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synthase, in growth and riboflavin production in
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Abstract

Background Previously, we isolated a riboflavin-overproducing Ashbya gossypii mutant (MT strain) and discovered
some mutations in genes encoding flavoproteins. Here, we analyzed the riboflavin production in the MT strain, in
view of flavoproteins, which are localized in the mitochondria.

Results In the MT strain, mitochondrial membrane potential was decreased compared with that in the wild type
(WT) strain, resulting in increased reactive oxygen species. Additionally, diphenyleneiodonium (DPI), a universal flavo-
protein inhibitor, inhibited riboflavin production in the WT and MT strains at 50 uM, indicating that some flavoproteins
may be involved in riboflavin production. The specific activities of NADH and succinate dehydrogenases were signifi-
cantly reduced in the MT strain, but those of glutathione reductase and acetohydroxyacid synthase were increased
by 4.9- and 25-fold, respectively. By contrast, the expression of AgGLR1 gene encoding glutathione reductase was
increased by 32-fold in the MT strain. However, that of Ag/LV2 gene encoding the catalytic subunit of acetohydroxy-
acid synthase was increased by only 2.1-fold. These results suggest that in the MT strain, acetohydroxyacid synthase,
which catalyzes the first reaction of branched-chain amino acid biosynthesis, is vital for riboflavin production. The
addition of valine, which is a feedback inhibitor of acetohydroxyacid synthase, to a minimal medium inhibited

the growth of the MT strain and its riboflavin production. In addition, the addition of branched-chain amino acids
enhanced the growth and riboflavin production in the MT strain.

Conclusion The significance of branched-chain amino acids for riboflavin production in A. gossypii is reported and
this study opens a novel approach for the effective production of riboflavin in A. gossypii.
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Background

Ashbya gossypii yields riboflavin and has been used for
industrial riboflavin production [1, 2]. Riboflavin is a pre-
cursor of flavin adenine dinucleotide (FAD) and flavin
mononucleotide (FMN), which are cofactors of flavopro-
teins. Humans cannot produce riboflavin because they
lack the riboflavin biosynthetic pathway. Thus, some dis-
eases are caused by riboflavin deficiency [3].

Riboflavin is required for the function of flavoproteins,
which are involved in different cell responses [4]. Ribo-
flavin is associated with the functions of the mitochon-
dria, which contain several flavoproteins. For example,
complexes I and II in the electron transport chain (ETC)
retain FMN and FAD, and electron transfer flavopro-
tein (ETF) and ETF-ubiquinone oxidoreductase (ETF-
QO), which transfer an electron to ubiquinone in the
[B-oxidation of fatty acids in the mitochondria, are also
flavoproteins. Additionally, riboflavin has vital functions
in maintaining cellular redox balance through the glu-
tathione redox cycle [5].

To date, several metabolic analyses and engineering
studies have been performed to enhance riboflavin pro-
duction [6, 7]. The riboflavin biosynthetic pathway and
purine biosynthetic pathway are both important for ribo-
flavin production, and glycine is known as an additive to
help with riboflavin production. Additionally, oxidative
stress and DNA damage are connected with the overpro-
duction of riboflavin in A. gossypii [8—10].

In A. gossypii, the association of riboflavin with fla-
voprotein functions has never been reported. In our
previous report, some mutations in genes encoding fla-
voproteins were discovered in the riboflavin-overpro-
ducing mutant isolated by disparity mutagenesis [11,
12]. It implies that the activity of flavoproteins may be
changed in this riboflavin-overproducing mutant. In this
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study, we investigated the activity of flavoprotein in this
mutant and the association of flavoproteins with ribofla-
vin production.

