
Det‑udom et al. Microb Cell Fact          (2019) 18:101  
https://doi.org/10.1186/s12934-019-1149-2

RESEARCH

Towards semi‑synthetic microbial 
communities: enhancing soy sauce 
fermentation properties in B. subtilis co‑cultures
Rachatida Det‑udom1,2,3, Charlie Gilbert1,2, Long Liu4, Cheunjit Prakitchaiwattana3, Tom Ellis1,2 
and Rodrigo Ledesma‑Amaro1,2* 

Abstract 

Background:  Many fermented foods and beverages are produced through the action of complex microbial com‑
munities. Synthetic biology approaches offer the ability to genetically engineer these communities to improve the 
properties of these fermented foods. Soy sauce is a fermented condiment with a vast global market. Engineering 
members of the microbial communities responsible for soy sauce fermentation may therefore lead to the develop‑
ment of improved products. One important property is the colour of soy sauce, with recent evidence pointing to a 
consumer preference for more lightly-coloured soy sauce products for particular dishes.

Results:  Here we show that a bacterial member of the natural soy sauce fermentation microbial community, Bacillus, 
can be engineered to reduce the ‘browning’ reaction during soy sauce production. We show that two approaches 
result in ‘de-browning’: engineered consumption of xylose, an important precursor in the browning reaction, and 
engineered degradation of melanoidins, the major brown pigments in soy sauce. Lastly, we show that these two 
strategies work synergistically using co-cultures to result in enhanced de-browning.

Conclusions:  Our results demonstrate the potential of using synthetic biology and metabolic engineering methods 
for fine-tuning the process of soy sauce fermentation and indeed for many other natural food and beverage fermen‑
tations for improved products.
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Background
Fermented foods and beverages are defined as those in 
which the product is modified by the growth of microbes 
or communities of microbes. This broad class of foods 
and beverages is near ubiquitous throughout world. 
Through fermentation, the resistance to spoiling, flavour, 
texture, aroma and nutritional content of foods and bev-
erages can all be improved. Many fermented foods and 
beverages are produced through the action of complex 
communities of microbes. For instance, sourdough bread 

is produced through the combined action of lactic acid 
bacteria, from genera such as Lactobacillus, Pediococcus 
and Leuconostoc, and of yeasts, such as Saccharomyces 
cerevisiae and Candida humilis [1]. Wine is another fer-
mented product consisting of the yeasts Saccharomyces 
cerevisiae, Candida and Hanseniaspora species, and bac-
teria Oenococcus oeni, Leuconostoc mesenteroides, Pedio-
coccus parvulus, with complex interactions among them 
[2].

Recognising the important and beneficial role these 
microbes and microbial communities can play in food 
and beverage fermentation, food technologists have 
sought to harness and control the advantages of fer-
mentation. Fermentation can be controlled by modi-
fying the composition of microbial communities, the 
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microbial culture conditions and the substrate or 
substrates used. However, this approach is limited by 
the properties of naturally-occurring microbial com-
munities. Consequently, important characteristics of 
fermentations, such as the relative growth dynamics, 
substrate utilisation and metabolic profiles of individ-
ual species, cannot easily be controlled.

As a result, there is growing interesting in using 
genetic engineering approaches to enable rational mod-
ification of these characteristics in microbes involved 
in fermentation. Synthetic biology offers the ideal con-
ceptual framework and genetic tools for achieving this 
aim by creating semi-synthetic microbial communi-
ties, those where one or more engineered organisms 
are added to a natural community to improve its per-
formance [3]. Metabolic engineering approaches have 
enabled the production of desirable metabolites, such 
as vitamins, from microbes and the creation of engi-
neered probiotic therapeutic microbes [4]. In another 
recent example, an industrial brewing yeast strain was 
engineered to produce non-native aromatic monoter-
penes, imparting hoppy flavours to beer brewed with 
these strains [5].

