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Riboflavin (vitamin B,) is required for synthesis of the flavin coenzymes: riboflavin-5-phosphate (flavin
mononucleotide) and flavin adenine dinucleotide. Riboflavin is important biotechnological commodity with
annual market around 250 million US dollars. It is mostly used as component of feed premixes for animals
(80%), in food industry as food colorant, in medicine and component of multivitamin mixtures and as
drug for treatment of some diseases. Over the past two decades, the microbial production of riboflavin by
fermentation completely replaces the chemical synthetic route. The main producers of riboflavin in industry
are engineered strains of the bacterium Bacillus subtilis and of the mycelial fungus Ashbya gossypii.
Flavinogenic yeast Candida famata has great biosynthetic potential. Using combination of classical
selection and metabolic engineering (overexpression of SEF1, RIBI and RIB7 genes coding the positive
regulator, the first and the last structural enzymes of riboflavin synthesis) resulted in the construction of
genetically stable strain of C. famata that produces 16 gram of riboflavin per liter in bioreactor. However,
the productivity of riboflavin biosynthesis remains still insufficient for industrial production of this
vitamin. Studies of transcriptional regulation of genes involved in riboflavin synthesis and using of strong
promoters of C. famata for construction of efficient producers of vitamin B, are areas of both scientific
and industrial interest. Aim. The aim of the current work was to improve riboflavin oversynthesis by the
available C. famata strains in synthetic and natural lactose-containing media. Methods. The plasmid
DNA isolation, restriction, ligation, electrophoresis in agarose gel, electrotransformation, and PCR were
carried out by the standard methods. Riboflavin was assayed fluorometrically using solution of synthetic
riboflavin as a standard. The cultivation of yeasts was carried out in YNB or YPD media containing
different source of carbon and on whey. Results. The strains of C. famata expressed additional copy of
central regulatory gene SEF1 under control of the promoter of LAC4 gene (coding for —galactosidase)
C. famata were constructed. The influence of SEF1 gene expression under control of lactose inducible
promoter of CfLAC4 gene on riboflavin production was studied. It was shown that the C. famata strains
containing “pLAC4_cf-SEF1 cf” expression cassette revealed 1.6-2.1-fold increase in riboflavin yield
on lactose when compared to the parental strain. The riboflavin production constructed strains on whey
reached 1.69 gram per liter in flask batch culture. Conclusions. The constructed strains containing
additional copy of SEF'1 gene under the control of LAC4 promoter is a perfect platform for development
of industrial riboflavin production on by-product of dairy industry, whey.
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Riboflavin (7,8-dimethyl-10-ribityl-isoalloxa-
zine, vitamin B,) serves as biosynthetic precursor
of flavin mononucleotide and flavin adenine
dinucleotide which participate in a range of
redox reactions, some of which are indispensable
to the function of aerobic cells. Flavins are
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involved in a large number of reactions in ener-
getic metabolism, oxidative stress response, pho-
tosensitization and activation of other vitamins
such as folate and pyridoxine. This vitamin can be
synthesized by plants and microorganisms, but is
essential for animals as they lack an endogenous



biosynthetic pathway. Riboflavin, which is ex-
clusively synthesized biotechnologically using
microorganisms, is mainly used as feed additive
(about 80% of current market), whereas about 20%
are used as food additive and for pharmaceutical
applications, respectively [1, 2]. The two most
important industrial riboflavin producers are
Bacillus subtilis and Ashbya gossypii [1, 2, 3].

