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Abstract

To all organisms, sulfur is an essential and important element. The assimilation of inorganic sulfur molecules such as sulfate and
thiosulfate into organic sulfur compounds such as L-cysteine and L-methionine (essential amino acid for human) is largely
contributed by microorganisms. Of these, special attention is given to thiosulfate (S,05°") assimilation, because thiosulfate
relative to often utilized sulfate (SO,>") as a sulfur source is proposed to be more advantageous in microbial growth and
biotechnological applications like L-cysteine fermentative overproduction toward industrial manufacturing. In Escherichia coli
as well as other many bacteria, the thiosulfate assimilation pathway is known to depend on O-acetyl-L-serine sulthydrylase B.
Recently, another yet-unidentified CysM-independent thiosulfate pathway was found in E. coli. This pathway is expected to
consist of the initial part of the thiosulfate to sulfite (SO5>") conversion, and the latter part might be shared with the final part of
the known sulfate assimilation pathway [sulfite — sulfide (S*7) — L-cysteine]. The catalysis of thiosulfate to sulfite is at least
partly mediated by thiosulfate sulfurtransferase (GIpE). In this mini-review, we introduce updated comprehensive information
about sulfur assimilation in microorganisms, including this topic. Also, we introduce recent advances of the application study
about L-cysteine overproduction, including the GIpE overexpression.
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Introduction

To all organisms, sulfur is an essential element as well as
carbon and nitrogen, although its elemental composition in
living organisms is generally much low (Ingenbleek and
Kimura 2013). As well-known and important sulfur-
containing biomolecules, there are two proteinogenic amino
acids, L-cysteine (Cys) and L-methionine (Met). For mammals
including human, Met is considered to be an essential amino
acid, because they cannot biosynthesize it de novo, but can do
Cys from Met. Thus, mammals must obtain Met from diet
intake, subsequently metabolizing it into Cys and a wide range
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of other functional sulfur compounds, such as L-glutathione
(GSH) and coenzyme A. They finally catabolize such organic
sulfur compounds into inorganic sulfur molecules. In contrast,
most microorganisms and plants can basically biosynthesize
Cys and Met from environmental inorganic sulfur sources
such as sulfate (S0,%"), thiosulfate (S,05%), sulfite (SO5%),
and sulfide (S*). In this sense, biological sulfur cycle on the
Earth is supported by the ability of the sulfur assimilation,
namely, the Cys biosynthesis dwelling in microorganisms
and plants. So, understanding of Cys biosynthetic metabolism
in microorganisms is important study for us.

Considering functional difference between Cys and
Met, it is mainly attributed to structural difference of
its sulfur form—Cys harbors sulfur atom as its thiol
group [HS-CH,CH(NH,)COOH] responsible for high re-
dox reactivity, but Met as its thioether group [CHj;-
S-(CH,),CH(NH,)COOH] with basically low redox re-
activity. This is why Cys is involved in many redox
reactions to exert critical biological functions as catalyt-
ic residue of various enzymes, as donor of sulfur atom
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required for assembly of Fe/S cluster, and as a compo-
nent of GSH (5-L-glutamyl-L-cysteinylglycine). GSH
play significant roles in various cellular functions and
is required for glutaredoxin, glutathione peroxidase,
dehydroascorbate reductase, glutathione S-transferase,
etc. In addition, we recently reported a novel cellular
antioxidative mechanism mediated by free-form Cys it-
self in E. coli, designated as “cysteine/cystine shuttle
system” (Ohtsu et al. 2015; Ohtsu et al. 2010): Cys is
exported from the cytoplasm to the periplasm, then de-
toxifies H,O, by converting it to H,O as reducing equivalents,
and alternatively generated oxidized product L-cystine (a Cys
dimer via disulfide bond) is imported back to the cytoplasm to
regenerate Cys for its recycling.

