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Mathematical kinetic modelling 
followed by in vitro and in vivo assays reveal 
the bifunctional rice GTPCHII/DHBPS enzymes 
and demonstrate the key roles of OsRibA 
proteins in the vitamin B2 pathway
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Abstract 

Background  Riboflavin is the precursor of several cofactors essential for normal physical and cognitive development, 
but only plants and some microorganisms can produce it. Humans thus rely on their dietary intake, which at a global 
level is mainly constituted by cereals (> 50%). Understanding the riboflavin biosynthesis players is key for advancing 
our knowledge on this essential pathway and can hold promise for biofortification strategies in major crop species. 
In some bacteria and in Arabidopsis, it is known that RibA1 is a bifunctional protein with distinct GTP cyclohydrolase 
II (GTPCHII) and 3,4-dihydroxy-2-butanone-4-phosphate synthase (DHBPS) domains. Arabidopsis harbors three RibA 
isoforms, but only one retained its bifunctionality. In rice, however, the identification and characterization of RibA 
has not yet been described.

Results  Through mathematical kinetic modeling, we identified RibA as the rate-limiting step of riboflavin path-
way and by bioinformatic analysis we confirmed that rice RibA proteins carry both domains, DHBPS and GTPCHII. 
Phylogenetic analysis revealed that OsRibA isoforms 1 and 2 are similar to Arabidopsis bifunctional RibA1. Heterolo-
gous expression of OsRibA1 completely restored the growth of the rib3∆ yeast mutant, lacking DHBPS expression, 
while causing a 60% growth improvement of the rib1∆ mutant, lacking GTPCHII activity. Regarding OsRibA2, its heter-
ologous expression fully complemented GTPCHII activity, and improved rib3∆ growth by 30%. In vitro activity assays 
confirmed that both OsRibA1 and OsRibA2 proteins carry GTPCHII/DHBPS activities, but that OsRibA1 has higher 
DHBPS activity. The overexpression of OsRibA1 in rice callus resulted in a 28% increase in riboflavin content.

Conclusions  Our study elucidates the critical role of RibA in rice riboflavin biosynthesis pathway, establishing it 
as the rate-limiting step in the pathway. By identifying and characterizing OsRibA1 and OsRibA2, showcasing their 
GTPCHII and DHBPS activities, we have advanced the understanding of riboflavin biosynthesis in this staple crop. We 
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Background
Riboflavin (vitamin B2) is the precursor of the essen-
tial cofactors, flavin adenine dinucleotide (FAD) and 
flavin mononucleotide (FMN), which are implicated in 
many metabolic processes [1, 2]. These flavoenzymes are 
extraordinarily versatile at the chemical level, having the 
ability to catalyze both redox and non-redox processes 
[3] and being of paramount importance for multiple bio-
logical activities [4]. To name a few, flavoenzymes are 
involved in primary energy metabolism [5], synthesis 
of key cell constituents [6] and secondary metabolites 
[7], synthesis and degradation of neurotransmitters and 
coenzymes [8], DNA repair [9], gene expression regula-
tion [10] and control of circadian clock [11].

In contrast to plants, fungi and bacteria, humans do not 
have the ability to produce riboflavin  de novo  and rely 
solely on dietary intake to meet the daily requirements [2, 
5, 12]. The deficiency in riboflavin, known as ariboflavi-
nosis, is a global health concern that can result in various 
disorders, such as cardiovascular diseases, anemia, can-
cer and neurological and developmental conditions [13]. 
The daily average recommended vit. B2 intake set by the 
European Food Safety Authority (EFSA) [14] has not yet 
been met by a large part of the population [14]. Although 
more prevalent in developing countries [13, 15–18], ribo-
flavin deficiency affects 50% of the population [19], it is 
also common in developed countries [20], especially in 
vulnerable groups such as pregnant and lactating women, 
as well as in infants and elderly people [21, 22]. Monoto-
nous, cereal-based diets are a key contributing factor to 
riboflavin deficiency in developing countries [23, 24], 
highlighting the need for new strategies to increase the 
quality of their diets and their nutritional intake.

Cereal processing, although crucial in improving the 
shelf life of cereals, such as rice [25–27], results in a sig-
nificant loss of riboflavin, which is mainly found in the 
pericarp [28]. Only in rice, the milling process decreases 
riboflavin content by 38% [29]. Thus, the use of geneti-
cally improved cereals, enriched in riboflavin at the 
endosperm level, can be a feasible and cost-effective 
strategy to address riboflavin deficiency in populations 
with limited access to diverse diets and good health facil-
ities [30, 31].

The biosynthetic pathway of riboflavin is a highly con-
served process originating from two precursors, guanine 
triphosphate (GTP) and ribulose 5-phosphate (Rub5P) 

[32]. Minor evolutionary differences exist in different 
lineages, such as the order of intermediary steps and 
the fusion of riboflavin biosynthesis proteins acting as 
bifunctional enzymes (RIB) [32, 33]. For example, the 
reduction/deamination reactions of the riboflavin pyrim-
idine precursor occur in the same sequence in fungi and 
archaea, where reduction is followed by deamination, 
while in eubacteria and plants the sequence is reversed, 
with deamination preceding reduction [32, 34]. Another 
example is the bifunctional enzyme RibA, which bears 
both GTP cyclohydrolase II (GTPCHII) and dihydroxyb-
utanone phosphate synthase (DHBPS) activities and 
is utilized by plants and the Gram-positive bacterium 
Bacillus subtilis to catalyze the formation of the two pre-
cursors [35, 36]. In contrast, Escherichia coli and yeast 
use two separate monofunctional enzymes (ribA and 
ribB) [37]. The fused enzyme has been suggested to have 
a kinetic advantage to consume the two substrates stoi-
chiometrically [38]. Although riboflavin biosynthesis and 
metabolism are well understood, especially in microor-
ganisms [27, 39], there is still a lack of clear genetic sup-
port for the function of most plant riboflavin synthesis 
enzymes [40].

The pathway for de novo synthesis is illustrated in 
Fig.  1. Briefly, riboflavin building blocks are guanine 
triphosphate (GTP) and ribulose 5-phosphate (Rub5P) 
[32]. In plants, the formation of 2,5-diamin-6-ribo-
sylamino-4(3H)-pyrimidinone 5-phosphate (DA6RP5P) 
from GTP and of 3,4-dihydroxy-2-butanone 4- phos-
phate (DHB4P) from Rub5P is catalyzed by GTP cyclo-
hydrolase II (GTPCHII) and 3,4-dihydroxy-2-butanone 
4-phosphate synthase (DHBPS), respectively [41]. In 
Arabidopsis, these two steps can be performed either 
by the bifunctional enzyme RibA1 or by the consecu-
tive action of the monofunctional GTPCHII (RibA2) 
and DHBPS (RibA3) [35]. The formation of DA6RP5P 
is followed by its deamination, reduction, and dephos-
phorylation into 5-amino-6-ribityl-aminouracil (ARPP). 
Subsequently, ARP and DHB4P are condensed to form 
6,7-dimethyl-8-ribityl lumazine (DMRYL) which is finally 
converted into riboflavin [41].

Biofortification of riboflavin in rice has been previ-
ously performed by overexpressing six out of the seven 
genes that constitute the yeast biosynthetic pathway 
[12]. However, recent trends in biofortification sug-
gest a shift towards the overexpression of endogenous 

further demonstrated that OsRibA1 overexpression in rice callus increases its riboflavin content, providing supporting 
information for bioengineering efforts.

Keywords  Biofortification, 2,5-diamin-6-ribosylamino-4(3H)-pyrimidinone-5-phosphate, 3,4-dihydroxy-2-butanone-
4-phosphate, Limiting step, Oryza sativa, RibA
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genes, reflecting public consumer preferences [42, 43]. 
In addition, a reliable understanding of endogenous 
riboflavin metabolism allows for more precise meta-
bolic engineering and thus further opportunities for 
engineering approaches. In this study, we focused on 
better understanding the rice riboflavin pathway by 
identifying its rate limiting enzyme. Through kinetic 
modeling, we revealed the bifunctional GTPCHII/
DHBPS, RibA, as the bottleneck of the pathway, a gene 
not yet identified and characterized in rice. By explor-
ing in silico data and performing heterologous expres-
sion and in  vitro activity assays, we could identify the 
gene as LOC_Os08g37605 (OsRibA1). In addition, in 
vivo overexpression studies in rice callus supported 
its bifunctional activity as GTPCHII/DHBPS, and 
resulted in a significant increase in riboflavin content, 

suggesting OsRibA1 as an interesting candidate for bio-
fortification studies.