Soy sauce is one of the world’s most popular condi-
ments with value of $926.2 million USD retail sales and 
Compound Annual Growth rate (CAGR) during 2017–
2021 of 6.20% [6]. Recent studies have shown that there 
is a growing preference among some consumers for more 
lightly-coloured soy sauce products [7]. Previous reports 
have proposed possible solutions for ‘de-browning’ of 
soy sauce through absorption and filtration, to generate 
a more lightly-coloured product [8–10]. However, these 
approaches result in a loss of complexity in the final 
product compromising sensory attributes of flavors and 
aromas. Soy sauce production from soy beans consists 
of two main processes, solid-stage koji fermentation fol-
lowed by submerged moromi fermentation, each carried 
out by sequential growth of fungal and bacterial commu-
nities throughout the process [11] (Fig. 1). Firstly, micro-
organisms in the koji fermentation step, particularly 
members of the Aspergillus genus, breakdown complex 
biomolecules into simpler ones. Here soybean proteins 
are hydrolysed into small peptides and free amino acids, 
and sugar polymers, such as gelatinized starch from 
wheat and soybean, are converted into simple sugars, 
such as glucose and xylose. In the subsequent moromi 
brine fermentation, the metabolic products of koji fer-
mentation serve as nutrients for the growth of halophilic 
bacteria such as lactic acid bacteria (LAB), Bacillus spe-
cies and yeasts, which produce organic acid and/or taste-
active compounds [12]. These native, autochthonous 
microbes produce numerous metabolites giving specific 
character of soy sauce.

The brown colouration of soy sauce is primarily gen-
erated by reactions between reducing sugars and amino 
acids, commonly known as the Maillard reaction [13]. 
An important reaction in the production of numerous 
foods, the Maillard reaction occurs between the carbonyl 
group of reducing sugars and the amine group of amino 
acids, creating a highly complex mix of molecules. The 
efficiency of the Maillard reaction is highly-dependent 
on the composition of the food stuff, for instance, sugars 
such as xylose are much more reactive than others such 
as glucose [14]. Many molecules produced during the 
Maillard reaction contribute to the flavor and aroma pro-
file of foods. In addition, the Maillard reaction can gen-
erate a set of brown pigmented, high molecular weight 
heterogenous polymers collectively known as melanoi-
dins [15]. During the moromi soy sauce fermentation 
stage, the Maillard reaction occurs in the fermentation 
mash, generating the melanoidins which turn soy sauce 
brown [16]. Reducing the content of these melanoidins 
in the final soy sauce product might therefore allow the 
production of a more lightly-coloured soy sauce product.

While various recombinant enzyme-based approaches 
might be used to prevent the formation of or to degrade 
melanoidins, these methods would likely substantially 
increase the costs of soy sauce fermentation. Instead, we 
set out to genetically engineer a member of the soy sauce 
fermentation microbial community to enable de-brown-
ing of soy sauce. We first identified a candidate chas-
sis organism suitable both for growth under soy sauce 

Fig. 1  Schematic representation of the soy sauce production. First 
the Koji fermentation release fermentable sugars and amino acids, 
which are the substrate for the moromi fermentation and the Maillard 
reaction. Red arrows indicate the two engineering approaches carried 
out in this work to reduce the browning of the soy sauce
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fermentation conditions and for de-browning activity. 
Based on this initial screen, we selected the Gram-posi-
tive bacterium B. subtilis as our chassis of choice. Using 
B. subtilis, we explored two strategies that could provide 
soy sauce de-browning activity. Firstly, by engineering 
catabolism of xylose, the key precursor in the brown-
ing process, and secondly, by engineering degradation of 
melanoidin, the biomolecule responsible for the brown 
colour of soy sauce.

Results and discussion
Identification of candidate chassis of engineering 
among the natural microbial community members
We first set out to select a suitable chassis organism that 
we could engineer to carry out soy sauce de-browning. 
An ideal chassis organism would be both genetically-
tractable and exhibit a natural propensity to proliferate 
in the soy sauce fermentation microbial community. In 
a previous study, we isolated and characterised various 
native members of the soy sauce moromi fermentation 
microbial community [17]. These natural isolates were 
screened for high salt tolerance (≥ 15% NaCl), for the 
ability to degrade xylose, a key reducing sugar precur-
sor in the Maillard reaction, and for the ability to break 
down melanoidins. This process identified a Gram-posi-
tive bacterium Bacillus amyloliquefaciens strain SSB6 as 
the isolate exhibiting the highest ‘de-browning’ activity 
(Additional file 1: Figure S1). When this strain was inocu-
lated into mature moromi, however, it only reduced total 
browning by 7.85% (unpublished results). This organism 
thus represents an attractive target for genetic engineer-
ing to improve soy sauce de-browning, however it lacks a 
set of proven synthetic biology tools compared to related 
bacteria such as B. subtilis. Interestingly, B. subtilis is also 
a member of the natural moromi fermentation micro-
bial community. In fact, 18 out of 139 isolates from the 
moromi microbial community were B. subtilis strains, 
indicating a natural propensity for this bacteria to grow 
under soy sauce fermentation conditions. As a natural 
member of the soy sauce moromi microbial community 
and a model organism for synthetic biology, we set out 
to engineer B. subtilis carry out soy sauce de-browning. 
In addition, due to being related to B. amyloliquefa-
ciens SSB6, we hypothesised that B. subtilis might be an 
ideal chassis to express heterologous enzymes from that 
organism to improve de-browning.