Such redox property of Cys makes it valuable and signifi-
cant as a functional material in the applicational industries
such as food (dough conditioner, flavor enhancer, and dietary
supplement), pharmacy (expectorant agent and freckles pre-
ventive medicine), and cosmetic (perm assistant and whiten-
ing agent). So, its need is becoming higher, and global Cys
market is growing (ca. 5000 tons per year) (Takagi and Ohtsu
2017). Currently, commercial Cys is mainly supplied by the
following production processes: (1) extraction from keratin
(human hair and animal feather) hydrolysis product, (2) enzy-
matic production of biochemical approach (Ryu et al. 1997;
Tamura et al. 1998), and (3) fermentative production by ge-
netically engineered microorganisms. Historically, almost all
Cys has been manufactured by the extraction method.
However, this extraction method has some unfavorable fac-
tors, i.e., generation of unpleasant smell, abundant utilization
of environmentally unfriendly concentrated hydrochloric acid
(Hunt 1985), and utilization of animal-derived source, which
is unsuitable for people with certain religious beliefs and also
due to health concern about bovine spongiform encephalopa-
thy (BSE) (Wada and Takagi 2006). On the other hand, the
fermentative production method does not basically accompa-
ny such disadvantages. Moreover, the recent technological
progress based on understanding of sulfur metabolism is mak-
ing it possible to dramatically improve the productivity, there-
by realizing higher cost-effectiveness and resulting price com-
petitiveness. In this way, the market share of the extraction
method and also the enzymatic production method is being
replaced by that of the microorganism fermentation method,
although it is now still at the beginning on the way to go.

This mini-review highlights Cys mainly in terms of micro-
organisms, introduces its general biosynthetic metabolism and
its recent progresses of scientific understanding, and provides
recent advances of its fermentative production. Besides, based
on this survey, we discuss about the perspective with respect
to upcoming sulfur biology and required leading-edge analyt-
ical chemistry of sulfur metabolites as its driving force.
Furthermore, we also discuss next-generation targets of
unique and valuable sulfur compounds for commercial
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manufacturing by means of the establishing first-generation
technic, i.e., Cys fermentative production.

L-Cysteine biosynthetic metabolism in microorganism

For sulfur assimilation to biosynthesize Cys in microorgan-
isms, various forms of inorganic sulfur sources exist in natural
environments. For example, elemental sulfur is one of them,
and its assimilation is summarized elsewhere (Le Faou et al.
1990). Of such sulfur sources, we here focus on sulfate (SO42
) and thiosulfate (S,05%), which are often utilized in the
fermentative production by microorganisms.

Sulfate assimilation pathway

Sulfate is oxidized and stable state of inorganic sulfur mole-
cule, ubiquitously exists in various environments such as soil
and sea. Most microorganisms can utilize sulfate as a sulfur
source. Also, for many scientists, sulfate is the most popular
and familiar sulfur source in their cultivation of microorgan-
isms, e.g., ammonium sulfate, sodium sulfate, and magnesium
sulfate. For de novo Cys biosynthesis, firstly, sulfate is re-
duced to sulfide (S*) in most microorganisms in common,
and it can be then incorporated into two types of carbon skel-
eton molecules such as O-acyl-L-serine and O-acyl-L-
homoserine to generate organic sulfur molecules, Cys and L-
homocysteine (HmCys), respectively. Subsequently, intercon-
version of Cys to HmCys or HmCys to Cys can be promoted
by transsulfuration pathway or reverse transsulfuration path-
way, respectively. Met is biosynthesized from HmCys by its
S-methylation. For de novo biosynthesis of Cys and Met, each
microorganism divergently equips each combination of path-
ways above. For example, Escherichia coli equips Cys bio-
synthesis derived from O-acetyl-L-serine (OAS) and
transsulfuration pathway, and Saccharomyces cerevisiae does
HmCys biosynthesis derived from O-acetyl-L-homoserine
(OAH) and reverse transsulfuration pathway. We here intro-
duce these representative two types of Cys biosynthetic path-
ways from sulfate in these model microorganisms. Detailed
description of the kinds of combinations and catalytic reac-
tions (e.g., acyl-groups of substrates, its responsible genes for
catalyzes, and its genetic distribution across biological king-
doms) is excellently reviewed elsewhere (Ferla and Patrick
2014; Ruckert 2016).

