 0.00a 0.15 ± 0.03a 0.38 ± 0.01a
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A4 was slightly higher than that in A1 and A2 in the first 
month, and then almost no change was observed in the 
next month. When fermentation was finished, no differ-
ence in AN and TA was observed among the four different 
fermentation patterns, except that A4 was less than the oth-
ers. Regarding the RS concentrations (Fig. 2c), the trends of 
change can be divided into two types: one is that the concen-
trations of RS increased in the first 30 days and decreased 
afterwards (A1 and A2); the other is that the RS concentra-
tions continuously decreased (A3 and A4). Meanwhile, the 
RS concentration in the blank sample was the lowest. The 
RS concentrations in A3 and A4 markedly decreased until 
60  days of fermentation, which can be ascribed to yeast 
growth. By contrast, increased concentrations of RS in A1 
and A2 were due to the hydrolysing effect of amylase and 
organic acid secreted by bacteria at the first stage of moromi 
fermentation. The decreased RS concentrations were due 
to consumption by propagating strains and the inhibition of 
amylase activity through alcohol, organic acid [23], and salt 
stress [19, 24]. This result was consistent with the results of 
Kim et  al. [19]. In addition, AN and RS were metabolised 
as nutrition components by inoculated strains, which can be 
another reason that the RS concentration in the blank was the 
highest (5.86 g/100 mL) when fermentation was finished.

Effects on free amino acids composition

Nineteen kinds of common free amino acids were quantita-
tively analysed among the samples for the four different fer-
mentation patterns (Table 2), and glutamate, proline, leucine, 

and arginine were found to be the main amino acids. Simi-
lar amino acids were found in soy sauce, soybean, and fish 
sauce [7, 25, 26]. According to the data showed in Table 2, 
the total concentration of amino acids of A3 was highest 
and that of A4 was lowest, which was in agreement with the 
concentrations of AN. In addition, the concentration of free 
amino acids in A2 and A3 slightly increased compared with 
the blank after fermentation for 180 days. Similarly, the con-
centration of umami taste amino acids (aspartate and gluta-
mate) and sweet taste amino acids (threonine, serine, glycine, 
and alanine) increased, which would make a contribution to 
increase the umami and sweet taste of soy sauce. Udomsil 
et  al. reported that it is good for increase of glutamate by 
inoculating with T. halophilus [7, 25, 26]. The proportion 
of amino acids with sweet taste also increased by 0.8 % in 
the co-culture of the three strains (Table 2). Compared with 
the blank sample, the proline and tryptophan concentrations 
decreased by 18.83 and 50.87 %, whereas the tyrosine and 
histidine concentrations increased by 32.41 and 27.04 % in 
A1. The concentration of bitter-tasting lysine, tyrosine, and 
phenylalanine increased by more than 20 %, and the trypto-
phan concentration decreased by 56.71 % in A2, it is similar 
with the result of which can be attributed to the inoculation 
of Z. rouxii and C. versatilis, as well as the metabolism and 
autolysis of inoculated strains [27].

Effects on volatile compounds

The effect of added halophilic strains on the change in vol-
atile compounds with the ageing time was investigated. A 

Different letters obtained by ANOVA indicate significant differences at p < 0.05 (n = 3)
a  Retention indices (RI) were determined using n-alkanes C8–C20
b  Concentrations of volatile compounds were calculated by peak area ratio (volatile compound/2-octanol) and represented as the mean ± SD 
(n = 3)
c  Volatile compounds were also reported in previous studies [1, 18, 19, 28, 32–34]

Table 3   continued

Compounds RIa Concentration of compoundb (mg/L)

0 day 180 days

A1 A2 A3 A4

Ethyl benzene 841 6.23 ± 1.64b 0.81 ± 0.03b 0.23 ± 0.05a 0.04 ± 0.02a 0.84 ± 0.11a

1,3-Dimethyl-benzene 836 11.18 ± 3.06b 0.79 ± 0.15a 0.39 ± 0.12a 0.22 ± 0.01a 1.37 ± 0.22a

o-Xylenec 890 4.81 ± 0.98b 0.76 ± 0.27a 0.31 ± 0.10a 0.18 ± 0.00a 0.53 ± 0.07a

Pro-benzene 946 0.91 ± 0.23c 0.17 ± 0.03a 0.22 ± 0.01a 0.16 ± 0.03a 0.44 ± 0.02b

1-Methyl-2,4-imidazolidinedione 1,053 0.09 ± 0.02a 1.02 ± 0.40b 2.26 ± 0.36d 1.73 ± 0.18c 3.59 ± 0.22e

Benzene, 1,3-bis(1,1-dimethylethyl)c 1,256 4.20 ± 2.13b 0.09 ± 0.07a 0.07 ± 0.01a 0.04 ± 0.00a 0.14 ± 0.02a

1-Methylnaphthalenec 1,306 2.65 ± 1.49b 0.12 ± 0.04a 0.19 ± 0.01a 0.09 ± 0.02a 0.35 ± 0.11a

Tetradecane 1,497 2.74 ± 1.88b 0.37 ± 0.05a 0.64 ± 0.10a 0.32 ± 0.00a 0.98 ± 0.04a