Results

Mutations of flavoprotein genes

in the riboflavin-overproducing mutant

Our previous study discovered 33 homokaryotic and
1377 heterokaryotic mutations in a riboflavin-overpro-
ducing mutant isolated by disparity mutagenesis [11]. In
particular, genes encoding flavoproteins in the mitochon-
dria have these mutations. These results suggest that the
function of the mitochondria in the MT strain may be
changed. Mitochondrial membrane potential was stained
with MitoBright LT Red to prove this (Fig. 1A). Faint
fluorescence was observed in the MT strain compared to
that in the WT strain. This result indicates that the dys-
function of the mitochondria in the MT strain occurs.
The decrease in mitochondrial membrane potential is
linked with ROS production [13, 14]. Subsequently, ROS
was stained with ROS Brite 570 in both strains (Fig. 1B).
Hydroxy radicals and superoxides were also stained
with ROS Brite 570. An increase in fluorescence in the
MT strain was observed compared with that of the WT
strain. This result indicates that the MT strain produced
hydroxy radicals and superoxides parallel to mitochon-
drial dysfunction.

Diphenyleneiodonium (DPI) is a flavoprotein inhibitor
[15]. WT and MT strains were cultivated in the presence
of 50 pM DPI to investigate the contribution of flavopro-
teins to riboflavin production (Fig. 2). In both strains, the
yellowing of the mycelia diminished. This result indicates
that DPI inhibited riboflavin production in both strains
and that flavoproteins may be involved in producing
riboflavin in A. gossypii.

ROS Brite 570 Bright field

50 pm

Fig. 1 Mitochondrial membrane potential and ROS in WT and MT strains. A Staining of mitochondrial membrane potential in WT and MT strains.
Mitochondrial membrane potential was stained with MitoBright LT in WT and MT strains as per the protocol described in “Methods” section. B
Staining of ROS in WT and MT strains. ROS was stained with ROS Brite in WT and MT strains as per the protocol described in “Methods” section
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50 uM DPI

Fig. 2 The effect of DPI on riboflavin production in WT and MT
strains. Both WT and MT strains were cultivated in YD medium in the
presence of 50 uM DPI for 6 days

Activities of flavoproteins in the MT strain

Some flavoprotein activities in the MT strain were
measured to reveal the involvement of flavoproteins
in riboflavin production. Most of the flavoproteins are
localized in the mitochondria. In Fig. 1A, mitochon-
drial membrane potential was decreased in the MT
strain. Furthermore, the AgNDII gene, which encodes
NADH dehydrogenase, and the AgSDHI gene, which
encodes a subunit of succinate dehydrogenase, have
heterokaryotic mutations in the MT strain (Table 1)
[11]. Regarding succinate dehydrogenase, AgSDH2
and AgSDH3 genes also have heterokaryotic muta-
tions in the MT strain. NADH dehydrogenase and suc-
cinate dehydrogenase are in ETC. Therefore, we first
measured NADH dehydrogenase and succinate dehy-
drogenase activities in both strains. Additionally, the
activities of two mitochondrial flavoproteins, namely,

Table 1 Mutations in genes of MT strain
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glutathione reductase and acetohydroxyacid synthase,
were measured because the AgGLRI gene encoding
glutathione reductase and AgILV2 gene encoding ace-
tohydroxyacid synthase also have mutations in the MT
strain (Table 1). The specific activities of NADH dehy-
drogenase and succinate dehydrogenase in the MT
strain were significantly lower than that in the WT
strain (Fig. 3). However, the specific activities of glu-
tathione reductase and acetohydroxyacid synthase were
increased by approximately 4.9- and 25-fold, respec-
tively. The MT strain was isolated in the presence of
H,0, many times during disparity mutagenesis [12].
This increased glutathione reductase activity in the MT
strain could be attributed to its isolation in the pres-
ence of H,O,.