E. coli

E. coli, model prokaryotic microorganism, is one of the most
utilized bacterial strain for genetic engineering field. E. coli
has been well studied with regard to sulfate assimilation path-
way (Fig. 1, sulfate pathway). At first, sulfate is taken up into
cells from ambient environment via an ATP-dependent trans-
porter complex CysUWA (Aguilar-Barajas et al. 2011). CysU
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Fig. 1 Schematic metabolic pathway of the inorganic sulfur assimilation/
L-cysteine biosynthesis. For the comparison, that of E. coli is in the left
and that of S. cerevisiae is in the right. Newly identified GlpE-dependent
CysM-independent thiosulfate pathway in E. coli is represented as yellow
arrows: thiosulfate conversion into sulfite coupled with the persulfuration

and CysW are subunits to form the channel in the inner mem-
brane, and CysA is the predicted ATPase subunit for driving
sulfate translocation. Sbp is the periplasmic sulfate-binding
protein to deliver sulfate to the transporter for high affinity
uptake (Sirko et al. 1995). After the import, sulfate is assimi-
lated into Cys by five-step sequential enzymatic reactions. (1)
Sulfate is activated by CysDN complex (sulfate
adenylyltransferase) utilizing ATP to generate adenosine 5'-
phosphosulfate (APS) (Leyh et al. 1988). (2) APS is phos-
phorylated by CysC (adenylylsulfate kinase) utilizing another
ATP to generate 3'-phosphoadenosine 5'-phosphosulfate
(PAPS) (Satishchandran and Markham 1989; Satishchandran
and Markham 2000). (3) PAPS is converted into sulfite (SO5>
") and adenosine 3',5'-bisphosphate (PAP) in the coupled cat-
alytic reactions by CysH (3’-phospho-adenylylsulfate reduc-
tase), thioredoxin, and thioredoxin reductase using a NADPH
(Berendt et al. 1995; Lillig et al. 1999). (4) Sulfite is reduced
by CyslJ complex (sulfite reductase) to generate sulfide (S*")
utilizing 3 NADPH (Siegel and Davis 1974). Siroheme, which

of the thiol group of GIpE is emphasized. Enzymes catalyzing each step
are underlined. Basically, sulfur metabolic flow from sulfate is
represented as red arrows and that from thiosulfate is blue arrows, and
carbon metabolic flow for L-cysteine biosynthesis is represented as green
arrows

is a prosthetic group in Cysl subunit of the sulfite reductase, is
biosynthesized from uroporphyrinogen-III by CysG
(siroheme synthase) (Spencer et al. 1993). (5) Sulfide and
OAS are converted into Cys simultaneously releasing acetate
by CysK (O-acetyl-L-serine sulfhydrylase A) (Boronat et al.
1984; Fimmel and Loughlin 1977; Kredich and Tomkins
1966). OAS is generated by CysE (L-serine O-acetyltransfer-
ase) from L-serine and acetyl-CoA (Denk and Bock 1987;
Kredich and Tomkins 1966). Altogether, sulfate pathway
needs two ATPs and four NADPHs as the expense of cellular
energy to biosynthesize 1 Cys. Another inevitable sulfur-
containing amino acid, Met, is biosynthesized from Cys and
O-succinyl-L-homoserine (OSH) via L-cystathionine and
HmClys by transsulfuration pathway [MetB (cystathionine y-
synthase), MetC (cystathionine (3-lyase), and MetE
(cobalamin-independent homocysteine transmethylase) or
MetH (cobalamin-dependent methionine synthase)] (Fig. 1).
Other than E. coli, many microorganisms such as Salmonella
typhimurium (Kredich 1992) and Schizosaccharomyces
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pombe (fission yeast) (Fujita and Takegawa 2004) possess
similar fashion of Cys biosynthesis.