Materials and methods
Kinetic model
To construct the model, we first established the topology of 
the riboflavin biosynthesis pathway network based on the 
knowledge on the metabolism of riboflavin production in 
plants [39–41] and incorporated kinetic constants obtained 
from the literature [32, 44–51]. Using this information, we 
developed a model assuming a simple Michaelis–Menten 
type reaction for enzyme kinetics in the pathway:

v =
Vmax × [S]

Km + [S]

Fig. 1  Riboflavin biosynthetic pathway. The riboflavin pathway starts with the hydrolytic release of formate and inorganic pyrophosphate 
from (1) GTP catalyzed by GTP cyclohydrolase II (GTPCHII) giving rise to the pyrimidine derivative: (2) 2,5-diamin-6-ribosylamino-4(3H)-pyrimidi
none 5’-phosphate [32] (DA6RP5P). This product is converted into (4) 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione 5’-phosphate (ARPP) 
via (3) 5-amino-6-ribosylamino-2,4(1H, 3H)-pyrimidinedione 5’-phosphate (A6RP5P) reactions catalyzed by 2,5-diamino-6-hydroxy-4-(5-phos
phoribosylamino)pyrimidine deaminase (PYRD) and 5-amino-6-(5-phosphoribosylamino)uracil reductase (PYRR). ARPP is converted into ARP 
by a hypothetical phosphatase, not yet identified in plants [39]. The resulting pyrimidine derivative yields (8) 6,7-dimethyl-8-ribityllumazine (DMRYL) 
by condensation with (7) 3,4-dihydroxy-2-butanone 4-phosphate (DHB4P) catalyzed by lumazine synthase, (LS) which is obtained from (6) ribulose 
5-phosphate (Rub5P) by a skeletal rearrangement (by the action of 3,4-dihydroxy-2-butanone 4-phosphate synthase (DHBPS)) [39]. The final 
step of the biosynthetic pathway yields (9) riboflavin and the pyrimidine catalyzed by riboflavin synthase (RS). Adapted from Fischer and Bacher 
(2006) [39]. Abbreviations: (1) GTP, guanosine-5’-triphosphate; (2) 2,5-diamin-6-ribosylamino-4(3H)-pyrimidinone 5’-phosphate (DA6RP5P); (3) 
5-amino-6-ribosylamino-2,4(1H, 3H)-pyrimidinedione 5’-phosphate (A6RP5P); (4) 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione 5’-phosphate 
(ARPP); (5) 5-amino-6-ribitylamino-2,4 (1H,3H)-pyrimidinedione (ARP); (6) ribulose 5-phosphate (Rub5P); (7) 3,4-dihydroxy-2-butanone 4-phosphate 
(DHB4P); (8) 6,7-dimethyl-8-ribityllumazine (DMRYL); (9) riboflavin; (10) flavin mononucleotide (FMN); (12) flavin dinucleotide (FAD). HCOO−, 
formate; PPi, pyrophosphate; Bifunctional RibA, GTP cyclohydrolase II/3,4-dihydroxy-2-butanone 4-phosphate synthase; PYRD, 2,5-diamino-6-hydrox
y-4-(5-phosphoribosylamino)pyrimidine deaminase; PYRR, 5-amino-6-(5-phosphoribosylamino)uracil reductase; LS, lumazine synthase; RS, riboflavin 
synthase; RK, riboflavin kinase; FADS, FAD synthetase
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Where v is the velocity of the enzyme that catalyzed the 
reaction, S is the substrate concentration in (nM), Vmax 
is the maximum reaction velocity (nmol/mg.min−1), and 
Km (nM) is the substrate concentration giving rise 1/2 
Vmax. However, when required (LS and RK reactions), the 
two-substrate kinetic equation was modeled using the 
following equation:

A is the concentration of one of the substrates, and B is 
the concentration of the other substrate, both in nM.

A set of ordinary differential equations was constructed 
using the previously mentioned expressions to account 
for the time dependence of the metabolite concentration. 
The initial metabolite concentrations were estimated 
based on previously published studies [52–54]. Time 
course simulations were conducted to evaluate riboflavin 
production over time, employing the deterministic model 
(LSODA) from COPASI [55]. The simulation was run for 
a duration of 1500s to ensure the formation of a plateau. 
Details on all reactions and respective stoichiometry are 
shown in Table S1, while the kinetic parameters are out-
lined in Table S2.

Kinetic equations and their respective parameters were 
obtained through manual curation of an extensive sur-
vey of scientific literature [32, 34, 44–51] and/or public 
databases such as BRENDA [56], KEGG [57], BioCyc [58] 
and UniProt [59]. In addition, genomic data, obtained 
from MSU Rice Genome Annotation Project [60] and 
National Center for Biotechnology Information (NCBI) 
[61], was also integrated into the model. For reactions 
where kinetic parameters were not available in the litera-
ture (import of GTP, import of R5P, FADS, and export of 
FAD reactions), the stoichiometric model of vitamin B2 
metabolism (Figure S1, Tables S3 and S4) was used to 
predict the reaction flux.

Identification and phylogenetic analysis of OsRibA
BLASTt algorithm was employed to identify homologs of 
Arabidopsis RibA1 (AT5G64300) in Oryza sativa japon-
ica cv. Nipponbare genome. Alignments were made with 
MUSCLE [62] and visualized in Jalview [63]. The expres-
sion profile of OsRibA1, OsRibA2 and Arabidopsis RibA1 
were compared at different stages of plant development 
through the analysis of the publicly available data at Gen-
evestigator (NEBION) [64].

To determine the evolutionary relationships among 
RibA1 orthologs, we generated a phylogenetic den-
drogram using the maximum likelihood method and 
evaluated the tree with 1000 bootstrap replicates using 
MEGAX [65, 66]. The final dendrograms of the boot-
strap consensus were displayed using FigTree v1.4.2. For 

Vmax × [A]× [B]

KmA × KmB + [A]× KmB + [B]× KmA + [A]× [B]

the identification of AtRibA1 orthologs, the full-length 
Arabidopsis RibA1 was used as a query to run Blastp. 
Pfam [67] and ScanProsite [68] were used to evaluate the 
presence of GTPCHII and DHBPS domains in the puta-
tive ortholog proteins. Smart Model Select (SMS) [69] 
was used to select WAG model [70].

Gene cloning and vector construction
The predicted DNA sequences of OsRibA1 and OsRibA2 
were obtained from MSU Rice Genome Annotation Pro-
ject [71] and the coding sequences were amplified from 
Oryza sativa japonica cv. Nipponbare cDNA (Table S5). 
The obtained DNA fragments were cloned into pJET 
1.2 vector (Thermo Scientific CloneJET PCR Cloning 
Kit, Waltham, Massachusetts, EUA). Gibson assem-
bly (Gibson assembly master mix, Neb, Ipswich, Mas-
sachusetts, EUA) was used to generate pPGK-OsRibA1 
and pPGK-OsRibA2 (Figure S2), under the control of 
3-phosphoglycerate kinase (PGK) promoter, one of the 
most efficient yeast promoters for constitutive expres-
sion [72], and employed in yeast complementation 
studies. The sequences were verified by DNA sequenc-
ing. E. coli DH5α strain was grown in LB medium (sup-
plemented with the appropriate antibiotic) and used 
for bacterial transformation. For rice callus transforma-
tion, binary vectors were generated by cloning OsRibA1, 
OsRibA2, and AtRibA1 (positive control) into Gateway™ 
pDONR™221 vector (Thermo Scientific, Waltham, Mas-
sachusetts, EUA) and recombined with the binary vec-
tor pH7m24GW,3 using Gateway® LR Clonase™ Enzyme 
Mix kit (Thermo Fisher Scientific) (Figure S2), according 
to the manufacturer’s guidelines. OsRibA1 and OsRibA2 
were amplified from pJET, while AtRibA1 was amplified 
from Arabidopsis cDNA (Table S5). As negative control, 
a point mutation generating an early stop codon was 
introduced into OsRibA1 and OsRibA2 using Quick-
Change – Site directed mutagenesis kit (Agilent, Santa 
Clara, California, EUA). For the in  vitro activity assays, 
pDONR™221-OsRibA1, and pDONR™221- OsRibA2 
were recombined with a plasmid carrying a maltose bind-
ing protein. All the primers used in this study are listed in 
Table S5.

Yeast strains and culture conditions
Yeast strains used in this study included: BY4741 
(MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0), Y03059 
(BY4741; MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0; 
YBL033c::kanMX4) and Y24321 (BY4743; MATa/MATα; 
his3Δ1/his3Δ1; leu2Δ0/leu2Δ0; LYS2/lys2Δ0; met15Δ0/
MET15; ura3Δ0/ura3Δ0; YDR487c/YDR487c::kanMX4), 
obtained from EUROSCARF, Germany. Yeast strains 
were grown in YPD medium (10 g/L yeast extract, 20 
g/L peptone, 20 g/L D-glucose) and synthetic medium 
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(20 g/L glucose, 6.7 g/L YNB and 19 g/L agar, arginine 20 
mg/L, Isoleucine 30 mg/L, lysine 30 mg/L, methionine 
20 mg/L, phenylalanine 50 mg/L, threonine 200 mg/L, 
tyrosine 200 mg/L, valine 150 mg/L, adenine 100 mg/L, 
leucine 100 mg/L) with specific requirements (SD).

Yeast complementation assays
Lithium-Acetate (LiAc) method [73] was used to trans-
form all yeast strains. The mutants transformed with the 
pPGK empty vector were used as negative control while 
the wild type transformed with the empty pPGK was 
used as positive control. For phenotypic growth assays, 
early exponential phase cultures (OD600nm = 0.4) were 
sequentially diluted (1/10, 1/100, 1/1000, and 1/10000) 
and spotted (5μL) in SD medium (lacking uracil) con-
taining 0 mg/mL, 50 mg/mL or 100 mg/mL of riboflavin 
(Sigma, St. Louis, Missouri, EUA). The plates were incu-
bated for 3 days at 30  °C, after which the colonies were 
photographed. For the growth curves, growth was moni-
tored by optical density (OD600nm) measurements using 
the TECAN Infinite 200 Pro plate reader. 24-well plates 
(CELLSTAR, Greiner Bio-One) were inoculated with 500 
µL (OD600nm = 0.05) and incubated at 30 °C for 36 h (200 
rpm).