RT-qPCR also investigated the expression level of
each gene to confirm whether the increase in the spe-
cific activities of glutathione reductase and aceto-
hydroxyacid synthase is caused by gene expression
(Fig. 4). All genes were expressed more highly in the
MT strain than in the WT strain, except for the AgILV2
gene, which was expressed only 2.3-fold more highly in
the MT strain than in the WT strain. In particular, the
expression of the AgGLR1 gene was significantly higher
in the MT strain. The activity of glutathione reductase
was approximately 4.9 times higher in the MT strain
than in the WT strain, and the expression level of the
AgGLRI gene was approximately 32 times higher than
that in the WT strain. These results imply that the spe-
cific activity of mutated glutathione reductase may be
lower than that of a native form, even though its activ-
ity was higher in the MT strain than in the WT strain.
In the case of acetohydroxyacid synthase, the expres-
sion of the AgILV2 gene was 2.3-fold higher in the MT
strain than in the WT strain, and the activity of ace-
tohydroxyacid synthase was 25-fold higher in the MT
strain than in the WT strain. These results imply that

Gene Product DNA changes Protein changes Karyotic
AGOS_AALO21W Small subunit of acetohydroxyacid synthase (AgILV6) c.140G>A p.S47N Hetero
AGOS_AALO21W Small subunit of acetohydroxyacid synthase (AgILV6) c155G>A p.S52N Hetero
AGOS_AALO21W Small subunit of acetohydroxyacid synthase (AgILV6) c673G>T p.G225C Hetero
AGOS_ACR052W Flavoprotein subunit of succinate dehydrogenase (AgSDH1) c.1132G>A p.D378N Hetero
AGOS_ACL065C Iron-sulfur protein subunit of succinate dehydrogenase (AgSDH?2) c224C>T p.T75M Hetero
AGOS_ACL065C Iron-sulfur protein subunit of succinate dehydrogenase (AgSDH2) c.697A>C p.T233P Hetero
AGOS_AEL305C Acetohydroxyacid synthase (AgILV2) c. 1365G>T p.Q455H Homo
AGOS_AFR447C NADH:ubiquinone oxidoreductase (AgNDI1) c943G>A p.V315M Hetero
AGOS_AGR196W Glutathione-disulfide reductase (AgGLR1) c.1415C>A p.S472Y Hetero
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Fig. 3 Enzymatic activities of flavoproteins in WT and MT strains: A NADH dehydrogenase, B succinate dehydrogenase, C glutathione reductase,
and D acetohydroxyacid synthase. Each strain was cultivated in YD liquid medium for a day, and mycelia were collected. Mycelia were suspended
in PBS, and the homogenate was prepared by sonication. Each enzymatic activity and protein concentration were determined according to the
protocol described in “Methods” section. The error bars represent the standard deviation (n=3). *p <0.05, **p < 0.01

the specific activity of mutated acetohydroxyacid syn-
thase might be higher than that of the WT.

Effects of branched-chain amino acids on the growth

and riboflavin production in MT strain

Acetohydroxyacid synthase catalyzes the first reaction
in the biosynthesis of branched-chain amino acids. ILV2
gene encodes a catalytic subunit of yeast acetohydroxy-
acid synthase, which is regulated by ILV6 gene encoded
regulatory subunit [16]. In A. gossypii, this enzyme is
composed of AgILV2 and AgILV6 subunits. The disrup-
tion of the AgILV2 gene was performed to investigate
the effect of acetohydroxyacid synthase on riboflavin
production in A. gossypii. However, we could not isolate
the homokaryotic AgILV2 gene-disrupted mutant based
on the WT and MT strains. Therefore, the inhibition
of acetohydroxyacid synthase by valine was conducted.
Valine inhibits the activity of the ILV2-ILV6 complex

