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The  Ashbya  gossypii  riboflavin  biosynthetic  pathway  and  its  connection  with  the  purine  pathway  have
been  well  studied.  However,  the  outcome  of  genetic  alterations  in  the  pyrimidine  pathway  on riboflavin
production  by A. gossypii  had not  yet been  assessed.  Here,  we  report  that  the  blockage  of  the  de novo
pyrimidine  biosynthetic  pathway  in  the  recently  generated  A.  gossypii  Agura3  uridine/uracil  auxotrophic
strain  led  to  improved  riboflavin  production  on standard  agar-solidified  complex  medium.  When  extra
uridine/uracil  was supplied,  the  production  of  riboflavin  by  this  auxotroph  was  repressed.  High  concen-
trations  of  uracil  hampered  this  (and  the  parent)  strain  growth,  whereas  excess  uridine  favored  the  A.
yrimidine pathway
iboflavin production
ridine/uracil auxotrophy
utritional stress

gossypii  Agura3  growth.  Considering  that the riboflavin  and  the  pyrimidine  pathways  share  the  same
precursors  and  that  riboflavin  overproduction  may  be  triggered  by  nutritional  stress,  we suggest  that
overproduction  of riboflavin  by  the  A.  gossypii  Agura3  may  occur  as  an  outcome  of  a nutritional  stress
response  and/or  of  an  increased  availability  in  precursors  for riboflavin  biosynthesis,  due  to their  reduced
consumption  by  the  pyrimidine  pathway.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The filamentous hemiascomycete Ashbya gossypii (syn. Ere-
othecium gossypii) is a remarkable riboflavin (vitamin B2)

verproducer that has long been exploited for the industrial pro-
uction of this vitamin (Stahmann et al., 2000; Kato and Park,
012).

Riboflavin is synthesized from ribulose 5-phosphate (ribulose-
P) and/or guanosine-5-triphosphate (GTP) through a pathway
ontrolled by six genes (Schlösser et al., 2007). Riboflavin over-
roduction starts when the A. gossypii growth rate declines and is
haracterized by a strong increase in the expression of three of these
enes (AgRIB3, AgRIB4 and AgRIB5), which are regulated at the tran-
cription level (Schlösser et al., 2001, 2007; Walther and Wendland,
012). Environmental stress, such as nutritional (Schlösser et al.,
007) and oxidative stress (Kavitha and Chandra, 2009; Walther
nd Wendland, 2012), can trigger the overexpression of these genes

nd lead to riboflavin overproduction.

Since the riboflavin biosynthetic pathway shares its precur-
ors with other metabolic pathways (Fig. 1), riboflavin production
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is also influenced by alterations in these pathways (Park et al.,
2011). Increased purine/GTP biosynthesis, either through the
overexpression of genes encoding transcription factors (AgBAS1;
Mateos et al., 2006) or enzymes directly involved in this path-
way (AgPRS2-4,  AgPRS3 or AgADE4) (Jiménez et al., 2005, 2008),
or by increasing the intracellular availability of glycine (Monschau
et al., 1998; Schlüpen et al., 2003; Kato and Park, 2006; Mateos
et al., 2006), an important precursor for the de novo purine
biosynthesis, leads in A. gossypii to increased riboflavin produc-
tion. Alterations in the pyrimidine pathway are also expected to
affect riboflavin production, as high concentrations of uracil in
the medium inhibit riboflavin production by Eremothecium ashbyi
(Goodwin and Pendlington, 1954). However, to our knowledge, the
effect of manipulations in this pathway on riboflavin production by
A. gossypii has not yet been addressed.

In the scope of the development of Cre-loxP-based tools for
genetic manipulation of A. gossypii, we recently deleted the entire
coding region of the A. gossypii ATCC 10895 AgURA3 gene with a
dominant marker cassette that was  subsequently removed using
the Cre-recombinase, thus generating an A. gossypii uridine/uracil
auxotrophic strain free of exogenous marker genes (Aguiar et al.,

2014). In this study, we  explored the growth and flavinogenic
phenotypes of this strain (A. gossypii Agura3), which has the de
novo pyrimidine biosynthetic pathway blocked at the orotidine-
5′-phosphate decarboxylase (AgUra3p) level (Fig. 1).