Plant material and transformation
Following established methods [74], the above-described 
binary vectors were introduced in Agrobacterium tume-
faciens strain EHA105. Embryogenic rice calluses were 
obtained from Oryza sativa L. spp japonica cv. Nippon-
bare. Seeds were obtained from plants grown in glass-
house from April to September 2020 at ITQB NOVA 
(latitude: 38° 41′ 38" (38.694 N), longitude: 9° 19′ 7" 
(-9.318 W)), under natural photoperiod. Seeds produced 
from this plants were used to induce embryogenic cal-
luses following an established protocol [75]. Embryogenic 
calluses were transformed by Agrobacterium tumefaciens 
strain EHA105 as described by Upadhyaya et  al. (2000) 
[75] and transformants were selected with 1µl/mL hygro-
mycin. Aiming to develop highly embryogenic tissues 
with a large number of somatic embryos, calluses were 
maintained in embryogenic induction medium (EIM) 
[76] for one month. The presence of the hptII gene was 
verified using PCR amplification (Table S5). Twelve posi-
tive independent lines for each transgene were randomly 
pooled, freeze-dried (FreeZone Plus 4.5 Liter Cascade, 
LABCONGO), and stored at -80 °C.

Riboflavin extraction and quantification
The homogenized rice calluses were extracted with 1 
mL of 50 mM of phosphate buffer containing riboflavin-
13C,15N2 as internal standard. The extract was vortexed 
for 10 s and stored for 2 h at 4 ℃. Then, it was purified 

with Amicon 3KDa centrifugal filter (15,900 rcf at 4  °C 
for 20 min) before loading to liquid chromatography cou-
pled with tandem mass spectrometry system (LC–MS/
MS). The LC–MS/MS was a Waters ACQUITY UPLC 
and an Applied Biosystems API 4000 MS equipped with 
an electrospray ionization source. The extracted ribofla-
vin was separated on a Waters ACQUITY UPLC HSS T3 
Column (2.1 mm X 150 mm, 100Å, 1.8 µm) equipped 
with a Waters ACQUITY UPLC HSS T3 VanGuard Pre-
column (2.1 mm X 5 mm, 100Å, 1.8 µm) maintained at 
45 ℃.

Protein overexpression and isolation
The plasmids pMAL-OsRibA1, pMAL-OsRibA2, and 
the empty vector (used as negative control) were trans-
formed into E. coli Rosetta (DE3) pLysS competent cells. 
The cells were grown in LB medium containing ampicil-
lin (100μg/mL) and chloramphenicol (30μg/mL) at 37°C 
until reaching an OD600nm of 0.6. Protein expression was 
induced with 100 μM of isopropyl b-D-thiogalactopyra-
noside (IPTG) and grown for 6 h at 28°C.

Cells were harvested by centrifugation (3500 g, 20 
min, 4°C) and resuspended into 20 mM sodium phos-
phate (pH 7.5), 500 mM NaCl, 10 mM imidazole, 250 μM 
MgCl2, 1.25 mM PMSF, 1 × complete protease inhibitor 
(Roche) and 8 μg/mL DNase. Enzymatic lysis was per-
formed by adding lysozyme (50 mg/mL), and cells were 
incubated at 4°C for 1 with agitation. The soluble fraction 
was obtained by centrifugation for 1h at 18, 000 × g at 4°C 
and filtered through a 0.45 μm filter before injection on 
a MBP-trap HP column (Sigma-Aldrich, Missouri, EUA). 
OsRibA1 and OsRibA2 were eluted with 10 mM malt-
ose, 20 mM Tris–HCl pH 7.4, 200 mM NaCl, and 1 mM 
EDTA (ethylene diamine tetra-acetic acid). Protein purity 
was assessed by sodium dodecyl sulphate polyacrylamide 
gel electrophoresis analysis.

In vitro activity assays
The enzymatic assays were performed according to 
Bacher and colleagues (1997) [77], with minor modifi-
cations. GTP cyclohydrolase II (GTPCHII) activity was 
assayed in 100 μL reaction mixtures, containing 100 mM 
Tris–HCl pH 7.8, 5 mM MgCl2, 5 mM DTT, 100 μM GTP, 
5mM diacetyl using either OsRibA1, OsRibA2 (0.5, 0.2, 
01 μg/μL) or free MBP (0.1 μg/μL) produced and puri-
fied as described above. GTPCHII product (2,5-diamin-
6-ribosylamino-4(3H)-pyrimidinone 5’-phosphate) reacts 
with diacetyl yielding 6,7-dimethylpterin (ʎ = 400nm), 
which was the compound detected. For DHBPS activity, 
assay mixtures were prepared in 100 μL containing 100 
mM Tris–HCl pH 7.8, 5 mM MgCl2, 5 mM DTT, 100 
μM D-ribulose 5-phosphate, 5-diamino-6-ribitylamino-
2,4(1H,3H) pyrimidinedione, lumazine synthase of B. 



Page 6 of 16Faustino et al. BMC Plant Biology          (2024) 24:220 

subtilis (0.5 U/mL) and either OsRibA1, OsRibA2 (0.2, 0.1, 
0.05 μg/μL) or free MBP (0.1 μg/μL). 6,7-dimethyl-8- ribi-
tyllumazine, the product of lumazine synthase was moni-
tored (λ = 490 nm). Reaction mixtures were incubated at 
37°C for 1 h in Infinite 200 PRO multimode plate reader 
(Tecan). The purified OsRibA1 and OsRibA2 proteins 
were used to assess their respective activities in these 
assays and all reactions were performed in triplicate.

Data analysis
The growth rate was used to compare the growth of the 
yeast mutants and the wild type. Specifically, growth 
curve data was transformed into their natural logarithm, 
and the exponential phase was selected for analysis. A 
non-linear regression was applied, and the slope of the 
resulting curve was used to compare the different groups 
using One-way ANOVA. To compare the concentration 
of riboflavin in different callus lines, One-way ANOVA 
was used. Significant differences in means are indicated 
for datasets in which P-values below 0.05 are considered 
significant, and p-values below 0.01 are considered very 
significant. The statistical analysis was performed using 
GraphPad8.

Results
Bifunctional RibA is the rate‑limiting enzyme of riboflavin 
biosynthesis in plants
Aiming to identify the bottleneck of the riboflavin path-
way in plants, a kinetic model was assembled, based on 
the riboflavin metabolic pathway, comprising 12 metabo-
lites and 14 reactions, including external transport (Table 
S1, Figure S3). To evaluate the dynamics of riboflavin pro-
duction over time, we performed a time-course simulation 
using COPASI software. We compared the riboflavin con-
centration generated under normal enzyme abundance 
with those optimized for the different enzymes (Fig.  2). 
Based on the kinetic model, RibA is the limiting step in 
riboflavin production (Fig.  2). Under steady-state condi-
tions, riboflavin concentration reaches 25.13 μmol/L. By 
overexpressing PYRD, PYRR​, and RS, it reaches 25.30, 
26.10, and 26.13 μmol/L, respectively (Fig.  2), which is 
comparable to the non-optimized model. However, the 
overexpression of RibA leads to higher levels of ribofla-
vin accumulation, at 28.2 μmol/L (Fig. 2). These findings 
indicate that increasing the flux in PYRD and PYRR​ does 
not result in a higher concentration of riboflavin, as the 
biosynthesis bottleneck occurs upstream. Furthermore, 
increasing RS abundance does not lead to a higher ribo-
flavin concentration, likely due to low substrate availabil-
ity. Overall, these results highlight the importance of RibA 
for riboflavin production and suggest that boosting RibA 
activity could be a promising strategy for enhancing ribo-
flavin accumulation in the system.

Arabidopsis RibA1 sequence and expression pattern 
is mirrored by OsRibA1 and OsRibA2
After identifying RibA as the bottleneck of the ribo-
flavin pathway in plants, since RibA had not yet been 
found in rice, we searched for rice orthologs of Arabi-
dopsis RibA1 (AT5G64300). AtRibA1 is a bifunctional 
enzyme involved in (1) the hydrolytic release of for-
mate and inorganic pyrophosphate from GTP to form a 
pyrimidine moiety and in (2) the skeletal rearrangement 
of ribulose 5-phosphate to form DHB4P (Fig.  1; [35]). 
Using the BLASTt algorithm, we searched Oryza sativa 
japonica cv. Nipponbare genome and found three poten-
tial candidates: LOC_Os08g37605, LOC_Os02g36340 
and LOC_Os05g38570. Sequence similarities analysis 
revealed that LOC_Os08g37605 shares 74.37% identity to 
Arabidopsis AT5G64300 at the genome level and 69.89% 
at the amino acid level. LOC_Os02g36340 has 84.2% 
similarity at the genome level and 82.1% at the amino 
acid level while LOC_Os05g38570 has 70.26% similarity 
at the genome level and 75.63% at the amino acid level. 
Sequence analysis revealed that the three candidates are 
putative bifunctional enzymes with dual domains (Figure 
S4). However, phylogenetic analysis of the three candi-
dates revealed that LOC_Os05g38570 is probably not 
bifunctional GTPCHII/DHBPS, as it clusters with the 
monofunctional RibA3 protein from Arabidopsis and 
other plant species (Figure S5). Furthermore, similar to 
Arabidopsis AtRibA3, LOC_Os05g38570 has the same 
one residual change at the ribulose-5-phosphate bind-
ing region and one residual alteration at the conserved 
catalytic site, which is required for the DHBPS activ-
ity (Figure S4) [35, 78]. Regarding GTPCHII domain, 
the three candidate genes do not show the residual 
alterations in the zinc-binding domain or catalytic sites 
responsible for the loss of this activity (Figure S4) [35]. 
Based on these results, LOC_Os08g37605 was named 
OsRibA1 and LOC_Os02g36340 OsRibA2. OsRibA1 and 
OsRibA2 encode proteins with 546 and 554 amino acids, 
respectively, and contain 2 conserved domains accord-
ing to Pfam and ScanProsite, a DHBPS and a GTPCHII 
domain (Fig. 3A). To investigate the expression patterns 
of OsRibA1 and OsRibA2, we used Genevestigator, a 
gene expression database that presents the data in the 
context of plant development, plant organ and environ-
mental conditions [64]. We compared the expression of 
OsRibA1 and OsRibA2 with the known one from Arabi-
dopsis (AtRibA1) (Fig. 3B-E) and verified that both genes 
have similar expression profiles across various plant 
organs, including root, shoot, seedling, seed and inflo-
rescence. The similar accumulation of OsRibA transcripts 
across all organs indicates little tissue-specific expression. 
Our results support the hypothesis that OsRibA1 and 
OsRibA2 both function as GTPCHII and DHBPS in rice.
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Aiming to establish ortholog relationships between 
RibA proteins from other plant species, phylogenetic 
trees were constructed. This analysis comprised known 
and putative GTPCHII/DHBPS bifunctional proteins 
from members of the tree kingdoms, Eubacteria, Archaea 
and Eukarya (Table S6). Both Eubacteria and plants have 
bifunctional GTPCHII/DHBPS proteins, while fungi 
have two distinctive enzymes for each reaction [79] 
(Fig. 4). For this reason, we built phylogenetic trees with 
the sequences of the bifunctional RibA proteins and the 
GTPCHII proteins (Fig. 4A) or the DHBPS proteins from 
yeasts (Fig. 4B).