Until recently, industrial riboflavin production
included the flavinogenic yeast, Candida famata
(Candida flareri) [4]. Some years ago the industrial
production of riboflavin using mutant strains of the
yeast C. famata by ADM Company (USA) was
stopped due to lack of profitability. One of the main
reasons for the termination of this process was low
stability of riboflavin producer used [5]. Several
years ago, we have identified gene SEFI coding
for Zn2-Cys6 transcription factor which acts as
the central regulator of riboflavin oversynthesis.
It was found that insertions or deletions in the
gene SEF block riboflavin oversynthesis in the
C. famata wild-type strain and in the industrial
riboflavin producer C. famata dep8. Inversely,
introduction of the additional copies of SEFI
enhanced capacity of riboflavin production and
strongly elevated stability of the strain dep8 [6].
Stable riboflavin overproducing strain C. famata
AF-4 was isolated using classic mutagenesis and
selection [7]. Metabolic engineering of this strain
involved introduction of the additional copies of
positive regulator SEFI, gene IMH3 coding for
IMP dehydrogenase, and two structural genes of
riboflavin synthesis R/BI and RIB7 coding for
GTP cyclohydrolase II and riboflavin synthase,
respectively. Resulted strain accumulated 16 g of
riboflavin per liter during fed-batch cultivation
[8]. These researches made a great contribution
to industrial production of riboflavin using this
yeast strains. However, even in the best of the
selected strains, the production of riboflavin
per gram of consumed glucose does not exceed
50 mg, and the productivity of riboflavin
biosynthesis remains still insufficient for
industrial production of riboflavin. Further
improvement of yeast strains, use of low-cost
substrates and studies on industrial riboflavin
processes are necessary to increase vitamin
B, yield and reduce riboflavin production
costs.

In this context, we studied effect of expression
of SEF'I gene coding for transcription factor under
control of lactose inducible promoter of LAC4 gene
encoding B-galactosidase on riboflavin production

by the best of the available C. famata overproducers
and the use of whey as fermentation medium for
the bioproduction of riboflavin.

Materials and Methods

Strains and growth conditions. Candida famata
riboflavin overproducers AF-4 [7] and AF-4/
SEF1/RIB1/RIB7 (designated as BRP from the
Best Riboflavin Producer) [8] strains were used
throughout this work. Yeast cells were cultured
at 30 °C in YNB medium or YPD medium (0.5%
yeast extract, 1% peptone and 2% glucose) or
YPL medium (0.5% yeast extract, 1% peptone and
2% lactose). For selection of yeast transformants,
10 mg/L of nourseothricin (NTC) was added. In
some experiments, whey with a lactose content of
5% was used. To estimate riboflavin synthesis the
yeast cells from a fresh plate were grown in 20 mL
of liquid media in 100 mL Erlenmeyer flasks.

The Escherichia coli DH5a strain (®80d-
lacZAM1S5, recAl, endAl, gyrA96, thi-1, hsdR17
(r,, m"), supE44, relAl, deoR, A(lacZYA-argF)
U169) was used as a host for plasmid propagation.
The DH5a strain was grown at 37 °C in LB medium
as described previously [9]. The transformed
E. coli cells were maintained on a medium
containing 100 mg/L of ampicillin.

Plasmid cloning and yeast transformation.
Restriction endonucleases and DNA ligase (Thermo
Fisher Scientific Baltics, Vilnius, Lithuania) were
used according to manufacturer’s instructions.
PCR-amplification of the fragments of interest
was performed using Phusion High-Fidelity DNA
Polymerase (Thermo Fisher Scientific Baltics,
Vilnius, Lithuania) according to the manufacturer
specification. PCRs were performed in a GeneAmp
PCR System 9700 thermocycler (Applied
Biosystems, Foster City, CA, USA). Promoter of
LAC4 C. famata was amplified with primers Kol
068: TTTGGGCCCTATATAGAGACAATAAGA
CCAG and Ko1069: CGCGGATCCGTTGAGT
ATATATCTATTACTTC from the genomic DNA
of C. famata VKMY-9 (All-Russian Collection of
Microorganisms, Pushchino, Russia). Fragment
was combined by overleap PCR with primers,
Apal/BamH1 double digested and cloned into
corresponding sites of recipient plasmid already
contained SEF1 C. famata and NTC genes [10].
The resulted recombinant plasmid was named
pPNTC/pLAC4_cf~SEF1 cf (Fig. 1). Transformation
of the yeast C. famata by electroporation was
carried out as described previously [11]. Integration
of the “pLAC4_cf-SEF1 _cf* expression cassette
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into genome of transformed cells was determined
by PCR analysis.

Biochemical analyses. Cell biomass was de-
termined turbidimetrically with a Helios Gamma
spectrophotometer (OD, 590 nm; cuvette, 10 mm)
with gravimetric calibration. Riboflavin con-
centration was determined by measuring fluo-
rescence (Turner Quantech FM 109510-33 fluo-
rometer, excitation maximum = 440 nm, emission
maximum = 535 nm).