Strategy I: engineering xylose consumption to reduce 
browning
Xylose is a highly-reactive sugar in the Maillard reac-
tion, which produces the melanoidins responsible for 
soy sauce browning. In Thai soy sauce moromi, the most 

abundant sugars are xylose and glucose, which are in a 
ratio of 1:10 respectively [18, 19], xylose being the major 
contributor to the Maillard reaction. Therefore, to reduce 
the degree of browning occurring during moromi fer-
mentation, we set out to engineer the degradation of 
xylose in B. subtilis. Although B. subtilis possess a native 
pathway for xylose metabolism, via conversion to xylu-
lose and the pentose phosphate pathway, we set out to 
engineer a novel xylose-degradation pathway in B. subtilis 
which would result in incomplete degradation of xylose 
to xylitol. Specifically, we set out to engineer expression 
of xylose reductase (XR) in B. subtilis. XR catalyses the 
conversion of xylose to xylitol, a high value sugar alcohol 
used extensively in food products. Xylitol itself is an anti-
cariogenic and antiketogenic molecule and a sweetener. 
Importantly, xylitol lacks a carbonyl group and hence is 
unable to react via the Maillard reaction. Therefore, we 
hypothesised that conversion of xylose to xylitol might 
reduce browning.

We engineered B. subtilis to express fungal XRs from 
Pichia kudriavzevii (pCG004-amyQ SP-PkXR), Candida 
boidinii (pCG004-amyQ SP-CbXR) and Scheffersomyces 
stipites (pCG004-amyQ SP-SsXR). All XR genes were 
cloned under the control of a plasmid-borne, IPTG-
inducible promoter (Pgrac). Strains expressing XRs were 
first screened for the ability to degrade xylose and pro-
duce xylitol as measured by HPLC (Additional file  1: 
Figure S2). While B. subtilis strains expressing pCG004-
amyQ SP-PkXR and pCG004-amyQ SP-SsXR resulted in 
no appreciable increase in xylitol or decrease in xylose, 
the strain expressing pCG004-amyQ SP-CbXR exhibited 
a sharp production of xylitol (2  g/L), indicating expres-
sion of functional XR (Additional file  1: Figure S2). To 
test whether expression of XR lead to a reduction of 
browning through the Maillard reaction, culture super-
natants from cells grown in xylose-containing medium 
were collected, boiled to initiate Maillard reaction and 
then the A420 measured to determine the degree of 
browning (Fig.  2). While expression of pCG004-amyQ 
SP-PkXR and pCG004-amyQ SP-SsXR led to no sub-
stantial decrease in the browning caused by the Maillard 
reaction, pCG004-amyQ SP-CbXR expression resulted in 
a clear decrease in browning of 80% compared with the 
non-engineered strain.

However, in reality, soy sauce fermentations consist of 
a complex mixture of carbohydrates, with glucose con-
centrations likely to be in excess of xylose concentrations. 
We therefore tested whether the engineered B. subtilis 
pCG004-amyQ SP-CbXR strain could reduce browning 
in conditions more closely matching soy sauce fermen-
tation. Cultures were grown in medium with glucose 
and xylose sugars at a range of different concentrations, 
including a 1:10 xylose-to-glucose ratio, which is typical 
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of soy sauce fermentations. Spent media were boiled 
after various time points to initiate the Maillard reaction 
and produce melanoidins and the absorbance at 420 nm 
(A420) of resultant samples was measured to determine 
the degree of browning (Fig. 3). At lower sugar concen-
trations, all sugars were rapidly consumed, resulting in 
the production of less melanoidin and hence less brown-
ing. At higher sugar concentrations, B. subtilis pCG004-
amyQ SP-CbXR spent media exhibited a marked 
reduction in browning compared to the wild-type con-
trol. Therefore, B. subtilis pCG004-amyQ SP-CbXR was 

able to consume xylose in mixed sugar media, resulting 
in decreased browning of the medium. After 3 days, the 
browning reduction in the engineered strain were 80.0% 
and 56.8% from 0.25/2.5 and 0.5/5.0 xylose to glucose 
respectively while in the wild type the reduction was only 
61.1% and 27.7% for the respective conditions.