dx.doi.org/10.1016/j.jbiotec.2014.11.009
http://www.sciencedirect.com/science/journal/01681656
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Fig. 1. Schematic representation indicating the contribution of ribulose-5P,
PRPP and GTP to riboflavin biosynthesis and to other metabolic pathways.
The × marks where the pyrimidine biosynthetic pathway is blocked in the
A.  gossypii Agura3 uridine/uracil auxotrophic strain. Dashed arrows indicate
a  multi-step pathway. IGP: d-erythro-imidazole-glycerol-phosphate; AICAR: 5-
amino-4-imidazolecarboxamide ribotide; IMP: 5′-inosine monophosphate; NAD(P):
nicotinamide adenine dinucleotide (phosphate); CTP: cytidine-5′-triphosphate;
ADP: adenosine-5′-pyrophosphate; ATP: adenosine-5′-triphosphate. Numbers
indicate the enzymes involved in each step of the purine and pyrimidine path-
ways. 1: ribose-5-phosphate ketol-isomerase and PRPP synthetase; 2: PRPP
amidotransferase, phosphoribosylglycinamidine synthetase, glycinamide ribotide
transformylase, 5′-phosphoribosylformyl glycinamidine synthetase, phopshori-
bosylaminoimidazole synthetase, phosphoribosylamino-imidazole carboxylase,
phosphoribosyl amino imidazolesuccinocarbozamide synthetase and adenylosucci-
nate lyase; 3: AICAR transformylase and IMP  cyclohydrolase; 4: IMP  dehydrogenase,
guanosine-monophosphate synthase, guanylate kinase and nucleoside diphosphate
kinase; 5: orotate phosphoribosyltransferase; 6: orotidine-5′-phosphate decar-
boxylase; 7: uridylate kinase and CTP synthase; 8: uridine nucleosidase; 9: uracil
phosphoribosyltransferase; 10: uridine kinase.
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displayed threefold higher expression of PRPP synthetase encoding
genes during the riboflavin production phase than its parent strain
(Park et al., 2011). Therefore, alterations in the intracellular PRPP
. Materials and methods

Spores from A. gossypii ATCC 10895 (provided by Prof. P.
hilippsen, Basel University) and from its uridine/uracil aux-
trophic derivate Agura3 (Agura3�::loxP; Aguiar et al., 2014) were
repared and stored as previously described (Aguiar et al., 2014).

Agar-solidified Ashbya Full Medium (AFM; Altmann-Jöhl and
hilippsen, 1996) or Synthetic Complete (SC) medium buffered
ith 1 g/L CaCO3 and containing 20 g/L glucose (Ribeiro et al., 2012)
ere inoculated with 105 spores and incubated at 30 ◦C. When

ndicated, AFM and SC were supplemented with uridine/uracil.
Colony radial growth was determined by measuring the diame-

er of colonies grown on agar-solidified medium in 90 mm diameter
etri dishes. For total riboflavin estimation, the mycelium from
ach plate was collected after 3 days of growth and digested
ith 4 mg/mL  Lysing Enzymes from Trichoderma harzianum

Sigma–Aldrich) for 1 h. Cell debris was removed by centrifuga-
ion and the supernatant’s absorbance was measured at 445 nm,
nd converted into riboflavin concentration using a standard curve
onstructed with pure riboflavin standards (Sigma–Aldrich). Cell
ry weight was measured after drying the collected mycelium
t 105 ◦C and specific riboflavin production was  calculated as
griboflavin/gmycelium.
nology 193 (2015) 37–40

3. Results and discussion

The A. gossypii Agura3 auxotrophic strain requires the supply of
exogenous uridine/uracil to compensate its nutritional deficiency
(Fig. 2A) (Aguiar et al., 2014). However, in this work uracil was
shown to be detrimental for the A. gossypii growth (Fig. 2A and
B). In AFM, the growth inhibitory effect of high concentrations of
uracil was  more evident in the Agura3 strain than in its parent
strain (Fig. 2B). Nevertheless, in SC medium, uracil clearly showed
to negatively affect the parent strain growth as well (Fig. 2A).
Similar concentrations of uracil were reported not to affect the
growth of the A. gossypii close relative E. ashbyi (Goodwin and
Pendlington, 1954). By contrast, uridine did not cause growth inhi-
bition (Fig. 2A and B). On the contrary, it significantly favored the
Agura3 strain growth, which only reached the level of the par-
ent strain growth under extra uridine supplementation conditions
(Fig. 3).

Excess of exogenous uracil (but not uridine) was recently
reported to have a strong inhibitory effect on the Aspergillus
nidulans growth, being an auxotrophic strain deleted in pyrG
(encoding orotidine-5′-phosphate decarboxylase) also more sen-
sitive to uracil than the wild type strain (Sun et al., 2013). This
uracil toxicity is believed to be related with the misincorporation
of uracil into DNA when uracil is accumulated in excess (Sun et al.,
2013). Uridine cannot be directly incorporated into DNA, which
may  explain why excess uridine did not cause growth inhibition in
A. nidulans (Sun et al., 2013) and A. gossypii.

The A. gossypii Agura3 strain presented a riboflavin overpro-
ducing phenotype on standard agar-solidified AFM, detected by
the yellow color of the colonies, which was not displayed by
the parent strain under the same conditions (Fig. 2C). However,
when increasing concentrations of uridine/uracil were added to
AFM, the production of riboflavin by A. gossypii Agura3 gradually
diminished (Fig. 2D and E), whereas the flavinogenic phenotype
of the parent strain remained unaffected (cf. Fig. 2B–D). Addition
of 0.5 mM uridine to AFM resulted in an approximately nine-
fold decrease in riboflavin production by A. gossypii Agura3 and,
as mentioned above, in improved growth (Fig. 3). High concen-
trations of uracil in AFM also inhibited riboflavin production by
A. gossypii Agura3, but lead instead to decreased growth (Fig. 2B
and E). Hence, the riboflavin overproducing phenotype of this uri-
dine/uracil auxotroph is directly correlated with the accessibility
to these nutrients.