by feedback inhibition (Fig. 5A) [16, 17]. Therefore,
both strains of A. gossypii were grown in minimal
medium with branched-chain amino acids to inhibit
acetohydroxyacid synthase (Fig. 5B). The growth of the
WT strain was observed in minimal medium and in the
presence of valine, leucine, and isoleucine. However,
valine slightly inhibited the growth of the WT strain
and made the mycelia white, suggesting that valine
inhibits riboflavin production. Although the growth of
the MT strain was also seen in the minimal medium, it
was inhibited by the presence of valine (Fig. 5B). Valine
inhibits the yeast acetohydroxyacid synthase composed
of ILV2 and ILV6 [16]. These results imply that valine
may greatly influence the growth of the MT strain
because valine may inhibit acetohydroxyacid synthase
in the MT strain. Therefore, acetohydroxyacid synthase
may be important for the growth of the MT strain. The
amount of riboflavin produced by the MT strain in
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Fig. 4 Expression of genes encoding flavoproteins in WT and MT strains. Total RNA was extracted from the mycelia cultivated in YD liquid medium
for a day. RT-qPCR was performed after cDNA preparation as per the protocol described in “Methods” section. The error bars represent the standard

deviation (n=3). *p<0.05, *p <0.01, ***p <0.001

the minimal liquid medium supplemented with 1 mM
valine was lower by approximately 50% than that in the
medium without valine (Fig. 5C). This result showed
that acetohydroxyacid synthase is important for ribo-
flavin production in the MT strain. However, because
the riboflavin production in the WT strain was very
low, we could not distinguish between the differences
in riboflavin production regardless of valine.

Isoleucine suppressed the growth of the MT strain
and valine (Fig. 5B). Furthermore, isoleucine inhib-
its threonine deaminase encoded by the ILVI gene in
Saccharomyces cerevisiae (Fig. 5A) [18] and represses
acetohydroxyacid synthase in a minimal medium [19].
These results imply that the addition of isoleucine
may also suppress threonine deaminase or/and aceto-
hydroxyacid synthase activity, resulting in the growth
deficiency of the MT strain.

Additionally, the addition of three branched-chain
amino acids allowed the mycelia of WT and MT strains
to become yellow in the minimal agar medium (Fig. 6).
The growth of the MT strain was greatly enhanced by
three branched-chain amino acids (Fig. 6A). In the
minimum liquid medium, the specific riboflavin pro-
duction of the MT strain with three branched-chain
amino acids was 2.5 times higher than that without
these amino acids (Fig. 6B and C). These results imply
that branched amino acids may be also involved in the
growth and riboflavin production in the MT strain.
However, we were not also able to detect the differ-
ences in riboflavin production in the WT in the pres-
ence of three branched-chain amino acids because the
riboflavin production in the WT strain was very low.
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Fig. 5 Effects of branched-chain amino acids on the growth and the riboflavin production of WT and MT strains. A Pathway of branched-chain
amino acid biosynthesis. Dot lines indicate the feedback inhibition of each amino acid. B Growth and mycelial color of WT and MT strains in minimal
agar medium with each branched-chain amino acid. WT and MT strains were cultivated in minimal agar medium with 1 mM each branched-chain
amino acid for 2 weeks. C Time course of riboflavin production in WT and MT strains in minimal liquid medium in the presence of valine. WT and
MT strains were cultivated in the minimal liquid medium with 1 mM valine for 5 days, and the production of riboflavin was measured. The error bars
represent the standard deviation (n=3)

Discussion production is involved in riboflavin production in
ROS production in the MT strain was increased A. gossypii [10]. Higher amount of ROS in the MT
compared with that in the WT strain (Fig. 1). ROS strain corresponds to that in a previous report [10].
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strains in minimal agar medium with three branched-chain amino acids. WT and MT strains were cultivated in minimal agar medium with three
branched-chain amino acids (1 mM each) for 2 weeks. B Time course of the riboflavin production in WT and MT strains in minimal liquid medium
with three branched-chain amino acids at T mM each. WT and MT strains were cultivated in the minimal liquid medium with 1 mM valine for 5 days,
and the production of riboflavin was measured. The error bars represent the standard deviation (n=3). C Specific riboflavin production of the MT
strain in minimal liquid medium with three branched-chain amino acids at 1 mM each. MT strain was cultivated for 9 days. Riboflavin concentration
and dry mycelial weight were measured. The error bars represent the standard deviation (n=3). *p <0.05