Butylated hydroxytoluene 1,579 49.18 ± 24.50b 2.76 ± 0.10a 7.09 ± 1.85a 3.62 ± 0.21a 3.87 ± 0.13a

Hexadecane 1,696 15.00 ± 3.30b 0.61 ± 0.12a 1.02 ± 0.30a 0.60 ± 0.15a 1.06 ± 0.05a

Heptadecane 1,796 2.80 ± 1.40b 0.53 ± 0.20a 0.77 ± 0.33a 0.46 ± 0.14a 0.86 ± 0.19a
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total of 44 volatile compounds comprising 3 acids, 7 alco-
hols, 9 esters, 1 aldehyde, 4 ketones, 3 phenols, 2 furans, 
2 pyrans, and 13 miscellaneous compounds were identi-
fied (Table  3). The total amount of volatile compounds 
increased by 117.66 % in A1, 23.28 % in A2, and 216.88 % 
in A3. Generally, the concentrations of acids, aldehyde, 
ketones, and miscellaneous decreased, although only the 
miscellaneous monotonously decreased, and concentra-
tions of alcohols, esters, furans, and pyrazines non-monot-
onously increased.

For the nine different groups of volatile compounds, the 
changes depended on the fermentation patterns. Figure 3a 
shows that the acid concentration gradually decreased dur-
ing fermentation by the increase of 3-methyl butanoic acid 
and benzeneacetic acid. Meanwhile, the alcohol concen-
tration initially increased and then decreased with further 

fermentation. The highest value of alcohols appeared in A3 
and A4 (at the 60th day) followed by A2 (at the 90th day) 
(Fig.  3b). The alcohols in soy sauce are mainly produced 
from sugars and amino acids during the fermentation under 
aerobic conditions, and a small number of alcohols are pro-
duced by yeasts through the reduction in the correspond-
ing aldehydes [28, 29]. Similar to the alcohols, the trends in 
ester concentration depended on the kind of strains inocu-
lated. Figure 3c shows that the highest value was found at 
the 60th day for the four fermentation patterns, and almost 
no change was observed at the 60th and 120th day of fer-
mentation between the blank sample and A2. The blank 
sample decreased until the 180th day of fermentation, 
whereas A2 decreased until the 150th day. For A3, the ester 
concentration decreased until the 120th day of fermenta-
tion and remained stable until the end of fermentation. For 

Fig. 3   Changes in volatile compounds during fermentation. a acids; 
b alcohols; c esters; d aldehydes; e ketones; f phenols; g furans; h 
pyrazines; i miscellaneous. Lines with hollow triangle marks repre-
sent blank (A1); lines with solid square marks represent inoculated 

with T. halophilus (A2); lines with circle marks represent co-culture 
with Z. rouxii and C. versatilis (A3); lines with solid triangle marks 
co-culture with Z. rouxii and C. versatilis and T. halophilus (A4)
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A4, the ester concentration decreased until the 150th day of 
fermentation and then evidently increased to 491.61 mg/L 
upon the end of fermentation. Esters were mostly formed 
from the esterification of alcohols with fatty acids during 
the fermentation process [28] and a large numbers of high 
molecular weight fatty acid esters such as ethyl palmitate 
and ethyl linoleate were likely produced by the action of 
fungal lipases on the soybean lipid [30]. Changes of alde-
hydes and ketones, phenols mainly depended on the materi-
als and fermentation process. Generally, phenols are gener-
ated from the degradation of lignin glycoside in cereal bran 
during fermentation process, such as 4-ethyl-2-methoxy-
phenol [30]. In the present study, the trends in aldehyde, 
ketone, and phenol concentrations were similar (Fig. 3d–f), 
whereas the phenol concentration slightly increased in A4 
and remained stable in the other samples. The concentra-
tion of furans increased to a maximum value at the 60th day 
for A3 and A4, with the former lasting for another 30 days 
and then decreasing to 2.28 mg/L, and the latter decreas-
ing after fermentation for 150 days and then increasing up 
to 6.86  mg/L. For A2, the furan concentration remained 
relatively stable in the first 120  days and then gradually 
increased to 6.28 mg/L (Fig. 3g). The pyrazines have basic 
characteristics resulting from the presence of two nitrogen 
atoms. They can be formed either via the Maillard reac-
tion between saccharide and amino residues or through the 
ambient temperature reaction of microbial metabolites [28, 
31]. As shown in Fig. 3h, the concentration of pyrazines in 
the four different moromi slightly fluctuated for 150 days 
and then increased to 11.38 and 14.93 mg/L in A2 and A4, 
respectively. The concentration of miscellaneous amino 
acids continued to decrease until the end of fermentation 
(Fig. 3i).

