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and soybean oil were used as water and oil phases, respectively, in order to create a formulation 92 

that reflects the moromi process. The effects of varying concentrations of Z. rouxii in the W1 93 

phase and glucose in the W2 phase on DE stability and release profile were investigated and 94 

the survival of the encapsulated Z. rouxii was monitored over storage. Also, the interaction 95 

between T. halophilus and Z. rouxii was investigated by monitoring the microbiological and 96 

physicochemical changes of the culture medium. 97 

2. Material and Methods 98 

2.1 Materials 99 

Soybean oil (Alfa Aesar, United Kingdom) was used as the oil phase of the DE. Polysorbate80 100 

(Tween80, Sigma-Aldrich, United Kingdom) and polyglycerol polyricinoleate (PGPR, 101 

Danisco, Denmark) was used as water and oil soluble emulsifiers, respectively. Sodium 102 

chloride (NaCl, extra pure) and D(+)-glucose were purchased from Acros Organics (United 103 

Kingdom). The stain acridine orange (AO) was purchased from Sigma-Aldrich (United 104 

Kingdom). 105 

Tetragenococcus halophilus 9477 and Zygosaccharomyces rouxii 1682 were purchased from 106 

National Collection of Industrial Food and Marine Bacteria Ltd. (NCIMB, United Kingdom) 107 

and National Collection of Yeast Cultures (NCYC, United Kingdom), respectively. For 108 

microbial growth, Brain Heart Infusion agar (BHI agar, Oxoid Ltd., United Kingdom), de Man, 109 

Rogosa, and Sharpe broth (MRS broth, Oxoid Ltd., United Kingdom), Yeast Malt agar (YM 110 

agar, Sigma-Aldrich, UK), Yeast Malt broth (YM broth, Sigma-Aldrich, UK), Tryptic Soy 111 

Agar (TSA, Oxoid Ltd., United Kingdom) and Tryptic Soy Broth (TSB, Oxoid Ltd., United 112 

Kingdom) media were used. Natamycin (Sigma-Aldrich, United Kingdom) and 113 

chloramphenicol (Oxoid Ltd., United Kingdom) were used for selective microbial growth. 114 
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Microscopy observation: DEs microstructure was observed by placing the samples onto 160 

microscope slides followed by observation under a light microscope (Olympus BX50) with a 161 

10x objective lens. Images were taken using Moticam 10 camera via Motic Images Plus video 162 

acquisition software at 17fps. 163 

In order to track the entrapped cells during storage, Z. rouxii cells were stained with AO before 164 

the entrapment process. Samples were placed onto microscope slides and gently covered with 165 

cover slips and imaged using Zeiss Axioplan fluorescent microscope equipped with objective 166 

lens 40x magnification at ambient temperature. Images were captured using digital colour 167 

camera system Motic Moticam 10 using a 10 megapixel CMOC camera via Motic Images Plus 168 

video acquisition software.  169 

2.5 Determination of the encapsulation efficiency and encapsulation stability of DEs 170 

The encapsulation characteristics of DEs in this study are described as encapsulation efficiency 171 

and encapsulation stability. Encapsulation efficiency is defined as the percentage of Z. rouxii 172 

cells that are entrapped in the W1 immediately after the emulsification process while 173 

encapsulation stability is described as the percentage of Z. rouxii cell that remains entrapped 174 

in the W1 during storage. 175 

The encapsulation efficiency and encapsulation stability were determined by counting the 176 

number of the non-encapsulated Z. rouxii cells in the serum phase (W2). Five millilitre sample 177 

of DEs was collected and serum phase was removed using syringe. Cells were counted using 178 

Nageotte cell counting chamber under optical microscope (20x magnification). Cell 179 

concentration (cell/mL) was calculated using this following formula: 180 

 Cell concentration (cell/mL) = (Total number of cells x 25 x 104)/Number of squares (3) 181 
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Tween80 only (data not shown). These results indicate that encapsulation in DE is able to 326 

prolong life of Z. rouxii in the absence of nutrients.  327 

3.4 The effects of encapsulation on T. halophillus and Z. rouxii interactions. 328 

Interaction between microbial species during fermentation would influence their growth which 329 

further affects the proportion of microbial population and their metabolic activity. In this study, 330 

the co-presence of T. halophilus and Z. rouxii resulted in antagonism as T. halophilus growth 331 

was inhibited, as indicated by a sharp decrease in T. halophilus cell count to undetectable level 332 