S. cerevisiae

S. cerevisiae (budding yeast) is a valuable organism utilized
for fermentation industry such as alcoholic beverage, food
flavorings, bread, and bioethanol. S. cerevisiae, a model eu-
karyotic microorganism, is also shown to assimilate sulfate
(Marzluf 1997). In S. cerevisiae, sulfate is assimilated to sul-
fide (S*7) in the basically same steps as E. coli (Fig. 1).
However, subsequent step to accept the sulfide is different
from E. coli: HmCys is synthesized from the sulfide and
OAH by L-homoserine O-acetyltransferase (Metl7) (Cherest
et al. 1969; Kerjan et al. 1986; Yamagata et al. 1974). Met is
biosynthesized from HmCys by Met6 (Cobalamin-indepen-
dent methionine synthase). Also, HmCys is utilized for Cys
biosynthesis by reverse transsulfuration pathway via L-cysta-
thionine as follows: (1) HmCys and L-serine are converted
into L-cystathionine by Cys4 (L-cystathionine (3-synthase)
(Thomas and Surdin-Kerjan 1997), (2) the L-cystathionine is
converted into Cys by Cys3 (L-cystathionine y-lyase)
(Cherest et al. 1993; Thomas and Surdin-Kerjan 1997).
OAH to accept sulfide is generated by Met2 (L-homoserine
O-acetyltransferase) from L-homoserine (HmSer) and acetyl-
CoA (Thomas and Surdin-Kerjan 1997; Yamagata 1987).

Thiosulfate assimilation pathway

Thiosulfate is an inorganic sulfur molecule including sulfane
sulfur (§=SO327), which is more reduced state of sulfur atom
than that of sulfate. It ubiquitously exists in the various envi-
ronment such as soil and sea like sulfate, but relatively in
anoxic conditions. For many scientists, thiosulfate might be
unfamiliar sulfur source in their cultivation of microorgan-
isms. Some microorganisms are known to be capable of uti-
lizing thiosulfate as a sulfur source, although such reports are
currently much less than that of sulfate assimilation. We here
summarize conventional thiosulfate pathway, whose sulfur
metabolic route is basically independent from sulfate pathway.
Further, recently found new thiosulfate pathway in E. coli,
which bypasses to sulfate assimilation pathway, is also shown.

Conventional thiosulfate pathway
E. coli

At first, thiosulfate is taken up from ambient environment via
an ATP-dependent transporter complex CysUWA (Aguilar-
Barajas et al. 2011). Namely, CysUWA is a common trans-
porter for uptake of both sulfate and thiosulfate. However,
unlike in the case of sulfate uptake, CysP, but not Sbp, is the
periplasmic thiosulfate-binding protein to deliver thiosulfate
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to the transporter for high affinity uptake (Sirko et al. 1995).
After the import, thiosulfate is assimilated into Cys by two-
step sequential enzymatic reactions (Fig. 1). (1) Thiosulfate is
incorporated into OAS to generate S-sulfo-L-cysteine (SSC)
releasing acetate by CysM (O-acetyl-L-serine sulthydrylase B)
(Maier 2003). So, carbon skeleton molecule is the common as
that in the sulfate pathway. (2) SSC is subsequently metabo-
lized into Cys by the reductive cleavage reaction of its disul-
fide bond by NrdH (glutaredoxin-like protein) or Grxl
(glutaredoxin) (Nakatani et al. 2012). For continuity of these
reductive reactions, NrdH itself must be reduced again after
the reaction by thioredoxin reductase utilizing NADPH, and
similarly Grx1 by reduced form of GSH, which is reduced
again in parallel by glutathione reductase utilizing NADPH.
Altogether, thiosulfate pathway needs at least only one
NADPH as the expense of cellular energy to biosynthesize
one Cys, although the simultaneously released sulfite (SO5>
") is found to be also assimilated into another Cys via the
sulfate pathway, which needs only three NADPHs (Nakatani
etal. 2012).

Remarkably, the thiosulfate pathway is comparatively
more efficient than sulfate pathway to biosynthesize Cys in
terms of cellular bioenergetics. This is consistent with the
physicochemical property that thiosulfate originally contains
more reduced state of sulfur atom (sulfane sulfur) than that in
sulfate (fully-oxidized state) (Toohey and Cooper 2014).
Indeed, compatible with such principle, E. coli cells cultured
with thiosulfate as the sole sulfur source can grow slightly
faster than the cells cultured with sulfate as the sole sulfur
source, especially in anaerobic conditions (personal commu-
nication). This phenomenon is probably due to the effect for
saving the consumption of cellular fundamental energy me-
tabolites (ATP and NADPH) in Cys biosynthesis by utilization
of thiosulfate pathway. The saved energy equivalents can be
alternatively allocated to other cellular processes limiting the
growth.