GTPCHII/DHBPS proteins from land plants formed a 
distinct group in both phylogenetic trees, showing that 
the GTPCHII/DHBPS bifunctionality is conserved across 
algae and plant species (Fig. 4A and B). This was also evi-
dent for members of Archaea and bacteria (Fig. 4A and 

B), where most species have GTPCHII/DHBPS bifunc-
tionality. Interestingly, in fungi, only monofunctional 
enzymes have been reported. In both phylogenetic trees, 
OsRibA1 and OsRibA2 cluster with the bifunctional pro-
teins from Poaceae supporting their function as GTP-
CHII/DHBPS bifunctional proteins.

Functional studies reveal OsRibA1 as outperforming 
OsRibA2 in rescuing growth impairments of GTPCHII‑ 
and DHBPS‑deficient yeast mutants
To validate the DHBPS and GTPCHII functions of 
OsRibA1 and OsRibA2, yeast complementation studies 
were conducted, taking advantage of the well-established 
knowledge of the riboflavin pathway in this organ-
ism [80–83]. Complementation assays were performed 
using cell spotting and growth curve analysis, using the 

Fig. 2  Riboflavin biosynthesis pathway and kinetic model simulation results. A Simplified riboflavin biosynthesis. The bifunctional RibA (GTP 
cyclohydrolase II/ 3,4-dihydroxy-2-butanone 4-phosphate synthase) mediates the synthesis of (7) DHB4P and (2) DA6RP5P which is converted 
into (5) ARP by the serial action of PYRD, PYRR and a hypothetical phosphatase not yet identified in plants [39]. LS condensates (7) DHBPS and (5) 
ARP to yield (8) DMRYL, which is converted into (9) riboflavin by the action of RS [33]. The translocation of ARP into the plastid and the translocation 
of FAD into the cytosol are hypothesized, although no corresponding transporters have been identified in plants thus far [39]. B Simulation results 
for riboflavin production along time in the non-optimized model (Green, Normal conditions), overexpressing PYRD (pink), overexpressing PYRR 
(purple), overexpressing RS (gray) and overexpressing bifunctional RibA (dark red). Abbreviations: (1) GTP, guanosine-5’-triphosphate; (2) DA6RP5P, 
2,5-diamin-6-ribosylamino-4(3H)-pyrimidinone 5’-phosphate; (3) A6RP5P, 5-amino-6-ribosylamino-2,4(1H, 3H)-pyrimidinedione 5’-phosphate; (4) 
ARPP, 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione 5’-phosphate; (5) ARP, 5-amino-6-ribitylamino-2,4 (1H,3H)-pyrimidinedione (ARP); (6) 
Rub5P, ribulose 5-phosphate; (7) DHB4P, 3,4-dihydroxy-2-butanone 4-phosphate; (8) DMRYL, 6,7-dimethyl-8-ribityllumazine; (9) riboflavin; (10) FMN, 
flavin mononucleotide; (12) FAD, flavin dinucleotide. Bifunctional RibA, GTP cyclohydrolase II/3,4-dihydroxy-2-butanone 4-phosphate synthase; 
PYRD, 2,5-diamino-6-hydroxy-4-(5-phosphoribosylamino)pyrimidine deaminase; PYRR, 5-amino-6-(5-phosphoribosylamino)uracil reductase; LS, 
lumazine synthase; RS, riboflavin synthase; RK, riboflavin kinase; FADS, FAD synthetase
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Fig. 3  Comparative analysis of RibA protein sequences and expression profiles. A Alignment of OsRibA homologs. RibA protein sequences of Oryza 
sativa (LOC_Os02g36340, LOC_Os08g37605) (putative), Arabidopsis thaliana (AtRibA1), Zea mays (ZmRibA1), Brassica rapa (BrRibA1) and Medicago 
truncatula (MtRibA1). The alignment was performed using ClustalW and visualized in JalView. The red boxes are the conserved sequences of DHBS 
domain and green boxes the conserved sequences of GTPCHII domain. Expression patterns of profile Arabidopsis RibA1 (AT1522940), OsRibA1 
(LOC_Os08g37605) and OsRibA2 (LOC_Os02g36340) in B) shoot and root, C seedling, D inflorescence and E) seed organs, of Arabidopsis gene 
RibA1 (AT1522940), OsRibA1 (LOC_Os08g37605) and OsRibA2 (LOC_Os02g36340), according to Genevestigator data
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riboflavin-deficient yeast mutants rib1∆ (for GTPCHII) 
and rib3∆ (for DHBPS).

Regarding rib1∆ (GTPCHII deficient), the results 
obtained from the cell spotting assay and growth curve 
analysis revealed that both OsRibA1 and OsRibA2 expres-
sion could rescue its growth impairment on riboflavin 
deficient SD medium (Fig.  5A). Interestingly, OsRibA2 

fully recovered the growth of rib1∆ while OsRibA1 only 
partially restored it (Figs.  5A and S6), indicating that 
OsRibA2 and, to a lesser extent, OsRibA1 have GTPCHII 
activity. Additionally, the growth of the mutants was also 
restored by the addition of 100 μg/L of riboflavin to the 
medium stabilized with 0.05% EDTA [84] (Fig. 5A) due to 
its high photosensitivity (Figure S7).

Fig. 4  Phylogenetic analysis trees and domain composition of RibA proteins. Maximum likelihood phylogenetic trees developed using MEGAX 
with the sequences of the bifunctional proteins identified across several kingdoms and A) the sequences of GTPCHII domain present in some 
microorganisms or. B Phylogenic tree developed with the sequences of the bifunctional proteins present in several kingdoms and the sequences 
of DHBPS from microorganisms. The numbers at the branching points indicate the percentage of times that each branch topology was found 
during bootstrap analysis (n = 1000). The boxes represent predicted functional domains: red – GTPCHII domain; grey –DHBPS domain
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In the case of rib3∆ (DHBPS deficient), the cell spotting 
assay showed that only OsRibA1 fully restored the growth 
of the mutant, whereas OsRibA2 only slightly improved 
its growth (Fig. 5B). The results of the growth rate analy-
sis confirmed that OsRibA1, and the addition of 100 μg/L 
of riboflavin to the medium (Figs.  5B and S6), rescued 
rib3∆ growth impairment, whileOs RibA2 could not fully 
complement the growth of the mutant (Figs. 5B and S6). 
These data indicate OsRibA1 as the more active bifunc-
tional rice RibA protein, exhibiting superior capability to 
rescue both GTPCHII and DHBPS activities.

 OsRibA1 outperforms OsRibA2 in DHBPS activity 
while both exhibit comparable GTPCHII functions in vitro
To further validate the ability of OsRibA1 and OsRibA2 
to perform both GTPCHII and DHBPS activities, we 
conducted in  vitro activity assays. The enzymes were 
expressed in E. coli and purified by FPLC (OsRibA1 with 
101.3 KDa and OsRibA2 with 101.6 KDa) (Figs. 6 and S8). 
Their GTP cyclohydrolase II (GTPCHII) and 3,4-dihy-
droxy-2-butanone 4-phosphate synthase (DHBPS) activi-
ties were determined in a coupled assay as in Bacher 
et al. [77]. GTPCHII enzymatic function was found to be 
comparable between OsRibA1 and OsRibA2 (Fig.  6C). 
However, regarding DHBPS activity, OsRibA1 exhibited 
higher activity (Fig.  6D). Supporting the yeast comple-
mentation results, the in vitro data obtained from these 

assays confirmed that while both proteins are bifunc-
tional, OsRibA1 displays superior DHBPS activity.

RibA1 promotes riboflavin accumulation in rice callus
Having previously confirmed the functionality of 
OsRibA1 and OsRibA2 in a heterologous system and 
in vitro, we sought support of their functionality in rice 
callus [85]. To the best of our knowledge, our study 
reports the first observation of increased riboflavin 
content in rice through the overexpression of OsRibA1, 
reaching a 28% increase as compared to the wild type 
and negative controls (Fig. 7). The characterized Arabi-
dopsis gene AtRibA1 (At5g64300) demonstrated similar 
efficacy in increasing riboflavin content in this tissue 
upon its overexpression, providing further support 
for its functional role (Fig.  7). The rice callus overex-
pressing OsRibA1 produced 3.31 µg of riboflavin/g dry 
weight, demonstrating its capacity to enhance ribofla-
vin accumulation, while OsRibA2 did not affect the vita-
min content. Collectively our results reveal OsRibA1 as 
a candidate to boost riboflavin levels in plant tissues.