(< 2 log CFU/mL) at day 15 (Figure 6c). This observation was in contrast to our previous study 333 

in which the growth inhibition was observed on Z. rouxii instead of T. halophilus, when both 334 

were co-present in a moromi model system (Devanthi et al., 2018). According to a study by 335 

Noda et al (1980), metabolite produced by Pediococcus halophilus (later reclassified as T. 336 

halophilus) during moromi fermentation can inhibit the growth of osmophilic shoyu yeasts 337 

such as Saccharomyces rouxii (later reclassified as Z. rouxii) and Torulopsis versatilis. 338 

However, a study by Inamori, Miyauchi, Uchida, & Yoshino (1984) showed that the growth 339 

inhibition in mixed cultures could occur to P. halophilus under aerobic conditions or S. rouxii 340 

under anaerobic conditions in static culture. Growth inhibition of T. halophilus in this study 341 

was possibly due to the aerobic conditions used during incubation. Also, inhibitory effect 342 

towards Z. rouxii which was previously reported, was observed in a digested liquid mixture of 343 

pre-cooked soybean and roasted wheat (Devanthi et al., 2018; Noda et al., 1980), while in this 344 

study interaction assay was performed in a synthetic broth medium. Furthermore, the presence 345 

of acetic acid in this study was unlikely to cause growth inhibition on Z. rouxii as previously 346 

reported (Kusumegi et al., 1998; Noda et al., 1982). It was suggested that acetic acid could 347 

interfere with proton expulsive activity of Z. rouxii for its halo-tolerance mechanisms, causing 348 

growth inhibition at NaCl concentration above 10%. In this study, we did not observe any 349 
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decrease in Z. rouxii cells population which was possibly due to relatively low NaCl 350 

concentration (10%) used in the medium. 351 

The compartmentalization of T. halophilus and Z. rouxii in DE affected the growth kinetics in 352 

both single and co-culture. The growth of T. halophilus (Figure 6a) and Z. rouxii (Figure 6b) 353 

as single culture was slightly enhanced and the antagonism between T. halophilus and Z. rouxii 354 

was no longer observed when Z. rouxii was encapsulated in DE (Figure 6d). T. halophilus was 355 

able to propagate steadily throughout the incubation period, reaching a final count of 7.23 log 356 

CFU/mL (Figure 6d). The final cell counts of Z. rouxii in DE (6.87 log CFU/mL) did not differ 357 

significantly (p<0.05) from non-DE culture (6.72 log CFU/mL), although a different growth 358 

pattern was observed, and its growth was not affected by the presence of T. halophilus in the 359 

W2 phase. The oil layer functions as a physical barrier separating T. halophilus from Z. rouxii, 360 

thus minimizing antagonistic interaction between them. Also, the oil layer could serve as a 361 

selective membrane, allowing chemicals or molecules to diffuse in or out based on their 362 

molecular weight (Zhang et al., 2013). In this study, deleterious metabolite compounds 363 

produced by Z. rouxii, might not be able to pass through the oil layer to the bulk medium (W2 364 

phase) due to its molecular weight, thus minimizing its harmful effects toward T. halophilus. 365 

The ability of DE to gradually release the Z. rouxii into the bulk medium might also prevent 366 

detrimental effects toward T. halophilus. However, high Z. rouxii cell population was observed 367 

in the bulk medium due to their propagation after being released and yet the inhibitory effect 368 

towards T. halophilus was absent. T. halophilus might have exhibited physiological changes in 369 

the presence of DE, increasing its tolerance against inhibitory effect of Z. rouxii. 370 