S. cerevisiae

Like E. coli, S. cerevisiae is also known to assimilate thiosul-
fate as a sole sulfur source (Funahashi et al. 2015; Kankipati et
al. 2015; Thomas et al. 1992). At first, thiosulfate is taken up
from ambient environment via an transporters Sull, Sul2, and
Soal (Holt et al. 2017). After the import, thiosulfate is even-
tually assimilated into Cys and Met, but the metabolic route is
still elusive. However, previous genetic study partly showed
its outline that one sulfur atom of thiosulfate passes though
sulfite-to-sulfide part and both two sulfur atoms of thiosulfate
do sulfide-to-HmCys part of sulfate assimilation pathway
(Thomas et al. 1992) (Fig. 1). In other words, for thiosulfate
assimilation, it is converted into sulfite and sulfide and the
both enter into sulfate assimilation pathway. Although thiosul-
fate can be generally cleaved into sulfite and sulfide by
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thiosulfate reductase, the corresponding gene functional for
thiosulfate assimilation has been not found to date.

From the aspect of physiological significance, thiosulfate-
grown S. cerevisiae cells exhibit slightly faster growth and
ethanol production than the sulfate-grown cells (Funahashi
et al. 2015). As is the case for E. coli, these behaviors of S.
cerevisiae should also arise from thiosulfate-utilization-
derived cellular energy-saving effect in Cys biosynthesis. In
the thiosulfate-grown cells, intracellular NADPH content is
shown to be indeed higher during logarithmic growth phase.
This suggests that S. cerevisiae cells actually save cellular
NADPH consumption more in assimilation of thiosulfate than
that of sulfate. Also, the thiosulfate-grown cells consistently
exhibited low carbon metabolic flux in the pentose phosphate
pathway, whose important function is de novo production of
cellular NADPH. In this way, advantage of thiosulfate com-
pared to sulfate as sulfur source act as a common principle
beyond biological species.

Recently identified new thiosulfate pathway
E. coli

As mentioned above as conventional thiosulfate pathway,
thiosulfate assimilation in E. coli have been generally believed
to be carried out by CysM-dependent thiosulfate pathway
(CysM TSAP). However, in our recent study, hitherto-
unknown thiosulfate assimilation pathway, namely CysM-
independent thiosulfate pathway (non-CysM TSAP) was dis-
covered (Fig. 1) (Kawano et al. 2017). The beginning of the
study is the fact that even AcysM cells can very slowly and
slightly but surely grow in the conditions of thiosulfate as a
sole sulfur source. This means existence of non-CysM TSAP
in E. coli. The sulfur metabolic flow of non-CysM TSAP
toward Cys is suggested to be quite slow compared to that
of CysM-dependent TSAP. In fact, thiosulfate-grown AcysM
relative to WT cells can accumulate equivalent level of Cys,
but cannot accumulate GSH at all, which located at down-
stream of Cys. The non-CysM TSAP is indicated to consist
of the initial part of the thiosulfate-to-sulfite conversion (by-
pass from thiosulfate to sulfite) and share the latter part with
the sulfite-to-sulfide-to-Cys conversion of the sulfate path-
way. This is because thiosulfate-grown AcysM cells can (i)
accumulate sulfite and sulfide equivalently to WT cells and (ii)
completely lose growth capability by additional disruption of
cysK gene, whose product catalyzes the final step (sulfide-to-
Cys) in the sulfate pathway. The bypass from thiosulfate to
sulfite in non-CysM TSAP is at least in part mediated by GIpE
[cytoplasmic thiosulfate sulfurtransferase harboring a single
“rhodanese-like domain” (Ray et al. 2000)]. GIpE is known
to catalyze thiosulfate disproportionation, making the thiol
group (-SH) of the catalytic cysteine residue persulfurated (-
SSH) by the sulfane sulfur of thiosulfate (§:SO32_),