Nutritional stress can trigger riboflavin overproduction in A.
gossypii (Schlösser et al., 2007). The cascade of events involved in
this stress response has not been fully elucidated, but it is known
to induce the expression of genes of the riboflavin biosynthetic
pathway, thus increasing the metabolic flux to riboflavin synthesis
(Schlösser et al., 2007; Walther and Wendland, 2012).

The metabolic flux to riboflavin synthesis is also determined by
the amount of precursors available (Kato and Park, 2012). Ribulose-
5P is obtained from the carbohydrate metabolism through the
oxidative branch of the pentose phosphate pathway and can be
directly used as a precursor for riboflavin synthesis or isomerized
to ribose-5-phosphate (Park et al., 2011). Ribose-5-phosphate is in
its turn required for the synthesis of phosphoribosyl pyrophosphate
(PRPP), an intermediate metabolite necessary for the synthesis of
other riboflavin precursor (GTP), purine, pyrimidine and pyridine
nucleotides, histidine and tryptophan (Fig. 1) (Jiménez et al., 2008).
Increased PRPP synthetase activity led in A. gossypii to increased
riboflavin production (Jiménez et al., 2008). Moreover, a riboflavin
overproducing A. gossypii mutant isolated by disparity mutagenesis
pool affect riboflavin production in A. gossypii.
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Fig. 2. Effect of uridine/uracil supplementation on growth and riboflavin production by the A. gossypii Agura3 and ATCC 10895 strains. (A) A. gossypii ATCC 10895 and Agura3
grown for 5 days on agar-solidified SC medium lacking uridine and uracil or supplemented with 2 mM of either uridine or uracil. (B) A. gossypii ATCC 10895 and Agura3
grown  for 5 days on agar-solidified AFM supplemented with either uridine or uracil at 

agar-solidified AFM. (D) A. gossypii ATCC 10895 and Agura3 grown for 5 days on standar
gossypii Agura3 grown for 8 days on agar-solidified AFM containing 0.2, 0.5 or 1 mM uraci

AFM AFM + 0.5 mM 
Uridine

A. goss ypii  ATCC  1089 5

Ribof lavin (mg/ gmyce lium) 1.0 ± 0.2a 0.9 ± 0.2a

Colon y ra dial  gro wth  (m m) 27.4 ± 0.4b 27.3 ± 0.3b

A. gossypii Agu ra3

Ribof lavin (mg/ gmyce lium) 7.5 ± 0.4c 0.8 ± 0.2a

Colon y ra dial  gro wth  (m m) 25 .3 ± 0.3d 26.8 ± 0.1b

a,c – p < 0.0001 ; b,d – p < 0.000 1

ATCC  1089 5

Agura3

Fig. 3. Colony radial growth and specific riboflavin production by A. gossypii ATCC
10895 and Agura3 after 3 days of growth on standard agar-solidified AFM and AFM
supplemented with 0.5 mM uridine. The values represent the mean ± standard devi-
ation of three biological replicas. One-way ANOVA and Tukey’s test were used to find
means significantly different from each other. The images are representative of the
indicated values.
5 or 10 mM.  (C) A. gossypii ATCC 10895 and Agura3 grown for 5 days on standard
d agar-solidified AFM supplemented with 0.05, 0.1, 0.2, 0.5 or 1 mM uridine. (E) A.
l. All images are representative of three biological replicas.

Given that the purine and pyrimidine synthesis was estimated
to consume most of the synthesized PRPP (Hove-Jensen, 1988) and
that A. gossypii Agura3 has the de novo pyrimidine biosynthetic
pathway blocked (Fig. 1), an increase in the PRPP available for
riboflavin synthesis through the de novo purine/GTP biosynthetic
pathway and/or a reduction in PRPP synthesis driven by its intra-
cellular accumulation, with consequent increased availability of
ribulose-5P for riboflavin synthesis, might have occurred when no
extra uridine/uracil was  supplied. Any of these events could explain
the overproduction of riboflavin by this strain under these condi-
tions. Moreover, increased flux in the riboflavin pathway triggered
by a nutritional stress response may  have also contributed to this
phenotype. Conversely, when extra uridine/uracil was supplied, the
nutritional requirements of this auxotrophic strain were gradu-
ally compensated, thus preventing nutritional stress. Additionally,
the synthesis of uridine monophosphate (UMP) from uridine/uracil
(Fig. 1) must have increased, therefore reducing the PRPP availabil-
ity for GTP/riboflavin synthesis. Increased demand for PRPP may
have also led to the redirection of ribulose-5P for its synthesis.

Our findings show that blockage of the A. gossypii pyrimidine
biosynthetic pathway led to increased riboflavin production, which
was correlated with the accessibility to the nutrients required to
compensate the auxotrophy caused by this blockage. Although
changes in the purine pathway have been described to affect

riboflavin production, these are the first experimental results doc-
umenting alterations in riboflavin production caused by metabolic
engineering of the pyrimidine pathway.
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