All the experimental data shown in this
manuscript were collected from three independent
samples. Each error bar indicates the standard
deviation (SD) from the mean obtained from
triplicate samples.

Results. Early it was demonstrated that in-
tegration of an additional copy of the positive
regulator of riboflavin synthesis SEF/ ortholog
from D. hansenii under native promoter into the
genome of riboflavin producer C. famata AF-4
resulted in enhancement of riboflavin production

A

Apal BamHI Sacl

[7]. We hypothesized that the introduction of
additional copies of own SEFI C. famata into the
genome of the best riboflavin overproducing strains
of C. famata would further increase riboflavin
production. We paid attention that C. famata
grows in the media with lactose as sole carbon
and energy source. Therefore we used promoter
LAC4 gene (coding for B —galactosidase) for
expression of additional copy of SEFI gene in
riboflavin overproducing strains AF-4 obtained by
classical selection [7] and metabolic engineering
strain #91 (AF-4/SEFI1/RIBI/RIB7) [8]. The
constructed plasmids harboring SEFI gene C. fa-
mata under the control of the LAC4 promoter was
used (Fig. 1a).

Corresponding transformants were selected
on a solid rich medium, supplemented with NTC
after five days of incubation. The selected transfor-
mants were stabilized by alternating cultivation
on a non-selective followed by selective media.
The transformation frequency was amounted to
about 50 transformants/ug of DNA. After stabi-

-:{>_:|———

prLAC4_c.f. SEF_c.f. ter NTC

Fig. 1. Scheme of SEF1 gene contained plasmid and PCR screening of positively transformed
yeast colonies
a) Scheme of plasmid “pNTCHPLACYL _cf~SEF1 cf” introduced in riboflavin overproducing
(AF-4 and #91) C. famata yeast strains. C. famata LAC4 promoter and terminator are shown
as grey boxes, C. famata SEF1 gene is shown as dark grey box, gene of nourseothricin (NTC)
resistance — black box, thin line — bacterial plasmid pUC57. Sites of restriction endonucleases:
Apal, BamH1, Sacl.
b) PCR verification of positively transformed AF-4/pLAC4 _cf— SEF1 cfand
#91/pLAC4_cf — SEF1 _cf'yeast colonies. Constructed plasmid was used for positive control.
Primer pairs where specific to “pLAC4_cf- SEF1 _cf” expression cassette.
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lization, selected strains were verified by PCR
(Fig. 1b).

Initial characterization of riboflavin produc-
tion was performed in the recombinant strains of
C. famata, expressing SEF'1 under the control of
LAC4 promoter on 72 h of growth in YNB medium
+ 0.2% of yeast extract with different source
of carbon. All tested recombinant strains were
characterized by higher riboflavin yield in medium
containing lactose as a carbon sources as compared
to that of the parental strain AF-4 (Fig. 2).

Representative profiles of riboflavin yields for
the strains AF4 and AF-4/ pLAC4_cf-SEF1 _cf'in
YPL medium are shown in Fig. 3. Strains #42, #85
and #134 revealed an increase in riboflavin yields
as compared to that of the parental strain AF-4.
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Early it was demonstrated that the yeast C. fa-
mata can assimilate lactose and synthesize ribo-
flavin on whey supplemented with ammonium
sulphate as a source of nitrogen [12]. Riboflavin
yield of recombinant strains of C. famata,
expressing SEF'] gene under the control of LAC4
promoter on 90 h of growth on whey supplemented
with ammonium sulphate is shown in Fig. 4. The
riboflavin production by the AF-4 strain, amounted
to 1.03 g/L. Strains AF-4/pLAC4_cf-SEF1_cf de-
monstrated increase in riboflavin production up
to 1.69 g/L. Similarly, it was found the increase
in riboflavin yield in the recombinant strains #16,
and #76, containing additional copy of SEF' gene
under the control of LAC4 promoter, relative to the
parental strain C. famata #91 (Fig. 5).
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#85 #134 Strains