Strategy II: engineering enzymatic degradation 
of melanoidin pigments
In a second approach, we hypothesised that de-brown-
ing of soy sauce could also be achieved by engineering 
enzymatic degradation of the species responsible for the 
brown colour, namely melanoidins. Laccases are a group 
of copper-containing oxidase enzymes with broad sub-
strate specificities and a number of potential uses, such 
as degradation of xenobiotics and dyes from industrial 
wastewater. In fact, laccases have been previously shown 
to degrade melanoidin [20]. We therefore set out to engi-
neer B. subtilis to secrete laccase enzymes to enable mel-
anoidin degradation during soy sauce fermentation.

Bacillus subtilis strains were engineered to express 
laccases from B. subtilis cotA, B. amyloliquefaciens cop-
per oxidase, and Escherichia coli multicopper oxidase 
genes, each fused to the highly-efficient B. amylolique-
faciens AmyQ signal peptide to direct protein secretion. 
Secreted proteins were tested for browning reduction 
ability using synthetic melanoidin. In all conditions, the 

Fig. 2  Relative browning compare to initial conditions (100%) in wild 
type and strains engineered to express xylose reductases cultured 
in inducing M9 media. Samples prepared in duplicate, error bars 
represent ± SD

Fig. 3  Browning of wild-type (WT) and strains engineered to express xylose reductases in mixed sugars at various ratios. X-axis shown the amount 
and ratio of xylose to glucose, respectively (% xylose/% glucose). Samples prepared in duplicate, error bars represent ± SD
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A420 decreased over the course of 7  days, including in 
the wild-type B. subtilis negative control sample, which 
may be due to background expression of native B. subti-
lis laccase enzymes. However, the three engineered lac-
case-expressing strains directed increased degradation 
of melanoidins compared to the control, with pCG004-
amyQ SP-EcMO resulting in the greatest degree of de-
browning (70.4% reduction) (Fig.  4). Therefore, taking 
advantage of the ability of B. subtilis to secrete heter-
ologous proteins, we were able to engineer melanoidin-
degrading strains.

Co‑culturing engineered xylose‑consuming 
and melanoidin‑degrading strains to enhance soy sauce 
de‑browning
We hypothesised that combining both strategies for soy 
sauce de-browning might exhibit a synergistic effect 
and result in enhanced de-browning. To test this, we 
prepared mono-cultures and a co-culture of the best-
performing strains from each approach: B. subtilis 
pCG004-CbXR and B. subtilis pCG004-amyQ SP-EcMO. 
Culture supernatants were harvested from these cul-
tures at various time points and boiled to induce brown-
ing through the Maillard reaction. Firstly, de-browning 
activity due to xylose degradation was assessed by 
monitoring the A420 of the resultant samples (Fig.  5a). 
As expected, both B. subtilis pCG004-CbXR and co-
culture samples exhibited reduced browning compared 
to the wild-type and B. subtilis pCG004-amyQ SP-EcMO 
samples. Interestingly, the B. subtilis pCG004-amyQ SP-
EcMO sample showed increased browning compared 
to wild-type, which may be caused by a slightly slower 
growth rate of this strain compared to wild-type. Slower 
growth might result in decreased consumption of reduc-
ing sugars which are substrates for the Maillard reaction. 
Secondly, to measure the effect of laccase expression 
on de-browning, we next added unboiled supernatant 

samples to the boiled ones (in which the Maillard reac-
tion had occurred) and incubated them for 2  days at 
37  °C, after which the A420 was measured (Fig.  5b). As 
expected, compared to the wild-type, both the B. sub-
tilis pCG004-amyQ SP-EcMO and co-culture samples 
exhibited decreased browning. The additive effects of 
xylose consumption and melanoidin degradation meant 
that boiled and treated co-culture samples exhibited the 
greatest degree of de-browning.