Mitochondrial dysfunction produces ROS in S. cerevi-
siae [20, 21]. In this study, the mitochondrial membrane
potential in the MT strain was decreased compared
with that in the WT strain and the activities of NADH
dehydrogenase and succinate dehydrogenase in the MT
strain were significantly reduced compared to those
in the WT strain (Figs. 1 and 3). These findings imply
that the mitochondria in the MT strain may be dys-
functional. The mitochondria are sources of ROS, and
increased ROS induces the activation of antioxidant
systems in the mitochondria [20, 22]. The results in
this study contradict the earlier finding that the expres-
sion of the AgSDH1I gene, which codes for a succinate
dehydrogenase subunit, was lower in the MT strain
than in the WT strain [12]. In this study, the MT strain
was grown for 1 day in YD medium with glucose as
the sole carbon source, whereas in the previous study,
the MT strain was grown for 4 days in YR medium
based on rapeseed oil as the sole carbon source. In
yeast and Escherichia coli, genes encoding subunits
of succinate dehydrogenase are repressed by glucose
[23, 24]. Conversely, the expression of these genes in
Kluyveromyces lactis are not repressed by glucose [25].

A carbon source in the culture medium also influences
the expression of these genes in A. gossypii, which
might have caused the inconsistency between this study
and the previous study.

The activity of glutathione reductase encoded by
AgGLR1 was higher in the MT strain than in the WT
strain (Fig. 3). Glutathione reductase is a flavopro-
tein and needs FAD for its activity. DPI, which is an
inhibitor of flavoproteins, reduced the production of
riboflavin in the MT strain (Fig. 2). However, 50 uM
2-acetylamino-3-[4-(2-acetylamino-2-carboxyethylsul-
fanylthiocarbonylamino) phenylthiocarbamoylsulfanyl]
propionic acid (2-AAPA), which is an inhibitor of glu-
tathione reductase, did not have any effects on the myce-
lial color of the WT and MT strains (Additional file 1).
These findings demonstrate that glutathione reductase is
not involved in riboflavin production in A. gossypii, even
though it is a flavoprotein.

In addition to glutathione reductase, the activity of ace-
tohydroxyacid synthase, a flavoprotein that catalyzes the
first reaction in synthesizing branched-chain amino acids
from pyruvate, was higher in the MT strain than in the WT
strain (Fig. 3). The inhibitor of acetohydroxyacid synthase,
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valine, and isoleucine inhibited the growth of the M T strain
(Fig. 5A). Additionally, three branched-chain amino acids
enhanced the growth and the riboflavin production in the
MT strain (Fig. 6). A. gossypii produces a large amount of
isoamyl alcohol synthesized by the degradation of leucine
or from an intermediate in the leucine biosynthesis path-
way, a-ketoisocaproate (Fig. 5A) [26, 27]. These findings
imply that A. gossypii may primarily produce and use leu-
cine and other branched-chain amino acids as a nutrient
for the growth. However, the relationship of leucine with
riboflavin production is yet to be revealed. Acetohydroxy-
acid synthase needs NAD and FAD as cofactors for its
activity [28]. Furthermore, in yeast, acetohydroxyacid syn-
thase is regulated by redox conditions through menadione,
suggesting that redox conditions may control branched-
chain amino acid synthesis [29]. In the MT strain, a higher
amount of ROS was observed compared with that in the
WT strain (Fig. 1), and other riboflavin-overproducing
mutants produce higher ROS [10]. In the Bacillus subtilis
pta-disrupted mutant, the overexpression of acetohydroxy-
acid synthase leads to riboflavin production enhancement
[30]. In this study, we did not examine the direct relation-
ship between riboflavin production with acetohydroxyacid
synthase and branched-chain amino acid biosynthesis.
However, three branched-chain amino acids enhanced the
growth and the riboflavin production in the MT strains
(Fig. 6). The riboflavin-overproducing MT strain has a
higher activity of acetohydroxyacid synthase, a flavopro-
tein crucial for the growth of the MT strain, compared to
the WT strain. This study suggests that acetohydroxyacid
synthase may be a target for the riboflavin overproduction
in A. gossypii and that branched amino acids are important
factors for riboflavin production in A. gossypii.