Fi g. 2. Riboflavin yields of recombinant C. famata strains expressing SEFI under the control
of LAC4 promoter and parental strain AF-4 on 72 h of growth in YNB medium+ 0.2% of yeast
extract with glucose or lactose (2%)
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Fi g. 3. Riboflavin production of recombinant strains of C. famata AF-4 and AF-4/ prLAC4_cf
—SEF1 cf expressing SEFI under the control of LAC4 promoter. Cells grown in YPD medium
for 24 h, transferred to YPL medium (100 pg/mL). Time of incubation — 70 h
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Fig. 4. Riboflavin production by parental strain AF-4 and the recombinant strains #42, #85
and #134, containing additional copy of SEFI gene under the control of LAC4 promoter
grown on whey for 90 hours
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Fi g. 5. Riboflavin yields of recombinant strains of C. famata expressing SEFI under the control
of LAC4 promoter and parental strain 91 on 72 h of growth in YNB medium + 0.2% of yeast
extract with different source of carbon and in whey (1 —glucose, 2 — lactose, 3 —whey)

Discussion. Some species of yeasts named
”flavinogenic” overproduce riboflavin under
conditions of iron deficiency. The highest
flavinogenic potential among these organisms
displays C. famata [5]. Molecular mechanisms
of iron-dependent regulation of gene expression
in flavinogenic yeasts are not known. Studies
of transcriptional regulation of genes involved
in riboflavin synthesis and using of strong
promoters of C. famata for construction of efficient
producers of vitamin B, are areas of both scientific
and industrial interest. In general, metabolic
engineering for enhanced riboflavin production
was achieved by overexpressing the biosynthetic
pathways of riboflavin or its precursors, which was
accomplished by the combination of direct gene
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duplication, replacement of the native promoter
with a strong one, disruption of competing
pathways, or modification of regulatory genes [13].

Some mutants of C. famata are the most fla-
vinogenic organisms known [4, 5, 14]. To obtain
riboflavin overprodusers co-expression of the
three genes SEFI, RIBI and RIB7 coding for
putative transcription factor, GTP cyclohydrolase
II and riboflavin synthetase, respectively, on the
background of non-reverting riboflavin producing
mutant AF-4 isolated by classical selection were
used [7, 8]. However, the productivity of riboflavin
biosynthesis by available constructed strains of C.
famata remains insufficient for industrial production
of riboflavin and requires further metabolic
engineering. We studied the effects of introduction



additional copy of SEFI gene under control of
LAC4 promoter on riboflavin production by the
best of the available C. famata overproducers.
It was shown that, insertions or deletions in the
gene SEFI block riboflavin oversynthesis in the
C. famata [6], while introduction of the additional
copies of SEF'] from D. hansenii enhanced capacity
of riboflavin production and strongly elevated
stability of the riboflavin producer dep8. Homolog
of transcriptional factor Seflp C. famata were
identified, cloned and deleted in other flavinogenic
yeast Meyerozyma (Pichia) guilliermondii [15].
Deletion of a homologue of Seflp transcriptional
factor in M.(P.) guilliermondii completely blocked
riboflavin oversynthesis under conditions of iron
deficiency. The corresponding homologs of Seflp
might be universally involved in regulation of
riboflavin biosynthesis in most flavinogenic yeasts
that overproduce riboflavin under conditions of
iron starvation. Recently it was shown that the
SEF 1 promoters from other flavinogenic (Candida
albicans) and non-flavinogenic (Candida tropicalis)
yeasts fused with ORF of SEFI gene from
C. famata are able to restore riboflavin over-
synthesis in sef/4 mutant whereas SEF'/ promoters
from other non-flavinogenic yeasts did not [10, 16].

In this work we showed that overexpression
of own SEFI gene under control of LACH4
promoter in previously constructed C. famata
overproducers of riboflavin led to significant
increased riboflavin production on media with
lactose (Fig. 2, 5). Moreover, constructed strains
can synthesize riboflavin on cheap carbon source —
whey, containing 5% lactose. Riboflavin yields of
recombinant strains of C. famata expressing SEF']
gene under the control of L4C4 promoter on whey
is higher than that on glucose. It is worth to mention
that whey more significantly stimulates riboflavin
synthesis by the construction strains as compared to
lactose (Fig. 5). Quite possibly that whey contains
some substances which additionally activate LAC4
promoter. This is especially important as whey is
cheap by-product of dairy industry.