Discussion
Kinetic modeling identifies OsRibA as the rate‑limiting 
enzyme in riboflavin biosynthesis
Biofortification offers a reliable and cost-effective solu-
tion to combat vitamin B2 deficiency. To develop 

Fig. 5  Functional complementation of the yeast mutants rib1∆ (GTPCHII deficient) and rib3∆ (DHBPS deficient) with OsRibA1 and OsRibA2. The 
mutants transformed with the empty vector (EV) were used as negative control with no exogenous supply of riboflavin, while the wild type 
transformed with the empty vector (EV) and no added thiamin was used as positive control for all experiments. The growth rate was determined 
by calculating the slope of the non-linear regression curve applied to the exponential phase of the growth curves. A Cell spotting assay and growth 
rate for rib1∆, deficient in GTPCHII. B Cell spotting and growth rate for rib3∆, deficient in DHBPS. Data shows that RibA2 fully recovers the GTPCHII 
mutant and that RibA1 fully restores DHBPS mutant. Data shown correspond to means ± standard deviation of the means (SD) (N = 5). Data 
was compared to control values (WT) by One-way ANOVA (**, P < 0.01; ****, P < 0.0001)
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Fig. 6  Enzymatic activities of OsRibA proteins. MBP-tagged N-terminal OsRibA proteins were overexpressed in E. coli and purified by FPLC. 
Coomassie staining following SDS-PAGE detects enriched recombinant A) OsRibA1 and B) OsRibA2 proteins in selected FPLC fractions. FT, Flow 
through; F1-F4, fraction 1 to 4. The obtained fractions (5μg/μL) were assayed in vitro for C) GTPCHII and D) DHBPS enzymatic activities. Standard 
errors are indicated, but only visible in OsRibA2 tested for DHBPS enzyme activity (N = 3)

Fig. 7  Riboflavin content in rice callus overexpressing AtRibA1 and OsRibA1 and OsRibA2. As negative controls, OsRibA1 and OsRibA2 were also used 
with a point mutation leading to an early stop codon (indicated as OsRibA1* and OsRibA2*). Twelve independent lines, positive for each transgene, 
were randomly pooled and stored at -80°C until riboflavin extraction. Riboflavin was detected and quantified by HPLC–MS. Data shown correspond 
to means ± standard deviation of the means (SD), N = 12. Data was compared to control values (WT) by One-way ANOVA (**, P < 0.01)
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powerful biofortification strategies, it is crucial to gain 
deeper understanding of B2 metabolism. Metabolic engi-
neering, as a biofortification approach, relies on identify-
ing and stimulating the rate-limiting steps of the target 
metabolism [31, 86]. Kinetic models, when supplied with 
appropriate physiological data, enable the mathemati-
cal prediction of how different components affect the 
accumulation of the target metabolite [87], in this case 
riboflavin. This quantitative description of metabolic 
phenotypes is achievable by establishing mechanistic 
relationships between metabolic rates, enzyme levels, 
and metabolite concentrations [88].

In this study, we applied a kinetic model to B2 biosyn-
thesis to predict the impact of enzyme overexpression 
on riboflavin concentration. Our findings revealed that 
OsRibA is the rate-limiting enzyme of the pathway. Over-
expression of OsRibA genes resulted in higher produc-
tion of riboflavin over an extended period. Furthermore, 
our results suggest that increasing the flux in PYRD and 
PYRR​ did not translate into higher riboflavin concen-
tration, in accordance with a biosynthesis bottleneck 
occurring upstream, at RibA. Additionally, increasing RS 
abundance did not lead to higher riboflavin concentra-
tion, likely due to the limited substrate availability. The 
utilization of a kinetic model to predict the impact of 
enzyme overexpression on riboflavin concentration pro-
vides a powerful tool for biofortification research [89]. 
We propose to extend this modeling approach to inves-
tigate other metabolic pathways as a support tool for the 
development of strategies to biofortify diverse crops or 
organisms for different micronutrients.

While data on the rate-limiting step of riboflavin path-
way in plants is currently unavailable, studies on micro-
organisms, particularly in Bacillus subtilis, identified 
RibA as the limiting step [48, 90–92], which is supported 
by the data obtained with our kinetic model. This consist-
ency across organisms strengthens the reliability of our 
data and the potential applicability in plant biofortifica-
tion efforts. Nevertheless, there are several aspects that 
could be further investigated. To improve the model pre-
diction capability, future research should delve into the 
specific mechanisms regulating OsRibA expression and 
explore potential cross-interactions.

Recently, biofortification of rice endosperm with ribo-
flavin was performed by using yeast genes [12]. The strat-
egy involved overexpressing the six genes that make up 
the B2 biosynthetic pathway in yeasts: ScRIB1, ScRIB7, 
ScRIB2, ScRIB3, ScRIB4, ScRIB5 [12]. This approach 
resulted in a 4.56-fold increase in riboflavin levels in 
brown rice and 4.24-fold increase in white rice [12]. A 
strategy based on the sole overexpression of OsRibA1, as 
it represents the bottleneck of the pathway, could eventu-
ally be an attractive alternative for cisgenic approaches. 

Recently, the European Food Safety Authority (ESFA) 
conducted a hazard comparison between plants pro-
duced through cisgenesis, conventional plant breeding 
techniques, and transgenesis concluding that the hazards 
of cisgenic and conventionally bred plants are identical 
[93]. Therefore, and given the increasing public accept-
ance of cisgenic approaches [43], it would be interest-
ing to develop a strategy requiring a small number of 
cisgenes to accumulate significant amounts of target 
micronutrients.

In silico, in vitro and in vivo studies support OsRibA1 
as a key bifunctional player
To characterize RibA genes in rice, we performed a com-
prehensive analysis using yeast complementation assays, 
in  vitro assays, and metabolic engineering screens. The 
data collected consistently supported the bifunctional 
capability of OsRibA1 and OsRibA2, and the superior effi-
cacy of OsRibA1.

Through BLASTt search using Arabidopsis RibA1 
as query, we identified three putative RibA genes in 
rice cv. Nipponbare genome: LOC_Os08g37605, LOC_
Os02g36340 and LOC_Os05g38570. We demonstrated 
that LOC_Os05g38570 (OsRibA3) shares the same criti-
cal residual changes as Arabidopsis RibA3 at locations 
required for the DHBPS activity (Figure S3) [35, 78]. 
These residual changes occur at the ribulose-5-phos-
phate-binding region and at the conserved catalytic site, 
both required for DHBPS activities and linked to the loss 
of function. Intriguingly, while rice has 3 RibA homologs 
like Arabidopsis, OsRibA1 and OsRibA2 do not exhibit 
the characteristic residual changes in the GTPCHII 
domain associated with loss of function, as seen in 
AtRibA2 [35], thus indicating that both OsRibA1 and 
OsRibA2 have maintained their dual functionality.

Phylogenetic analysis revealed that OsRibA1 and 
OsRibA2 are closely related to bifunctional enzymes from 
other plants, including to RibA from maize, which aligns 
with the close evolutionary relationship between maize 
and rice [94] (Fig.  4A and B). Interestingly, despite the 
highly conserved nature of riboflavin biosynthesis, strik-
ing evolutionary differences can be found. For instance, 
E. coli and yeasts use two separate enzymes (RibA and 
RibB), whereas the fused enzyme has been suggested to 
provide a kinetic advantage by consuming the two sub-
strates stoichiometrically [38]. Additionally, the presence 
of both OsRibA1 and OsRibA2 genes with bifunctional 
capabilities in the rice genome raises questions about 
the evolutionary significance and functional diversity 
within the RibA gene family. The fact that both OsRibA1 
and OsRibA2 are expressed in the same tissues further 
adds to the puzzle (Fig. 3). Further investigation into the 
functional specialization of OsRibA1 and OsRibA2 and 
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their regulation in different tissues could shed light on 
the evolutionary forces driving the retention of multiple 
RibA genes in rice and their contribution to riboflavin 
biosynthesis.

Yeast complementation assays were employed to assess 
the functionality and enzymatic performance of OsRibA 
genes. By using yeast mutants lacking either GTP-
CHII (rib1∆) or DHBPS (rib3∆) functionality, we have 
tested these activities independently, confirming that 
both genes have the capacity to perform GTPCHII and 
DHBPS activities, but with different properties. Although 
none of the genes fully complemented the growth rate 
of both mutants, the results indicate that OsRibA1 has a 
higher ability to perform both activities, highlighting the 
distinct functional preferences of OsRibA1 and OsRibA2 
and shedding light on the intriguing evolutionary diver-
gence and specialization of RibA homologs in rice.

To further confirm the enzymatic activities observed in 
the yeast complementation assays, we conducted in vitro 
activity assays using purified recombinant OsRibA pro-
teins. The results from these assays corroborated the 
findings from the complementation studies. For GTP-
CHII activity, OsRibA1 and OsRibA2 showed similar 
activities, however, regarding DHBPS activity, OsRibA1 
performed better, thus showing higher bifunctional capa-
bility. This is consistent with the stoichiometry of the 
reactions that require two molecules of ribulose-5-phos-
phate and only one of GTP [38, 95].

The superior bifunctional potential of OsRibA1 
observed in both yeast complementation and in  vitro 
assays, was further supported by overexpressing the gene 
in rice callus and confirming riboflavin increased levels. 
In our study we used embryogenic calluses derived from 
mature seeds, and transformed them with OsRibA1 and 
OsRibA2 driven by the constitutive maize ubiquitin pro-
moter. Interestingly, only OsRibA1 was able to improve 
riboflavin accumulation (by 28%) while OsRibA2 did 
not impact riboflavin concentration. The findings from 
multiple experimental approaches reinforce each other, 
pinpointing OsRibA1 as a major candidate for B2 accu-
mulation in rice cells.