Conclusions
In this work, we used synthetic biology to engineer 
B. subtilis, an organism found in moromi, in order to 
provide it with enhanced de-browning properties that 
are beneficial during soy sauce fermentation. We here 

Fig. 4  Relative browning compared to initial conditions of cell-free 
supernatant incubated with 1% synthetic melanoidin of wild-type 
(WT) and laccase expressing strains. Samples prepared in duplicate, 
error bars represent ± SD

a

b

Fig. 5  Relative browning compared to initial conditions in the 
co-culture experiment. a Analysis of the effect of reducing the sugars 
available in the media. Boiled, cell-free supernatant of either wild-type 
(WT), B. subtilis expressing pCG004-CbXR, pCG004-amyQ SP-EcMO or 
co-cultured of B. subtilis expressing pCG004-CbXR and pCG004-amyQ 
SP-EcMO clones in media containing 5% glucose and 0.5% xylose 
at different cultivation time; b analysis of the melanoidin degrading 
activity in the culture media after growth. 2-days incubation mixture 
of boiled and reserved unboiled supernatant of either wild-type 
(WT), B. subtilis expressing pCG004-CbXR, pCG004-amyQ SP-EcMO or 
co-cultured of B. subtilis expressing pCG004-CbXR and pCG004-amyQ 
SP-EcMO clones in media containing 5% glucose and 0.5% xylose at 
different cultivation time. Samples prepared in duplicate, error bars 
represent ± SD
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generated two strains capable of reducing the produc-
tion of melanoidins during the Maillard reaction, the 
major contributors to the brown colour of the sauce. B. 
subtilis pCG004-CbXR expressed a xylose reductase, 
an enzyme that converts xylose (the sugar that contrib-
utes the most to the Maillard reaction) into xylitol (a 
desired compound that contribute to the sensory qual-
ity of foods). This strain showed a significant reduction 
in brown colour. In addition, B. subtilis pCG004-amyQ 
SP-EcMO, secreted a laccase, an enzyme that degrades 
the melanoidins. This strain also showed a reduction of 
browning after the Maillard reaction. Finally, we proved 
the additive effect of these two strains when grown 
together as a co-culture: the co-culture showed more 
reduced browning than the individual strains.

In future approaches the same strain can be engi-
neered to express both activities and similar modi-
fications can be engineered in other natural isolates 
of moromi. In addition, this proof of concept, carried 
out in synthetic media and induced Maillard reaction, 
paves the way to study semi-synthetic communities in 
soy sauce industrial fermentation to evaluate its de-
browning effect in long-term processes. For this, the 
constitutive expression of the selected enzymes, inte-
grated in the genome would be preferred in order to 
increase stability. Although differences in the absolute 
de-browning values shown here are expected in the soy 
sauce fermentation due to the different composition 
of nutrients, the strains should still contribute to de-
browning by their enhanced capacity to convert xylose 
and degrade melanoidins. Although significant changes 
in the flavour of soy sauce would not be expected when 
the strains have been isolated from moromi, this is 
something that needs to be analysed.

The concept of a semi-synthetic microbial community, 
and the creation of engineered strains that could benefit 
natural microbial communities by adding novel capa-
bilities, can be applied to any microbial fermentation. 
The process can start by identifying the members of the 
community (for example by metagenomics) and char-
acterising the environment they grow in, including the 
available substrates. Then key isolates (or their close rela-
tives) can be engineered using synthetic biology to pro-
vide the desired properties for the final product. Finally, 
the improved microbes can be introduced at different 
proportions mixed with the natural inoculum in order to 
identify their peak performance and contribution to the 
product. This whole process will be refined in the near 
future due to advances in our understanding of microbial 
community behaviours and through our abilities to engi-
neer biology in more precise manner.

Materials and methods
Strains and plasmids
Bacterial strains and plasmids used in this study were 
shown in Additional file 1: Tables S1 and S2, respectively. 
Both bacteria were cultured in LB or M9 medium with 
an aeration condition at 37  °C. antibiotics were used as 
selective marker at appropriate concentrations of 34 µg/
mL chloramphenicol or 100  μg/mL ampicillin for E. 
coli Turbo and 5 µg/mL chloramphenicol for B. subtilis, 
depending on plasmid type.