When fermentation was finished, the concentrations of 
the volatile compounds in the four fermentation patterns 
were found to differ from each other (Table 3). 2,3-Butan-
ediol had the highest concentration among the seven types 
of alcohols detected, especially for A4 (143.59 mg/L) but 
had high threshold and low OAVs (0.41, 1.19, 0.69, and 
1.43 in A1, A2, A3, and A4, respectively) (Table 4), which 
had little effect on the flavour of soy sauce moromi. Never-
theless, the OAVs of benzene ethanol and 3-(methylthio)-
1-propanol were high. These two compounds, which had 
the highest concentrations in A4, endowed moromi with a 
malty odour and a potato-like odour, respectively [29, 32]. 
Among the nine identified esters, ethyl palmitate, ethyl 
linoleate, and ethyl oleate increased in A4 by almost two 
times than the others and endowed a sweet, coconut, and 
waxy odour to the moromi, respectively [29, 33]. Thus, the 
enhancement of esters was mainly due to the inoculated 
strains. 4-Ethylguaiacol and matol also increased in A4 to 
1.65 and 0.72  mg/L, respectively. 3-Hydroxy-2-butanone 
increased to 4.78 mg/L in A2, and 3-furaldehyde increased Ta
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to 0.24  mg/L in A4. 3-Hydroxy-2-butanone and 4-ethyl-
guaiacol gave buttery and burnt odours to moromi, respec-
tively, because of their high OAVs, whereas 3-furaldehyde 
that had low OAVs had little effect on soy sauce moromi 
sensory characterization (Table  4). 4-Hydroxy-2,5-dime-
thyl-3(2H)-furanone (4-HDMF) contributed a caramel-
like odour to moromi and can also be formed through the 
Maillard reaction of pentoses during heating or through a 
biosynthetic pathway involving yeasts and lactic acid bac-
teria [28, 34, 35]. In the present study, 4-HDMF in A2 and 
A4 had higher concentrations (5.92 and 5.38  mg/L) than 
the others. As suggested by the results, inoculation with T. 
halophilus, Z. rouxii, and C. versatilis benefited the flavour 
improvement of soy sauce moromi.

Quantitation of odour‑active compounds

Although the concentrations of various volatile compounds 
in moromi can be used to characterize the contribution of 
inoculated strains, understanding the effects on moromi 
sensory characteristics was still difficult. Results (Table 4) 
showed among the 11 compounds having high concentra-
tions in the samples, only 9 compounds can be considered 
as key compounds based on their concentrations, which 
clearly exceeded their odour thresholds. An aroma-like 
profile with a six-point scale from 0 (little contribution) 
to 6 (very good contribution) was constructed to compare 
the effect of the flavour feature on strains inoculated in 
moromi (Fig.  4). To evaluate the contribution of the fer-
mentation patterns to the flavour characteristics of moromi, 

9 compounds with higher OAVs were selected from the 
identified compounds (Table 4). Compared with the blank 
sample, intense flavours of dark chocolate, potato-like, and 
buttery were enhanced by T. halophilus. Flavours of dark 
chocolate, potato-like, waxy, sweet, and coconut, as well as 
a buttery odour, were increased by the co-culture of three 
strains. No significant change in flavour was induced by the 
inoculation of the two yeasts.

Conclusions

In the present study, the effects of halotolerant strains on 
the major physicochemical properties, free amino acids, 
and volatile compounds of soy sauce moromi were investi-
gated. Although the concentration trends of the major phys-
icochemical parameters such as AN, TA, and RS differed 
among the four different samples, no significant difference 
was observed upon the end of fermentation. Flavour pro-
files were constructed based on moromi aged by inocula-
tion with different microbial strains. The concentration of 
alcohols, ketones, and pyrazines was evidently enhanced 
by inoculation with T. halophilus (increased by 171.43, 
224.59, and 170.95  %, respectively), whereas alcohols 
(54.65  %) and esters (19.34  %) were slightly increased 
by the co-culture of the two yeast strains. The increase in 
the 9 different groups of volatile compounds ranged from 
70.86 to 255.48 %, with the alcohols, esters, and pyrazines 
increasing by 245.51, 222.26, and 255.48  % through the 
co-culture of the three strains. Analysis of odour thresholds 

Fig. 4   OAV profile analysis of soy sauce moromi. Grey lines in Fig.  3a–c represent A1; black lines in Fig.  3a–c represent A2, A3, and A4, 
respectively
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and increased proportion identified 9 compounds as the 
major contributors to moromi flavour (Table  4). Among 
these compounds, 5 demonstrated increased concentration 
in T. halophilus by more than 100 %, especially 3-hydroxy-
2-butanone (increased by 5.46 times). For the yeast-inocu-
lated sample, the increase in concentration of 6 compounds 
ranged from 0.11 to 1.12 times, whereas the decrease range 
of 2 compounds was from 0.34 to 0.49 times. Regarding the 
samples of the three strain co-culture, the range of increase 
in OAV of all compounds was 1–7.87 times. Given the con-
tribution of dark chocolate, potato-like, rose-like, waxy, 
sweet, buttery, and phenolic odour to moromi by 9 kinds 
of compounds, co-culture of three strains was beneficial to 
the improvement of the flavour characteristics of moromi. 
Research on the metabolic regulation and flavour-formation 
mechanisms of salt-tolerant strains, as well as their applica-
tion in co-culture, will be carried out to develop new tech-
nology for moromi fermentation.
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