Conclusion
In this work, we developed a kinetic model of the ribo-
flavin biosynthetic pathway and identified OsRibA as the 
rate-limiting step, highlighting this gene as a candidate 
for riboflavin biofortification. A comprehensive charac-
terization of OsRibA genes was conducted revealing that 
their amino acid sequences are similar to the GTPCHII/
DHBPS from Arabidopsis and maize. By use of yeast 
knockout mutants deficient in either DHBPS or GTP-
CHII, we have demonstrated that expression of OsRibA2 
fully restores growth in the GTPCHII-deficient mutants, 

while expressing OsRibA1 only efficiently rescues growth 
of the DHBPS-deficient mutants. These findings were 
further supported by in  vitro activity assays, which 
revealed differences in GTPCHII and DHBPS activities 
between OsRibA1 and OsRibA2, with OsRibA1 exhibit-
ing higher performance in DHBPS activity. In addition, 
overexpression of OsRibA1 in rice callus yielded a 28% 
increase of in riboflavin content, supporting the afore-
mentioned findings. Taken together, our results provide 
a comprehensive functional characterization of OsRibA1 
and OsRibA2 in rice and highlight OsRibA1 as a candi-
date for metabolic engineering approaches aiming at 
enhancing vitamin B2 content.

Abbreviations
ARP	� Amino-3,4-dihydroxy-2-butanone 4-phosphate
ARPP	� 5-Amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione 5’-phosphate
A6RP5P	� 5-Amino-6-ribosylamino-2,4(1H, 3H)-pyrimidinedione 5’-phosphate
DA6RP5P	� 2,5-Diamin-6-ribosylamino-4(3H)-pyrimidinone 5’-phosphate
DHB4P	� Dihydroxy-2-butanone 4-phosphate
DHBPS	� 3,4-Dihydroxy-2-butanone 4-phosphate synthase
DMRYL	� 6,7-Dimethyl-8-ribityllumazine
FMN	� Flavin mononucleotide
FAD	� Flavin adenine dinucleotide
GTPCHII	� GTP cyclohydrolase II
LS	� Lumazine synthase
MBP	� Maltose binding protein
OsRibA	� Rice GTP cyclohydrolase II/3,4-dihydroxy-2-butanone 4-phos-

phate synthase
Rub5P	� Ribulose 5-phosphate
PYRD	� 2,5-Diamino-6-hydroxy-4-(5-phosphoribosylamino)pyrimidine 

deaminase
PYRR​	� 5-Amino-6-(5-phosphoribosylamino)uracil reductase
RS	� Riboflavin synthase

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12870-​024-​04878-z.

Supplementary Material 1. 

Supplementary Material 2. 

Acknowledgements
We thank Dr. Catarina Pimentel (Yeast Molecular Biology Laboratory, ITQB 
Nova) for providing the yeast wild type strain (BY4741) and the yeast expres-
sion plasmid, pPGK.

Authors’ contributions
M.F., T.L, S.S., D.V.D.S and M.M.O. designed the experiments. M.F conducted the 
practical work and performed data analysis with T.L. and S.S.. LC-MS was oper-
ated by D.C., who also interpreted the LC-MS data. A.F. and I.R. contributed to the 
development of the mathematical kinetic model. M.F. wrote the manuscript. All 
authors provided valuable inputs, suggestions, and revisions to the manuscript. 
M.M.O and D.V.D.S funded, conceived and coordinated the project.

Funding
This work was supported by FCT (Fundação para a Ciência e a Tecnologia) 
(2022.02916.PTDC, https://doi.org/https://doi.org/10.54499/2022.02916.PTDC), 
the Plants for Life PhD fellowship of MF (PD/BD/148694/2019), the contract 
of TL (CEECIND/03641/2017), the Research Unit "GREEN-IT – Bioresources for 
Sustainability" (UIDB/04551/2020, https://doi.org/https://doi.org/10.54499/
UIDB/04551/2020 and UIDP/04551/2020, https://doi.org/https://doi.

https://doi.org/10.1186/s12870-024-04878-z
https://doi.org/10.1186/s12870-024-04878-z
https://doi.org/
https://doi.org/10.54499/2022.02916.PTDC
https://doi.org/
https://doi.org/10.54499/UIDB/04551/2020
https://doi.org/10.54499/UIDB/04551/2020
https://doi.org/
https://doi.org/10.54499/UIDP/04551/2020


Page 14 of 16Faustino et al. BMC Plant Biology          (2024) 24:220 

org/10.54499/UIDP/04551/2020), the Research Foundation Flanders (FWO; 
G064119N), Ghent University (Bijzonder Onderzoeksfonds (BOF) GOA 
01G00409 and BOF-BAS) and Horizon2020-ERA-NET (BIOFAIR project).

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

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Laboratory of Plant Functional Genomics, Instituto de Tecnologia Química 
E Biológica António Xavier, Universidade Nova de Lisboa, Oeiras 2780‑157, 
Portugal. 2 Laboratory of Functional Plant Biology, Department of Biology, 
Ghent University, K. L. Ledeganckstraat 35, Gent B‑9000, Belgium. 3 Laboratory 
of Systems and Synthetic Biology, Instituto de Tecnologia Química E Biológica 
António Xavier, Universidade Nova de Lisboa, Oeiras 2780‑157, Portugal. 
4 Present Address: University of Geneva, Quai E. Ansermet 30, Geneva 1211, 
Switzerland. 

Received: 29 November 2023   Accepted: 3 March 2024

References
	1.	 Guilliams TG. MTHFR, homocysteine and nutrient needs. In: D Rakel D, edi-

tor. Integrative medicine. 4th ed. Amsterdam: Elsevier; 2018. p. 395–403.e2.
	2.	 Tian Q, Wang G, Ma X, Shen Q, Ding M, Yang X, et al. Riboflavin integrates 

cellular energetics and cell cycle to regulate maize seed development. 
Plant Biotechnol J. 2022;20:1487–501.

	3.	 Pimviriyakul P, Chaiyen P. Flavin-dependent dehalogenases. In: P Chaiyen 
P, Tamanoi F, editors. The Enzymes Academic Press; 2020. p. 365-397.

	4.	 Vanoni MA. Iron-sulfur flavoenzymes: the added value of making the 
most ancient redox cofactors and the versatile flavins work together. 
Open Biol. 2021;11: 210010.

	5.	 Mosegaard S, Dipace G, Bross P, Carlsen J, Gregersen N, Olsen R. Riboflavin 
deficiency - implications for general human health and inborn errors of 
metabolism. Int J Mol Sci. 2020;21:3847.

	6.	 Sobrado P. Noncanonical reactions of flavoenzymes. Int J Mol Sci. 
2012;13:14219–42.

	7.	 Geller-McGrath D, Mara P, Taylor GT, Suter E, Edgcomb V, Pachiadaki M. 
Diverse secondary metabolites are expressed in particle-associated and 
free-living microorganisms of the permanently anoxic Cariaco Basin. Nat 
Commun. 2023;14:656.

	8.	 Ramsay RR, Albreht A. Kinetics, mechanism, and inhibition of monoamine 
oxidase. J Neural Transm. 2018;125:1659–83.

	9.	 Zhang M, Wang L, Zhong D. Photolyase: dynamics and electron-transfer 
mechanisms of DNA repair. Arch Biochem Biophys. 2017;632:158–74.

	10.	 Garattini E, Mendel R, Romão MJ, Wright R, Terao M. Mammalian 
molybdo-flavoenzymes, an expanding family of proteins: structure, 
genetics, regulation, function and pathophysiology. Biochem J. 
2003;372(Pt 1):15–32.

	11.	 Hirayama J, Cho S, Sassone-Corsi P. Circadian control by the reduction/
oxidation pathway: catalase represses light-dependent clock gene 
expression in the zebrafish. PNAS. 2007;104:15747–52.

	12.	 Tian YS, Xu J, Wang B, Fu XY, Gao JJ, Han HJ, et al. Riboflavin fortifica-
tion of rice endosperm by metabolic engineering. Plant Biotech J. 
2021;19:1483–5.

	13.	 Bhusal A, Banks SW. Riboflavin deficiency. In: StatPearls. Treasure Island: 
StatPearls Publishing; 2019.

	14.	 EFSA panel on dietetic products, nutrition and allergies (NDA), Turck D, 
Bresson J-L, Burlingame B, Dean T, Fairweather-Tait S, et al. Dietary refer-
ence values for riboflavin. EFSA J. 2017;15:e04919.

	15.	 Siekmann JH, Allen LH, Bwibo NO, Demment MW, Murphy SP, Neumann 
CG. Kenyan school children have multiple micronutrient deficiencies, 
but increased plasma vitamin B12 is the only detectable micronutrient 
response to meat or milk supplementation. J Nutr. 2003;133:3972S-3980S.

	16.	 Rohner F, Zimmermann MB, Wegmueller R, Tschannen AB, Hurrell RF. Mild 
riboflavin deficiency is highly prevalent in school-age children but does 
not increase risk for anemia in Côte d’Ivoire. Br J Nutr. 2007;97:970–6.

	17.	 Whitfield KC, Karakochuk CD, Liu Y, McCann A, Talukder A, Kroeun H, 
et al. Poor thiamin and riboflavin status is common among women of 
childbearing age in rural and urban cambodia. J Nutr. 2015;145:628–33.

	18.	 Kaliwile C, Michelo C, Titcomb TJ, Moursi M, Donahue Angel M, Reinberg 
C, et al. Dietary intake patterns among lactating and non-lactating 
women of reproductive age in rural Zambia. Nutrients. 2019;11:288.