Construction of plasmid
All plasmids used in this study were transformed into E. 
coli turbo (NEB, USA) for amplification and sequence-
verified by Sanger sequencing (Sourcebioscience, United 
Kingdom). The verified plasmids were then clone into B. 
subtilis host cell for protein expression and secretion in 
case of laccase.

For xylose reductase approach, BsaI/BsmbI golden gate 
assemble system was used to construct pCG004-CbXR, 
pCG004-PkXR and pCG004-SsXR from optimised oli-
gonucleotides of C. boidinii  aldose reductase (CbXR), 
P. kudriavzevii NADPH-dependent d-xylose reductase 
(PkXR) and Scheffersomyces stipitis XylI (SsXR), respec-
tively (Additional file  1: Table  S2). Codon optimization 
tool (IDTDNA, USA) was used in oligonucleotides from 
E. coli to create the optimized-Bacillus coding sequences.

Similarly, oxidoreductase-related genes from Bacil-
lus species and E. coli were designed by introduction of 
the upstream and downstream restriction enzyme sites 
(Additional file 1: Table S3).

For oxidoreductase-constructed plasmid, pYTK001 was 
used as primary backbone and pCG004 as a secondary. 
The first assemble with pYTK001 was done with BsmBI 
restriction enzyme. Oligonucleotide of B. subtilis subsp. 
subtilis str. 168 copper oxidase (BsCO), B. amylolique-
faciens DSM 7 copper oxidase (BaCO) and E. coli str. 
K-12 substr. MG1655 multicopper oxidase (EcMO) were 
introduced into the first backbone. Verified pYTK001-
BsCO, pYTK001-BaCO and pYTK001-EcMO were then 
ligated with amyQ SP and pCG004 using BsaI restriction 
enzyme, resulting in pCG004-amyQ SP-BsCO, pCG004-
amyQ SP-BaCO and pCG004-amyQ SP-EcMO.

Protein expression
A single colony of B. subtilis carrying either xylose reduc-
tase or oxidoreductase encoding genes was inoculated 
into LB medium and incubated at 37 °C. After 16 h, cell 
suspension was diluted by M9 media until an absorbance 
at 600 nm was reach 0.1. Protein expression was induced 
with 1 mM IPTG.
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Browning reduction
Xylose reductase scheme
IPTG-inducing media of M9 containing 3% xylose or 
glucose was inoculated with pCG004-CbXR, pCG004-
PkXR or pCG004-SsXR Bacillus and incubated at 37  °C 
for 7  days with aeration. Cell-free supernatant col-
lected at day 4 and 7 was divided into 2 parts, the first 
was subjected to analysis for available xylose and xylitol 
by HPLC. The second part was subjected to browning 
induction before determination of colour took place.

The effect of xylose reductase expression toward 
browning mitigation was further investigated in mixed 
sugar species of glucose and xylose. Various sugar con-
centrations including equal proportions of 0.5% and 
1%, and 1:10 ratio of xylose to glucose (0.25:2.5 and 
0.5:5.0%) were applied with same cultivation condition 
as previous experiment for 3 days. Cell-free supernatant 
was collected every 24  h for browning induction and 
determination.

Browning induction was done by boiling those col-
lected supernatants at 100 °C for 4 h. to induce Maillard 
reaction. Browning of boiled supernatant was then deter-
mined by spectrophotometer at absorbance of 420 [13].

Oxidoreductase scheme
Clones of pCG004-amyQ SP-BsCO, pCG004-amyQ 
SP-BaCO and pCG004-amyQ SP-EcMO were cultured 
in IPTG-inducing M9 media for 7 days at 37  °C, aera-
tion condition. Any cell debris was removed from liquid 
part and supernatant was collected for determination 
of browning reduction via secreted oxidoreductase 
protein.

Verification of an activity of Bacillus secreting proteins 
in browning reduction was done with synthetic melanoi-
din unless stated otherwise. The synthesis condition was 
modified from Murata, Terasawa and Homma [21] as the 
solution containing 10% of xylose and soy peptone. Syn-
thesized melanoidin was then added into cell-free super-
natant to the final concentration of 1% and incubated at 
37  °C with aeration for 2  days. Browning was observed 
spectrophotometry as stated in 2.5.1

Co‑culture of engineered strains
Culture of potential xylose reductase and oxidoreduc-
tase clones was inoculated into IPTG-inducing M9 
media containing 5% glucose and 0.5% xylose for 24, 
48 and 72 h. Each interval, 2 mL supernatant was col-
lected and separated into 2 tubes. The first tube fol-
lowed an induction of the Maillard reaction by boiling 
at 100  °C for 4  h. Then, browning determination took 
place in order to evaluate xylose reduction. The sec-
ond tube was used to verify melanoidin degradation by 
mean of oxidoreductase activity. For this, we followed 

the protocol in 2.5.2 but using boiled supernatant from 
the first tube instead of synthetic melanoidin.