3.5 Physicochemical changes in DE during T. halophilus and Z. rouxii growth 371 

To further understand how the presence of DE with single or mixed cultures can affect the 372 

interaction between the two microorganisms the physicochemical changes during fermentation 373 
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were monitored. As seen in Figures 7a-d, the presence of DE caused alteration in the metabolic 374 

activity of both microorganisms as a single or mixed cultures. 375 

Glucose consumption (Figure 7a) correlated with ethanol production (Figure 7b). Glucose was 376 

exclusively consumed by Z. rouxii, therefore, ethanol was only produced in its presence. Both 377 

glucose consumption and ethanol production were accelerated when Z. rouxii was 378 

encapsulated. With mixed cultures, glucose was consumed in a gradual manner in the absence 379 

of DE which was accompanied by a slow production of ethanol, reaching maximum 380 

concentration of 12.39 g/L at day 30. In contrast, glucose was consumed faster in DE as it was 381 

depleted at day 10, associated with maximum ethanol production (27.94 g/L) which was 382 

comparable to concentrations in good quality soy sauce (Luh, 1995). Similar level of ethanol 383 

was also obtained in rapid fermentation of soy sauce described by Muramatsu, Sano, Uzuka, 384 

& Company (1993). Once glucose was depleted, the ethanol production was terminated and its 385 

concentration continuously decreased throughout the incubation period. Encapsulation seemed 386 

to delay glucose consumption by Z. rouxii as only half amount of glucose was consumed during 387 

the first 5 days when Z. rouxii was encapsulated. However, this led to prolonged ethanol 388 

production for up to 10 days, producing higher maximum concentration of ethanol (23.56 g/L) 389 

compared to non-encapsulated cells (19.57 g/L) with single culture. 390 

T. halophilus played a major role in both acetic acid (Figure 7c) and lactic acid (Figure 7d) 391 

formation. In mixed culture, acetic acid concentration gradually decreased when Z. rouxii was 392 

non-encapsulated, while the acetic acid concentration sharply decreased within the first 10 days 393 

to 1.86 g/L when Z. rouxii was encapsulated. This was comparable to the amount of acetic acid 394 

found in top-graded bottled soy sauces in China (Xu, 1990). However, the acetic acid 395 

production by T. halophilus as single culture markedly increased by 1.7 fold in the presence of 396 

DE although T. halophilus was non-encapsulated. In contrast, lactic acid production was 397 
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suppressed when DE was present, as the amount of lactic acid remained stable from day 5 398 

onwards, and the suppression was more obvious in mixed cultures. The yield of lactic acid in 399 

the presence of DE was about half of the bottled soy sauces in China (Xu, 1990). In contrast, 400 

lactic acid increased exponentially in all non-DE systems, reaching almost twice the amount 401 

of lactic acid produced in the presence of DE. The presence of DE might have caused a shift 402 

in metabolic pathway of T. halophilus cells from homofermentative to heterofermentative, thus 403 

decreasing the lactic acid yields (Krishnan, Gowda, Misra, & Karanth, 2001). 404 

These results suggest that the presence of DE affects the physicochemical changes during T. 405 

halophilus and Z. rouxii growth in both single and mixed culture. Changes in microbial cells 406 

morphology and physiology due to immobilization have been reported in several studies 407 

reviewed by Lacroix & Yildirim (2007), including increase in the production of insoluble 408 

exopolysaccharides (Bergmaier, Champagne, & Lacroix, 2005), lactic acid (Lamboley, 409 

Lacroix, Artignan, Champagne, & Vuillemard, 1999), as well as a shift in metabolic pathway 410 

from homofermentative to heterofermentative, resulting in decreased lactic acid production 411 

(Krishnan et al., 2001). The altered metabolic activity may have contributed to the elimination 412 

of antagonism by reducing the production of inhibitory metabolites or enhancing the 413 

production of metabolites essential for T. halophilus growth by Z. rouxii, as well as enhancing 414 

cell adaptation towards changing environmental conditions. However, further investigation is 415 

required to understand how the presence of DE affects the cells both in the W1 and W2 phase 416 

at the metabolic level.  417 

4. Conclusion 418 

The results in this study suggest that DEs could be a suitable formulation for the delivery of 419 

mixed starter cultures in soy sauce fermentation. Z. rouxii was successfully encapsulated in DE 420 

which enhanced survival during storage and eliminated antagonistic interaction with T. 421 
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Figure 7. Changes in (a) glucose; (b) ethanol; (c) acetic acid; and (d) lactic acid; during 649 

fermentation with and without DE. 650 
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