	19.	 Sherwood RA. Methods for assessment of vitamin B2. In: Harrington D, 
editor. Laboratory assessment of vitamin status. Academic Press; 2019. p. 
165-172.

	20.	 Powers HJ, Hill MH, Mushtaq S, Dainty JR, Majsak-Newman G, Williams EA. Cor-
recting a marginal riboflavin deficiency improves hematologic status in young 
women in the United Kingdom (RIBOFEM). Am J Clin Nutr. 2011;93:1274–84.

	21.	 O’Brien MM, Kiely M, Harrington KE, Robson PJ, Strain JJ, Flynn A. The 
North/South Ireland food consumption survey: Vitamin intakes in 
18–64-year-old adults. Public Health Nutr. 2001;4:1069–79.

	22.	 Choi JY, Kim YN, Cho YO. Evaluation of riboflavin intakes and status of 
20–64-year-old adults in South Korea. Nutrients. 2015;7:253–64.

	23.	 Casas C. 8.6 - Vitamins. In: Salvador A, Chisvert A, editors. Analysis of 
cosmetic products. Amsterdam: Elsevier; 2007. p. 364–79.

	24.	 Naqvi S, Zhu C, Farre G, Ramessar K, Bassie L, Breitenbach J, et al. Trans-
genic multivitamin corn through biofortification of endosperm with 
three vitamins representing three distinct metabolic pathways. Proc Natl 
Acad Sci USA. 2009;106:7762–7.

	25.	 Paiva FF, Vanier NL, Berrios JDJ, Pinto VZ, Wood D, Williams T, et al. Polish-
ing and parboiling effect on the nutritional and technological properties 
of pigmented rice. Food Chem. 2016;191:105–12.

	26.	 Papageorgiou M, Skendi A. Introduction to cereal processing and by-
products. In: Galanakis CM, editor. Sustainable recovery and reutilization 
of cereal processing by-Products. Woodhead Publishing; 2018. p. 1-25

	27.	 Ghosh S, Datta K, Datta SK. Rice vitamins. In: Bao J, editor. Rice. 4th ed. 
AACC International Press; 2019. p. 195-220.

	28.	 Saldivar SOS. Cereals: dietary importance. In: Caballero B, Finglas PM, Tol-
drá F, editors. Encyclopedia of food and health. Oxford: Academic Press; 
2016. p. 703–11.

	29.	 Villareal CP, Maranville JW, Juliano B. Nutrient content and retention 
during milling of brown rice from the international rice research institute. 
Cereal Chem. 1991;68:437–9.

	30.	 Bouis HE. Biofortification: an agricultural tool to address mineral and 
vitamin deficiencies. In: Mannar MGV, Hurrell RF, editors. Food fortification 
in a globalized world Academic Press; 2018. p. 69-81

	31.	 Van Der Straeten D, Bhullar NK, De Steur H, Gruissem W, MacKenzie D, 
Pfeiffer W, et al. Multiplying the efficiency and impact of biofortification 
through metabolic engineering. Nat Commun. 2020;11:5203.

	32.	 Fischer M, Römisch W, Saller S, Illarionov B, Richter G, Rohdich F, et al. 
Evolution of vitamin B2 biosynthesis. J Biol Chem. 2004;279:36299–308.

	33.	 Fischer M,  A Bacher A. Biosynthesis of vitamin B2 and flavoenzymes in 
plants. In: Rébeillé F, Douce R, editors. Advances in botanical research. 
Academic Press; 2011. p. 93-152.

	34.	 Fischer M, Bacher A. Biosynthesis of flavoenzymes. Nat Prod Rep. 
2005;22:324–50.

	35.	 Hiltunen HM, Illarionov B, Hedtke B, Fischer M, Grimm B. Arabidopsis RIBA 
proteins: two out of three isoforms have lost their bifunctional activity in 
riboflavin biosynthesis. Int J Mol Sci. 2012;13:14086–105.

	36.	 Birkenmeier M, Neumann S, Röder T. Kinetic modeling of riboflavin bio-
synthesis in Bacillus subtilis under production conditions. Biotechnol Lett. 
2014;36:919–28.

	37.	 Fu B, Ying J, Chen Q, Zhang Q, Lu J, Zhu Z, et al. Enhancing the biosyn-
thesis of riboflavin in the recombinant Escherichia coli BL21 strain by 
metabolic engineering. Front Microbiol. 2023;13: 1111790.

	38.	 Moore B. Bifunctional and moonlighting enzymes: Lighting the way to 
regulatory control. Trends Plant Sci. 2004;9:221–8.

https://doi.org/10.54499/UIDP/04551/2020


Page 15 of 16Faustino et al. BMC Plant Biology          (2024) 24:220 	

	39.	 Fischer M, Bacher A. Biosynthesis of vitamin B2 in plants. Physiol Plant. 
2006;126:304–18.

	40.	 Gerdes S, Lerma-Ortiz C, Frelin O, Seaver SMD, Henry CS, de Crécy-Lagard 
V, et al. Plant B vitamin pathways and their compartmentation: a guide 
for the perplexed. J Exp Bot. 2012;63:5379–95.

	41.	 Eggers R, Jammer A, Jha S, Kerschbaumer B, Lahham M, Strandback 
E, et al. The scope of flavin-dependent reactions and processes in the 
model plant Arabidopsis thaliana. Phytochemistry. 2021;189:112822.

	42.	 van Hove L, Gillund F. Is it only the regulatory status? Broadening the 
debate on cisgenic plants. Environ Sci Eur. 2017;29:22.

	43.	 Dayé C, Spök A, Allan AC, Yamaguchi T, Sprink T. Social acceptability of 
cisgenic plants: public perception, consumer preferences, and legal 
regulation. In: Chaurasia A, Kole C, editors. Cisgenic crops: safety, legal 
and social issues. Cham: Springer International Publishing; 2023. p. 43–75.

	44.	 Jordan DB, Bacot KO, Carlson TJ, Kessel M, Viitanen PV. Plant riboflavin 
biosynthesis. Cloning, chloroplast location, expression, purification, 
and partial characterization of spinach lumazine synthase. J Biol Chem. 
1999;274:22114–21.

	45.	 Sandoval FJ, Zhang Y, Roje S. Flavin nucleotide metabolism in plants. J Biol 
Chem. 2008;283:30890–900.

	46.	 Sandoval FJ, Roje S. An FMN hydrolase is fused to a riboflavin kinase 
homolog in plants. J Biol Chem. 2005;280:38337–45.

	47.	 Ogawa T, Yoshimura K, Miyake H, Ishikawa K, Ito D, Tanabe N, et al. Molec-
ular characterization of organelle-type Nudix hydrolases in Arabidopsis. 
Plant Physiol. 2008;148:1412–24.

	48.	 Lehmann M, Degen S, Hohmann H-P, Wyss M, Bacher A, Schramek N. 
Biosynthesis of riboflavin. Screening for an improved GTP cyclohydrolase 
II mutant. FEBS J. 2009;276:4119–29.

	49.	 Rawat R, Sandoval FJ, Wei Z, Winkler R, Roje S. An FMN hydrolase of the 
haloacid dehalogenase superfamily is active in plant chloroplasts. J Biol 
Chem. 2011;286:42091–8.

	50.	 Islam Z, Kumar A, Singh S, Salmon L, Karthikeyan S. Structural basis for 
competitive inhibition of 3,4-dihydroxy-2-butanone-4-phosphate syn-
thase from Vibrio cholerae. J Biol Chem. 2015;290:11293–308.

	51.	 Sa N, Rawat R, Thornburg C, Walker KD, Roje S. Identification and char-
acterization of the missing phosphatase on the riboflavin biosynthesis 
pathway in Arabidopsis thaliana. Plant J. 2016;88:705–16.

	52.	 Chen Y, Li F, Nielsen J. Genome-scale modeling of yeast metabolism: 
Retrospectives and perspectives. FEMS Yeast Res. 2022;22: foac003.

	53.	 Yin Y, Katahira R, Ashihara H. Metabolism of purine nucleosides and 
bases in suspension-cultured Arabidopsis thaliana cells. Eur Chem Bull. 
2014;3:925–34.

	54.	 Ji H, Zhu Y, Tian S, Xu M, Tian Y, Li L, et al. Downregulation of leaf flavin 
content induces early flowering and photoperiod gene expression in 
Arabidopsis. BMC Plant Biol. 2014;14:237.

	55.	 Hoops S, Sahle S, Gauges R, Lee C, Pahle J, Simus N, et al. COPASI—A 
COmplex PAthway SImulator. Bioinformatics. 2006;22:3067–74.

	56.	 Chang A, Jeske L, Ulbrich S, Hofmann J, Koblitz J, Schomburg I, et al. 
BRENDA, the ELIXIR core data resource in 2021: new developments and 
updates. Nucleic Acids Res. 2021;49:D498-508.

	57.	 Kanehisa M, Goto S. KEGG: Kyoto encyclopedia of genes and genomes. 
Nucleic Acids Res. 2000;28:27–30.

	58.	 Caspi R, Billington R, Keseler IM, Kothari A, Krummenacker M, Midford 
PE, et al. The MetaCyc database of metabolic pathways and enzymes - a 
2019 update. Nucleic Acids Res. 2020;48:D445–53.

	59.	 The UniProt Consortium. UniProt: a worldwide hub of protein knowledge. 
Nucleic Acids Res. 2019;47:D506–15.

	60.	 Ouyang S, Zhu W, Hamilton J, Lin H, Campbell M, Childs K, et al. The TIGR 
rice genome annotation resource: improvements and new features. 
Nucleic Acids Res. 2007;35:D883-887.

	61.	 NCBI Resource Coordinators. Database resources of the national center 
for biotechnology information. Nucleic Acids Res. 2016;44:D7-19.