Conclusion

The riboflavin-overproducing A. gossypii mutant
(MT strain), which was previously isolated by dispar-
ity mutagenesis, produced higher amount of ROS than
the WT strain and mitochondria of the MT strain was
compromised. The specific activity of acetohydroxyacid
synthase, which is a flavoprotein in mitochondria and
catalyzes the first reaction in the branched-chain amino
acid biosynthesis pathway, in the MT strain was 25-fold
higher than that of the WT strain. Valine, which is known
as a feedback inhibitor, suppressed the growth and ribo-
flavin production in the MT strain at 1 mM, but the addi-
tion of three branched-chain amino acids enhanced the
growth and riboflavin production in the MT strain at
1 mM each. These results suggest that branched-amino
acids are important for the growth and riboflavin pro-
duction in the MT strain and lead to the creation of the
new strategy of the metabolic engineering for the ribofla-
vin overproduction in A. gossypii.
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Methods

Strains and cultivation

The wild type (WT) strain used was A. gossypii
ATCC10895. Our previous study isolated a riboflavin-
overproducing mutant (MT) strain by disparity mutagen-
esis [12]. These strains were cultivated on YD agar
medium (1% glucose, 1% yeast extract, pH 6.8) at 27 C.
For liquid cultivation, both strains were grown in 10 mL
YD medium at 27 °C for 24 h, followed by cultivation in
30-mL YD medium at 27 C for 24 h as precultivation.
Subsequently, both strains were cultivated in 50 mL YD
medium at 27 °C for indicated time. Cultivation of A. gos-
sypii in the minimal medium was performed according to
the previous study [31].

Detection of mitochondrial membrane potential

and reactive oxygen species (ROS)

Mitochondrial membrane potential was stained with
MitoBright LT Red (Dojindo, Kumamoto, Japan) as
per the attached protocol. First, mycelia were incu-
bated with 0.1 uM MitoBright LT Red at 27 °C for
15 min. Subsequently, the supernatant was removed
after centrifugation, and the mycelia were washed with
phosphate-buffered saline (PBS, pH 7.4) three times. Flu-
orescence in both strains was observed under fluorescent
microscope BX60 (Olympus, Tokyo, Japan).

ROS in mycelia were stained with ROS Brite 570 (AAT
Bioquest, Sunnyvale, CA, USA) following the attached
protocol. Mycelia were incubated with 5 uM ROS Brite
570 at 27 °C for 30 min. The supernatant was removed
after centrifugation, and mycelia were washed three
times with PBS (pH 7.4). Fluorescence was observed in
both strains under fluorescence microscope BX60.

Assays of each flavoprotein

Mycelia cultivated in YD liquid medium for 24 h were
obtained by filtration and suspended in PBS. Mycelia
were disrupted by sonication, and the cell lysate was used
for these assays as described below.

As described previously, NADH dehydrogenase activ-
ity was also measured [32]. Briefly, the reaction mixture
(990 pL) containing 0.05 mM 2,6-dichloroindophenol
sodium (DCIP), 0.1 mM NADH, 200 mM KCl, and 1 mM
EDTA in 0.1 M potassium phosphate (pH 6.0) was pre-
incubated at room temperature. To start the reaction, 10
pL of the crude extract was added to the reaction mix-
ture. The extinction coefficient of reduced DCIP was
used to calculate the slope of the absorbance at 600 nm
(1.9%x10* M cm™).