simultaneously releasing sulfite (SO5%) (Cheng et al. 2008).
The reason for the GIpE function in thiosulfate assimilation is
based on the results that its overexpression can (i) enhance in
vitro cellular thiosulfate sulfurtransferase activity, (ii) restore
the GSH pool abolished in thiosulfate-grown AcysM cells up
to the WT level in vivo, and (iii) completely complement the
crucial phenotype of restricted and slow growth in thiosulfate-
grown AcysM cells. (iv) Additionally, in its gene disruption,
thiosulfate-grown AcysMAgIpE cells consistently exhibited
more defective growth than AcysM cells, suggesting that
GIpE intrinsically plays the role in non-CysM TSAP. In sum-
mary, GIpE catalyzes thiosulfate to sulfite in a novel non-
CysM TSAP, which forms a bypass of sulfur metabolic flow
from thiosulfate to a sulfate pathway to biosynthesize Cys. To
the best of our knowledge, this is the first comprehensive
report at the genetic and molecular level demonstrating that
a thiosulfate sulfurtransferase can function in thiosulfate
assimilation.

S. cerevisiae

Based on current knowledge, in S. cerevisiae, thiosulfate as-
similation pathway is believed to pass the sulfite and sulfide in
sulfate assimilation pathway. However, the responsible
gene(s) for the conversion is unidentified to date.
Considering newly identified GlpE-dependent non-CysM
TSAP in E. coli above, thiosulfate sulfurtransferase family
gene with “rhodanese-like domain” might be a part of the
missing link. In S. cerevisiae, there are five such genes
(TUM1, RDLI1, RDL2, UBA4, and YCHI). These genes are
known to individually have individual functions respectively,
e.g., sulfur relay regarding 2-thiouridine biogenesis at tRNA
wobble positions (Noma et al. 2009) or hydrogen sulfide me-
tabolism (Melideo et al. 2014). For example, Rdl1 is known to
actually catalyze the reaction making its thiol group (-SH) of
the catalytic cysteine residue persulfurated (-SSH) by the
sulfane sulfur of thiosulfate, simultaneously releasing sulfite
(Melideo et al. 2014). Of these genes, some might have the
function responsible for thiosulfate assimilation.

Recent progress in L-cysteine fermentative
production

As mentioned, GIpE overexpression was found to be effective
for Cys biosynthesis via non-CysM TSAP. This led us to
apply this mechanism in fermentative Cys overproduction.
In this regard, we have already reported marked production
of extracellular Cys from glucose in E. coli by genetic engi-
neering involving sulfur metabolism, using thiosulfate as the
sulfur source (Kawano et al. 2015a; Nakatani et al. 2012;
Nonaka et al. 2012; Wiriyathanawudhiwong et al. 2009). As
the result, GIpE overexpression is found to be effective for
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enhancement of Cys production from thiosulfate regardless of
the presence or absence of CysM function (Kawano et al.
2017), and achieved 1.5 g/ Cys production. For other thio-
sulfate sulfurtransferases, it is known that PspE in the peri-
plasm is highly active in one E. coli: most cellular thiosulfate
sulfurtransferase activity is derived from PspE and GIpE
(Cheng et al. 2008). Thus, like GIpE, PspE might be involved
innon-CysM TSAP, and thus it might be another candidate for
the genetic engineering.

Other than our study above, Cys overproduction technic is
currently progressing by recent studies. For example, Liu et al.
achieved 5.1 g/L Cys production in E. coli, applying com-
bined rational metabolic engineering and modular strategy
(enhancing biosynthesis and weakening degradation) (Liu et
al. 2018). Takumi et al. achieved 2.2 g/LL Cys production in
Pantoea ananatis by applying genetic modification of meta-
bolic engineering approach (enhancing/optimizing biosynthe-
sis, weakening degradation, and enhancing efflux) (Takumi et
al. 2017). Joo et al. achieved 60 mg/L Cys production in
Corynebacterium glutamicum by combinatorial overexpres-
sion of genes involved in Cys production (enhancing biosyn-
thesis) (Joo et al. 2017). At present, a few companies have
recently and already established industrial fermentative Cys
overproduction using thiosulfate, and such Cys is being
marketed. However, the production cost remains higher than
that of other amino acids. Thus, further improvement of the
productive efficiency is still required from now on.