	62.	 Edgar RC. MUSCLE: Multiple sequence alignment with high accuracy and 
high throughput. Nucleic Acids Res. 2004;32:1792–7.

	63.	 Waterhouse AM, Procter JB, Martin DMA, Clamp M, Barton GJ. Jalview ver-
sion 2—a multiple sequence alignment editor and analysis workbench. 
Bioinformatics. 2009;25:1189–91.

	64.	 Hruz T, Laule O, Szabo G, Wessendorp F, Bleuler S, Oertle L, et al. Gen-
evestigator V3: a reference expression database for the meta-analysis of 
transcriptomes. Bioinform Adv. 2008;2008:420747.

	65.	 Saitou N, Nei M. The neighbor-joining method: a new method for recon-
structing phylogenetic trees. Mol Biol Evol. 1987;4:406–25.

	66.	 Tamura K, Stecher G, Kumar S. MEGA11: Molecular evolutionary genetics 
analysis version 11. Mol Biol Evol. 2021;38:3022–7.

	67.	 Mistry J, Chuguransky S, Williams L, Qureshi M, Salazar GA, Sonnhammer 
ELL, et al. Pfam: the protein families database in 2021. Nucleic Acids Res. 
2021;49:D412–9.

	68.	 de Castro E, Sigrist CJA, Gattiker A, Bulliard V, Langendijk-Genevaux PS, 
Gasteiger E, et al. ScanProsite: detection of prosite signature matches and 
prorule-associated functional and structural residues in proteins. Nucleic 
Acids Res. 2006;34:W362–5.

	69.	 Lefort V, Longueville J-E, Gascuel O. SMS: Smart model selection in 
PhyML. Mol Biol Evol. 2017;34:2422–4.

	70.	 Whelan S, Goldman N. A general empirical model of protein evolution 
derived from multiple protein families using a maximum-likelihood 
approach. Mol Biol Evol. 2001;18:691–9.

	71.	 Kawahara Y, de la Bastide M, Hamilton JP, Kanamori H, McCombie WR, 
Ouyang S, et al. Improvement of the Oryza sativa Nipponbare reference 
genome using next generation sequence and optical map data. Rice. 
2013;6: 4.

	72.	 Graham IR, Chambers A. Constitutive expression vectors: PGK. In: Tuan RS, 
editor. Recombinant gene expression protocols. Totowa: Humana Press; 
1997. p. 159–69.

	73.	 Schiestl RH, Gietz RD. High efficiency transformation of intact yeast cells 
using single stranded nucleic acids as a carrier. Curr Genet. 1989;16:339–46.

	74.	 Hiei Y, Komari T. Agrobacterium-mediated transformation of rice using 
immature embryos or calli induced from mature seed. Nat Protoc. 
2008;3:824–34.

	75.	 Upadhyaya NM, Surin B, Ramm K, Gaudron J, Schünmann PHD, Taylor W, 
et al. Agrobacterium-mediated transformation of Australian rice cultivars 
Jarrah and Amaroo using modified promoters and selectable markers. 
Functional Plant Biol. 2000;27:201.

	76.	 Suprasanna P, Sidha M, Bapat VA. Integrated approaches of mutagenesis 
and in vitro selection for crop improvement. In: Kumar A, Shekhawat NS, 
editors. Plant tissue culture, molecular markers and their role in crop 
productivity. New Delhi: IK International Publication; 2006. p. 73.

	77.	 Bacher A, Richter G, Ritz H, Eberhardt S, Fischer M, Krieger C. Biosynthesis 
of riboflavin: GTP cyclohydrolase II, deaminase, and reductase. In: Meth-
ods in enzymology. Elsevier; 1997. p. 382–9.

	78.	 Fischer M, Romisch W, Schiffmann S, Kelly M, Oschkinat H, Steinbacher 
S, et al. Biosynthesis of riboflavin in archaea, studies on the mechanism 
of 3,4-dihydroxy-2-butanone-4-phosphate synthase of Methanococcus 
jannaschii. J Biol Chem. 2002;277:41410–6.

	79.	 Herz S, Eberhardt S, Bacher A. Biosynthesis of riboflavin in plants. The 
ribA gene of Arabidopsis thaliana specifies a bifunctional GTP cyclohy-
drolase II/3,4-dihydroxy-2-butanone 4-phosphat synthase. Phytochem. 
2000;53:723–31.

	80.	 Santos MA, García-Ramírez JJ, Revuelta JL. Riboflavin biosynthesis in Sac-
charomyces cerevisiae. Cloning, characterization, and expression of the 
RIB5 gene encoding riboflavin synthase. J Biol Chem. 1995;270:437–44.

	81.	 Voronovsky AY, Abbas CA, Dmytruk KV, Ishchuk OP, Kshanovska BV, 
Sybirna KA, et al. Candida famata (Debaryomyces hansenii) DNA 
sequences containing genes involved in riboflavin synthesis. Yeast. 
2004;21:1307–16.

	82.	 Dmytruk KV, Abbas CA, Voronovsky AY, Kshanovska BV, Sybirna KA, 
Sybirny AA. Cloning of structural genes involved in riboflavin synthesis of 
the yeast Candida famata. Ukr Biokhim Zh. 1999;2004(76):78–87.

	83.	 Petrovska Y, Lyzak O, Ruchala J, Dmytruk K, Sibirny A. Co-Overexpression 
of RIB1 and RIB6 Increases riboflavin production in the yeast Candida 
famata. Fermentation. 2022;8: 141.

	84.	 Asker AF, Habib MJ. Effect of certain stabilizers on photobleacing of 
riboflavin solutions. Drug Dev Ind Pharm. 1990;16:149–56.

	85.	 Zhu C, Bai C, Gomez-Gomez L, Sandmann G, Baysal C, Capell T, et al. Rice 
callus as a high-throughput platform for synthetic biology and metabolic 
engineering of carotenoids. Methods Enzymol. 2022;671:511–26.

	86.	 Strobbe S, Van Der Straeten D. Toward eradication of B-vitamin deficien-
cies: considerations for crop biofortification. Front Plant Sci. 2018;9: 443.

	87.	 Rohwer JM. Applications of kinetic modeling to plant metabolism. In: 
Sriram G, editor. Plant metabolism: methods and protocols. Totowa, NJ: 
Humana Press; 2014. p. 275–86.



Page 16 of 16Faustino et al. BMC Plant Biology          (2024) 24:220 

	88.	 Foster CJ, Wang L, Dinh HV, Suthers PF, Maranas CD. Building kinetic 
models for metabolic engineering. Curr Opin Biotechnol. 2021;67:35–41.

	89.	 Comas J, Benfeitas R, Vilaprinyo E, Sorribas A, Solsona F, Farré G, et al. 
Identification of line-specific strategies for improving carotenoid produc-
tion in synthetic maize through data-driven mathematical modeling. The 
Plant J. 2016;87:455–71.

	90.	 Hümbelin M, Griesser V, Keller T, Schurter W, Haiker M, Hohmann HP, 
et al. GTP cyclohydrolase II and 3,4-dihydroxy-2-butanone 4-phosphate 
synthase are rate-limiting enzymes in riboflavin synthesis of an industrial 
Bacillus subtilis strain used for riboflavin production. J Ind Microbiol 
Biotech. 1999;22:1–7.

	91.	 Perkins JB, Sloma A, Hermann T, Theriault K, Zachgo E, Erdenberger T, 
et al. Genetic engineering of Bacillus subtilis for the commercial produc-
tion of riboflavin. J Ind Microbiol Biotechnol. 1999;22:8–18.

	92.	 Hohmann HP. Improved riboflavin production. 2006.
	93.	 Panel on genetically modified organisms (GMO) E, Mullins E, Bresson 

J-L, Dalmay T, Dewhurst IC, Epstein MM, et al. Updated scientific opinion 
on plants developed through cisgenesis and intragenesis. EFSA J. 
2022;20:e07621.

	94.	 Roulin A, Piegu B, Fortune PM, Sabot F, D’Hont A, Manicacci D, et al. 
Whole genome surveys of rice, maize and sorghum reveal multiple hori-
zontal transfers of the LTR-retrotransposon Route in Poaceae. BMC Evol 
Biol. 2009;9:58.

	95.	 Bacher A, Eberhardt S, Fischer M, Kis K, Richter G. Biosynthesis of vitamin 
B2 (riboflavin). Annu Rev Nutr. 2000;20:153–67.

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


	Mathematical kinetic modelling followed by in vitro and in vivo assays reveal the bifunctional rice GTPCHIIDHBPS enzymes and demonstrate the key roles of OsRibA proteins in the vitamin B2 pathway
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Materials and methods
	Kinetic model
	Identification and phylogenetic analysis of OsRibA
	Gene cloning and vector construction
	Yeast strains and culture conditions
	Yeast complementation assays
	Plant material and transformation
	Riboflavin extraction and quantification
	Protein overexpression and isolation
	In vitro activity assays
	Data analysis

	Results
	Bifunctional RibA is the rate-limiting enzyme of riboflavin biosynthesis in plants
	Arabidopsis RibA1 sequence and expression pattern is mirrored by OsRibA1 and OsRibA2
	Functional studies reveal OsRibA1 as outperforming OsRibA2 in rescuing growth impairments of GTPCHII- and DHBPS-deficient yeast mutants
	 OsRibA1 outperforms OsRibA2 in DHBPS activity while both exhibit comparable GTPCHII functions in vitro
	RibA1 promotes riboflavin accumulation in rice callus

	Discussion
	Kinetic modeling identifies OsRibA as the rate-limiting enzyme in riboflavin biosynthesis
	In silico, in vitro and in vivo studies support OsRibA1 as a key bifunctional player

	Conclusion
	Acknowledgements
	References