Succinate dehydrogenase activity was estimated as
previously described [33]. Briefly, the reaction mixture
(490 pL) containing 0.1% 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) and 50 mM
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sodium succinate in PBS was incubated at 30 °C as prein-
cubation, and 10 pL of the crude extract was added into
the reaction mixture to start the reaction. Next, 1 mL of
acetone was added to the reaction mixture, and the mix-
ture was stirred completely after 10 min. Absorbance
in the acetone fraction was measured at 570 nm after
centrifugation.

Glutathione reductase activity was measured using an
OxiSelect Glutathione Reductase Assay Kit (Cell Bio-
labs, San Diego, CA, USA) following the attached pro-
tocol. Briefly, 100 uL of cell lysate was mixed with 25 pL
of 1 X NADPH solution and 1 X chromogen in a well of a
96-well plate, and the 96-well plates were set to a filter-
based multimode microplate reader (Infinite F200 M).
Subsequently, 25 mL of glutathione disulfide (GSSH)
was added, and the absorbance increase at 405 nm was
monitored.

The activity of acetohydroxyacid synthase was meas-
ured as previously reported [16]. The reaction mixture
(450 uL) containing 50 mM pyruvate, 1 mM thiamin
diphosphate, 10 mM MgCl,, and 10 uM FAD in 50 mM
potassium phosphate buffer (pH 7.0) was incubated at
30 °C as preincubation, and the reaction was started by
the addition of 50 pL of cell lysate. After the incubation
for 3 h, the reaction was stopped by the addition of 50
uL of 5% H,SO,. The mixture was incubated at 60 °C for
30 min to convert 2-acetolactate to acetoin. Then, 500 pL
of 0.5% creatine and 500 uL of 5% a-naphthol in 2.5 N
NaOH were added to the reaction mixture, and the mix-
ture was incubated at 37 °C for 30 min to quantify the
produced acetoin. The absorbance was at 525 nm.

One unit of activity in each assay was defined as the
amount of enzyme needed to produce 1 pmol of an enzy-
matic product in 1 min. Protein concentration was deter-
mined using a Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific K.K., Tokyo, Japan).

RT-qPCR
Total RNA was extracted from mycelia with Trizol
(Thermo Fisher Scientific K.K., Tokyo, Japan). Mycelia
(100 mg) were placed into liquid nitrogen and incubated
for 1 min. Frozen mycelia were crashed, and 1 mL Tri-
zol was added to the sample. After incubation at room
temperature for 5 min, 200 pL chloroform was added to
the mixture. The mixture was incubated for 3 min before
being centrifuged at 12,000g for 15 min, and the superna-
tant was collected. Following that, 2-propanol precipita-
tion was performed. The precipitated RNA was dissolved
in RNA-free water before being treated with DNase and
purified.

PrimeScript RT-PCR Kit (Takara Bio, Kusatsu, Japan)
and 500 ng of total RNA were used to prepare cDNA.
Quantitative PCR was performed using Thunderbird
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Table 2 Primers used in this study
Primer 5/-3/
AgSDH1-F tctgccgctgagagaaaaga
AgSDH1-R agtaagcacgtacggttgga
AgSDH2-F agtcgatccagccataccty
AgSDH2-R gctegttgttccaccagtac
AgGLR1-F acttggttattggaggcgga
AgGLR1-R tgctgatgtcgacttcctgt
AglLV2-F gcatcgcggctcatcaatat
AglLV2-R gcccagcatatctacggact

SYBR qPCR Mix (Toyobo, Osaka, Japan). Data were ana-
lyzed by the comparative CT method (24T method)
using the AgTEFI gene (AGOS_ADL370C) of A. gossypii.
The sequences of the primers are presented in Table 2.
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Additional file 1. Effects of 2-AAPA on the growth and the riboflavin
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