Perspective and conclusion

Understanding of sulfur metabolism in microorganism and
also other biological species is recently progressing rapidly.
One major contributing reason is development and improve-
ment of quantitative analysis method to monitor the dynamics
of sulfur metabolites, whose biological contents are quite low
and thus difficult to quantify, relative to abundantly existing
carbon or nitrogen metabolites. As current mainstream for
sulfur metabolomic analysis, the method combining (i) chem-
ical derivatization of target thiol molecules by
monobromobimane (mBBr) and (ii) its detection and quanti-
tation by the LC-MS/MS system (Kawano et al. 2015b) is
prevailing because of preceding cutting-edge studies (Ida et
al. 2014; Nakano et al. 2015; Ohmura et al. 2015). In this
method, critical point is that the chemical derivatization of
thiols enables the method to avoid chemical redox and autox-
idation reactions of thiol molecules in the sample during me-
tabolite extraction and analytic sample preparation generally
performed in open air existing oxygen. Also, such analysis has
been already available commercially (http://www.euglena.jp/
sulfurindex/).

Such methodological advance for sulfur metabolites
allowed detailed analysis of sulfane sulfur: sulfane sulfur is
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basically in the form of persulfide (R-SS-H) and polysulfide
(R-S-S,-H) among many thiol-containing proteins, small or-
ganic thiol compounds (GSH, Cys, HmClys, etc.), and inor-
ganic sulfur such as thiosulfate. Recently, such polysulfides
are shown to be ubiquitously exists in a wide variety of organ-
isms in multiple forms (Ida et al. 2014). The fashion of dy-
namics is considered to be complex and is unique to sulfur.
The polysulfide can function as new redox player, can also be
ready-to-use-form of stock of sulfur and reducing equivalent,
and can function as a new form of signal depending on its
polysulfide state, leading to the establishment of a new bio-
logical concept, i.e., polysulfidomics (Ida et al. 2014).
Elucidation of this concept is challenging but will bring about
new, real, and comprehensive cellular biology. In this context,
as for GlpE-associated thiosulfate assimilation, it is still ques-
tions regarding (i) the mechanism and relevance of GIpE
persulfide (or polysulfide) and (ii) the fate of sulfur. This
theme can provide valuable clues to understand the largely
obscure subject of polysulfidomics.

Nowadays, technic of Cys fermentative production has
reached the level of practical application, although further
improvement is strongly needed for cost-effectiveness. So,
in the near future, it is becoming significant to study and
develop the sophisticated technology for fermentative produc-
tion of other valuable and functional sulfur compounds on the
fundamental technic for Cys fermentative production. The
accomplishment should be carried out by genetic engineering
and synthetic biology approach applying diverse and exten-
sive genetic resource in microorganisms. As one practical
such compound, much attention is now paid to ergothioneine
(ERG). ERG is naturally occurring sulfur-containing amino
acid derivative with unique structure, a histidine betaine de-
rivative with a thione group attached to the C-2 atom of the
imidazole ring. ERG is functional antioxidant and
biosynthesized by actinobacteria, cyanobacteria, and a fission
yeast (Genghof 1970; Pfeiffer et al. 2011; Pluskal et al. 2014),
etc. Humans obtain ERG from intake of diet, such as mush-
rooms and red beans, because they cannot biosynthesize it.
ERG is valuable for humans, because it functions as unique
antioxidant especially effective for scavenging hydroxyl rad-
ical (Franzoni et al. 2006), highly toxic reactive oxygen spe-
cies giving crucial damage to cellular system. On the contrary,
ERG hold only a disadvantage with regard to its availability as
material source, namely, its too high cost in the current market.
Thus, we are now trying to establish the efficient fermentative
production by application of genetic engineering and synthetic
biology approach (Osawa et al. 2018) and have developed the
production to the level of gram-scale at present (personal com-
munication). Toward enjoyment of the merit of ERG for hu-
man health care, it is another rational and potential approach to
develop ERG content in already-marketed health food derived
from microorganisms such as Euglena (Suzuki 2017),
Chlorella, etc., through exhaustive survey of ERG presence,
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its amount, and its potential changeability in the culture con-
ditions (e.g., a kind of sulfur source). Finally, we propose
again that utilization of thiosulfate as sulfur source rather than
sulfate is promising for the improvement of biological produc-
tion of various target molecules, even non-sulfur compounds.
Authors hope that this mini-review can provide some help and
encouragement for many readers involving applied microbi-
ology and biotechnology.
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