kskok

The influence of SEF] gene expression under
control of lactose inducible promoter of CfLAC4
gene encoding [-galactosidase on riboflavin
production was studied. It was shown that the C.
famata strains containing pLAC4 cf-SEF1 cf
expression cassette revealed 1.6-2.1-fold increase
in riboflavin yields on lactose as a soil carbon
source when compared to the best riboflavin
producers described in our previous work. The

riboflavin production constructed strains on
whey reached 1.69 g/L. The constructed strains
containing additional copy of SEF'I gene under the
control of LAC4 promoter is a perfect platform for
development of industrial riboflavin production on
by-product of dairy industry, whey.
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Pesrome

Pubodnasin (7,8-mumeTrii-10-pubiTHII-130aT0K-
CcasuH, BiTaMiH B,) € G10CUHTETHYHUM IONIEPETHUKOM
(hJ1aBIHMOHOHYKJICOTHY 1 (hIaBiHaJAEHIHANHYKIIEO-
THULY, SIKi OEpyTh y4acTh y HU3II BiTHOBHHUX PEaKIIii,
JesIKi 3 SIKUX € HeOOXiMHUMH Ui (PyHKIIIOHYBaHHS
aepoOHuX KiiTHH. DiTaBiHM 3a)Ty4eHi B HU3KY peak-
il GHEPreTUYHOTO MeTabOi3MYy, BiIIOBI/Ib HA OKCH-
JNATUBHUI cTpec, (HOTOCCHCUOUTI3AIII0 1 aKTHBALIIIO
IHIIMX BiTaMmiHiB, 30KpeMa ¢oJaTy i MipuJOKCHHY.
Pubodrnasin € BaxxIuBUM OIOTEXHOIOTIYHUM MIPO-
IYKTOM, PIYHUI PHHOK SIKOTO CTAHOBHTH OJHM3BKO
250 minbitoniB monapie CILIA. 3ne6inpmioro BiH
BHKOPHUCTOBYETHCS SIK KOMIIOHCHT KOPMOBHX IIpe-
MikciB 17151 TBapuH (80% Bij 3araibHOrO 00CATY BH-
pPOOHHIITBA), Y Xap4yOBii MPOMUCIOBOCTI SIK OapB-
HUK, Y MEJUIMHI K KOMIIOHCHT IOJIBITAMIHHUX
CyMiIIeH 1 sIKk mpenapar Ui JTiKyBaHHS JIESKUX 3a-
XBOPIOBaHb. 332 OCTaHHI JBa JCCATWIITTS BUPOOHH-
ITBO puOO(IIaBiHY IIISXOM MIKpOOHOI hepMeHTallii
MOBHICTIO 3aMiHWJIO XiIMi4HMH cuHTe3. ['0J0BHHU-
MU IPOMHUCIOBUMH NPOAYLEHTaMU pubo(draBiny €
CKOHCTpyHoBaHi mtamu Oakrtepii Bacillus subtilis
1 minenianbHOTO Tpuba Ashbya gossypii. Huzka
BHJIIB JIPDK/DKIB 32 YMOB JehinuTy (epyMy 31aTHA
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JI0 HajZiIcuHTEe3y puboduIaBiHy. 3a JOMTOMOTOI0 METO/IiB
KIIACUYHOT CEJIeKIIi1 OTPUMAaHO IITaMH, 3JaTH1 JI0 HaJI-
CUHTe3y pubo¢raBiHy NpH BUCOKOMY BMICTI 3ai3a.
OmHaK MeXaHi3MU peryJsiii CHHTe3y pudodmaBiny 3a
YYAaCTIO 3aJTi3a JI0 IIbOTO Yacy He 3°sicoBaHi. Bucokwuii
(1aBiHOreHHHUI TTOTEHITIa MaroTh IpikIKi Candida
famata. BUKOPUCTOBYIOUN KIIACHYHI METO/IU CEJICK-