Additional file

Additional file 1: Table S1. Bacterial strains used in this study. Table S2. 
Plasmids used in this study. Table S3. DNA sequences of the genes used 
in this study. Figure S1. De-browning effect of B. amyloliquefaciens strain 
SSB6. Figure S2. Xylose utilization and xylitol production of engineered 
strains.

Authors’ contributions
RLA, TE and CP conceived the work. RD performed most of the experiments. 
CG performed some of the experiments. RD, CG, TE, LL and RLA analysed 
and/or interpreted the results. RD, CG, TE and RLA wrote the manuscript. All 
authors read and approved the final manuscript.

Funding
This work was supported by the BBSRC Grant BB/R01602X/1, the Research and 
Researchers for Industries from Thailand Research Fund (TRF; Grant Number 
PHD57I0069) and Newton Fund: Ph.D. Placement Grant for Scholars 2016/17 
from British Council (Grant Number GA/PhD/Scholar/Year3/009).

Availability of data and materials
All data generated or analysed during this study are included in this published 
article and its additional files.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Centre for Synthetic Biology, Imperial College London, London SW7 2AZ, 
UK. 2 Department of Bioengineering, Imperial College London, London SW7 
2AZ, UK. 3 Department of Food Technology, Faculty of Science, Chulalongkorn 
University, Patumwan, Bangkok 10330, Thailand. 4 Key Laboratory of Industrial 
Biotechnology, Ministry of Education, Jiangnan University, Wuxi 214122, China. 

Received: 8 April 2019   Accepted: 22 May 2019

References
	1.	 Lhomme E, Urien C, Legrand J, Dousset X, Onno B, Sicard D. Sourdough 

microbial community dynamics: an analysis during French organic bread-
making processes. Food Microbiol. 2016;53:41–50.

	2.	 Fleet GH. Wine microbiology and biotechnology. New York: CRC Press; 
1993.

	3.	 Mccarty NS, Ledesma-Amaro R. Synthetic biology tools to engi‑
neer microbial communities for biotechnology. Trends Biotechnol. 
2019;37:181–97.

	4.	 Isabella VM, Ha BN, Castillo MJ, Lubkowicz DJ, Rowe SE, Millet YA, et al. 
Development of a synthetic live bacterial therapeutic for the human 
metabolic disease phenylketonuria. Nat Biotechnol. 2018;36:857.

	5.	 Denby CM, Li RA, Vu VT, Costello Z, Lin W, Chan LJG, et al. Industrial brew‑
ing yeast engineered for the production of primary flavor determinants 
in hopped beer. Nat Commun. 2018;9(1):965.

	6.	 Sector Trend Analysis—Sauces, Dressings and Condiments in the United 
States. Agriculture and Agri-Food Canada. 2018. http://www.agr.gc.ca/
eng/indus​try-marke​ts-and-trade​/inter​natio​nal-agri-food-marke​t-intel​

https://doi.org/10.1186/s12934-019-1149-2
http://www.agr.gc.ca/eng/industry-markets-and-trade/international-agri-food-market-intelligence/reports/sector-trend-analysis-sauces-dressings-and-condiments-in-the-united-states/%3fid%3d1518721863280
http://www.agr.gc.ca/eng/industry-markets-and-trade/international-agri-food-market-intelligence/reports/sector-trend-analysis-sauces-dressings-and-condiments-in-the-united-states/%3fid%3d1518721863280


Page 8 of 8Det‑udom et al. Microb Cell Fact          (2019) 18:101 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

ligen​ce/repor​ts/secto​r-trend​-analy​sis-sauce​s-dress​ings-and-condi​ments​
-in-the-unite​d-state​s/?id=15187​21863​280. Accessed 20 Mar 2019.

	7.	 Miyagi A. Research on purchase consciousness and color preference of 
Japanese soy sauce among general consumers in Chiba Prefecture. J 
Integr Study Diet Habits. 2012;22(4):320–4.