1ii Ta METOAM TEHETHYHOI 1HXeHepil (Hagekcnpecis
reniB SEF1, RIBI i RIB7, sKi KOAYIOTh MO3UTHBHUN
PETYIATOp, IEPIINH 1 OCTaHHIN (ePMEHT CHHTE3Y pH-
0o(dnaBiHy BiJIMOBIAHO), CKOHCTPYHOBAHO T€HETHY-
HO ctabineHuil mtam C. famata, sikuit y 6iopeakropi
IpOAyKyBaB 16 r puboQaBiHy Ha JITP KyJIbTypalib-
Horo cepenoBuia. OmIHAK TPOLYKTUBHICTh CHHTE3Y
pubodnaBiny 1Ie 3aMUIIA€TbCS HEJOCTATHBOIO IS
MTPOMHUCIIOBOTO BUPOOHHUIITBA ITLOTO BiTaMiHy. Jlocmi-
JOKCHHS TPAHCKPHIIIIHHOT PerysIii reHiB, 3amyde-
HUX Y CHHTE3 puOO0QIaBiHy, 1 BAKOPUCTAHHS CHIIBHUX
npomotopiB C. famata nns KOHCTPYIOBaHHA edek-
THBHUX TIPOJYIIEHTIB BiTaMiHy B, MaioTh HayKoBuii
1 mpakTHuHMi iHTepec. MeTta. MeToto gaHoi pobotn
OyI10 IOKPAIINTH HAICHHTE3 pUOOQIaBiHy Y HAsIBHUX
mramax C. famata y CHHTETHYHOMY 1 IPUPOTHOMY
JaKTO30-BMiCHOMY cepenoBuiax. Meroau. Bumi-
nenns masmignoi JIHK, pectpukiito, enekrpodopes
B arapo3HoMy reii, eaekrporpancopmauito i ITJIP
MPOBOAMIIM 32 CTAHAAPTHUMHU METOJIWKaMH. BwmicT
pubodnaBiHy Bu3HaUaIH (IIOOPUMETPUIHO, BHKO-
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PHUCTOBYIOYH CHHTETHYHHN pHOO(IIABIH SK CTAHIAPT.
JpixKi KyITbTUBYBAJIN y CTAaHAAPTHUX CEPEIOBH-
max YPD 1 YNB, ski MicTuiu miitoko3y abo J1aKTo3y
K JpKepena KapOoHy, ab0 Ha MOJOYHIN CHPOBATIIi.
Pe3syabTratn. CKOHCTpYHOBaHO MITaMU JPiKIKIB
C. famata 3 TOTAaTKOBOIO KOIII€IO IICHTPAIBHOTO pe-
rynaropHoro reHa SEF] mia KOHTpoJeM MpoMOTOpa
rena LAC4 (xonye B-ranakrozunasy) C. famata. Jlo-
CJTIIJDKEHO BILUIUB eKcrpecii reHa SEF ' iy KOHTpoJieM
JIAKTO30 iHAyIMOensHOTrO TIpoMoTopa rera LAC4 Ha
MPOAYKII0 pubodIaBiHy 3a pi3HUX YMOB BHPOILY-
BaHHs. BcTaHOBIEHO, MO0 PEeKOMOIHAHTHI IITaMU
C. famata, sixi MiCTATb ekcripeciiiny kacety “pLACY
c¢f-SEFI _cf”, matote B 1,6-2,1 pasu BUIIMIA BUXi]
puboduaBiny y CEpeOBHUII 3 JIAKTO3010 K €TUHUM
JOKEepeJIoM KapOOHY y MOPIBHSHHI 3 0aThbKiBCHKUM
mramoMm AF-4. TIponykiist puboduiaBiHy CKOHCTPY-
HOBaHMMU [ITaMaMU IIPH BHPOIIYBaHHI B KOJIOAX J10-
csrana 1,69 r/n. BucHoBku. CKOHCTPYHOBaHI IITaMK
apixnxiB C. famata, Mo MICTSITh T0JATKOBY KOIIIO
rera SEF] miJi KOHTPOJIEM JaKTO30 1HAYIHOETHHO-
ro npomotopa LACY, € ineanbHO m1aThopMoro Jist
PO3BHUTKY ITPOMKCIIOBOTO BUPOOHUIITBA pUOOQIIaBIHY
Ha TOOITYHOMY TPOIYKTI MOJIOYHOT IPOMHUCIOBOCTI —
CUPOBATIII.
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