	8.	 Miyagi A, Nabetani H, Nakajima M. Decolorization of Japanese Soy Sauce 
(Shoyu) using adsorption. J Food Eng. 2013;116(3):749–57.

	9.	 Miyagi A, Suzuki T, Nabetani H, Nakajima M. Color control of Japanese 
Soy Sauce (Shoyu) using membrane technology. Food Bioprod Process. 
2013;91(4):507–14.

	10.	 Terasawa N, Murata M, Homma S. Decolorization of brown pigments in 
foods by immobilized mycelia of Coriolus versicolor IFO 30340 and Paecilo-
myces canadensis NC-1. J Food Sci. 2000;65(5):870–5.

	11.	 Tanaka Y, Watanabe J, Mogi Y. Monitoring of the microbial communities 
involved in the soy sauce manufacturing process by PCR-denaturing 
gradient gel electrophoresis. Food Microbiol. 2012;31(1):100–6.

	12.	 Luh BS. Industrial production of Soy Sauce. J Ind Microbiol. 
1995;14(6):467–71.

	13.	 Lertsiri S, Maungma R, Assavanig A, Bhumiratana A. Roles of the Maillard 
reaction in browning during Moromi process of thai soy sauce. J Food 
Process Preserv. 2001;25(2):149–62.

	14.	 Lund MN, Ray CA. Control of Maillard reactions in foods: strategies and 
chemical mechanisms. J Agric Food Chem. 2017;65(23):4537–52.

	15.	 Martins SIFS, Jongen WMF, van Boekel MAJS. A review of Maillard reaction 
in food and implications to kinetic modelling. Trends Food Sci Technol. 
2000;11(9):364–73.

	16.	 Satoh M, Nomi Y, Yamada S, Takenaka M, Ono H, Murata M. Identification 
of 2,4-dihydroxy-2,5-dimethyl-3(2H)-thiophenone as a low-molecular-
weight yellow pigment in soy sauce. Biosci Biotechnol Biochem. 
2011;75(7):1240–4.

	17.	 Det-udom R, Prakitchaiwattana C, Mahawanich T. Autochthonous 
microbes and their key properties in browning reduction during soy 
sauce fermentation. LWT. 2019;111:378–86.

	18.	 Yokotsuka T. Soy sauce biochemistry. In: Chichester CO, Mrak EM, Sch‑
weigert BS, editors. Advances in food research. New York: Academic Press; 
1986. p. 195–329.

	19.	 Abe K, Uchida KJ. Correlation between depression of catabolite control 
of xylose metabolism and a defect in the phosphoenolpyruvate: man‑
nose phosphotransferase system in Pediococcus halophilus. J Bacteriol. 
1989;171(4):1793–800.

	20.	 Chandra R, Kumar V, Tripathi S. Evaluation of molasses-melanoidin 
decolourisation by potential bacterial consortium discharged in distillery 
effluent. 3 Biotechnol. 2018;8(4):187.

	21.	 Murata M, Terasawa N, Homma S. Screening of microorganisms to decol‑
orize a model melanoidin and the chemical properties of a microbially 
treated melanoidin. Biosci Biotechnol Biochem. 1992;56(8):1182–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

http://www.agr.gc.ca/eng/industry-markets-and-trade/international-agri-food-market-intelligence/reports/sector-trend-analysis-sauces-dressings-and-condiments-in-the-united-states/%3fid%3d1518721863280
http://www.agr.gc.ca/eng/industry-markets-and-trade/international-agri-food-market-intelligence/reports/sector-trend-analysis-sauces-dressings-and-condiments-in-the-united-states/%3fid%3d1518721863280

	Towards semi-synthetic microbial communities: enhancing soy sauce fermentation properties in B. subtilis co-cultures
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results and discussion
	Identification of candidate chassis of engineering among the natural microbial community members
	Strategy I: engineering xylose consumption to reduce browning
	Strategy II: engineering enzymatic degradation of melanoidin pigments

	Co-culturing engineered xylose-consuming and melanoidin-degrading strains to enhance soy sauce de-browning

	Conclusions
	Materials and methods
	Strains and plasmids
	Construction of plasmid
	Protein expression
	Browning reduction
	Xylose reductase scheme
	Oxidoreductase scheme

	Co-culture of engineered strains

	References




