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Riboflavin transporters (rft-1 and rft-2), orthologous to human riboflavin transporter-3 (hRVFT-3), are
identified and characterized in Caenorhabditis elegans. However, studies pertaining to functional contribution
of rft-2 in maintaining body homeostatic riboflavin levels and its regulation are very limited. In this study, the
expression pattern of rft-2 at different life stages of C. elegans was studied through real-time PCR, and found
to be consistent from larval to adult stages that demonstrate its involvement in maintaining the body
homeostatic riboflavin levels at whole animal level all through its life. A possible regulation of rft-2
expression at mRNA levels at whole animal was studied after adaptation to low and high concentrations of
riboflavin. Abundance of rft-2 transcript was upregulated in riboflavin-deficient conditions (10 nM), while it
was downregulated with riboflavin-supplemented conditions (2 mM) as compared with control (10 μM).
Further, the 5′-regulatory region of the rft-2 gene was cloned, and transgenic nematodes expressing transcriptional rft-2 promoter::GFP fusion constructs were generated. The expression of rft-2 was found to be
adaptively regulated in vivo when transgenic worms were maintained under different extracellular riboflavin
levels, which was also mediated partly via changes in the rft-2 levels that directs towards the possible
involvement of transcriptional regulatory events.
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1.

Introduction

Riboflavin (vitamin B2) is a water-soluble vitamin that plays
key role in the metabolic reactions including carbohydrate,
amino acid, and lipid metabolism, which serves as the precursor for the synthesis of flavin adenine dinucleotide (FAD)
and flavin mononucleotide (FMN) through enzymatic hydrolysis in the body. FAD and FMN function as cofactors for
a number of redox enzymes, thus regulating cellular physiology and bioenergization of utilizing glucose, fatty acids,
glycerol and amino acids (Powers 2003; Van Berkel et al.
Keywords.

2006). FAD also performs key function as a cofactor for
many enzymes associated with the metabolism of other B
vitamins (folate, pyridoxine and niacin) such as methylenetetrahydrofolate reductase, which plays an important role in
folate and homocysteine metabolism, and pyridoxine phosphate oxidase, which converts dietary vitamin B6 to the
biologically active form, pyridoxal phosphate. Thus, it is
not surprising that inadequate intake of riboflavin and suboptimal levels of riboflavin that occur under a variety of
conditions, including congenital and other sources of malabsorption, may lead to a variety of clinical abnormalities,
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including growth retardation, anemia, skin lesions and degenerative changes in the nervous system (Lakshmi et al.
1990; Cooperman and Lopez 1991). Poor riboflavin status
has also been implicated as a risk factor for several cancers
(Rivlin 1973; Foy and Kondi 1984; Liu et al. 1993), and
the protective role of riboflavin supplementation is also
documented (Pangrekar et al. 1993). Studies aimed at identifying molecular signatures corresponding to the carriermediated saturable transport in humans had characterized
three different novel riboflavin transporters, namely,
RFVT1/SLC52A1 (Yonezawa et al. 2008), RFVT2/
SLC52A2 (Yao et al. 2010) and RFVT3/SLC52A3
(Yamamoto et al. 2009), respectively. In comparison, functional characterization of RFVT3 was dependent on extracellular pH but RFVT1 and RFVT2 were pH independent.
Further, the expression of RFVT2 at the mRNA level was
found to be predominant in the brain, whereas RFVT1 and
RFVT3 mRNA were strongly expressed in the small intestine (Yao et al. 2010). It is noteworthy to mention that
riboflavin transporters are clinically linked to multiple acylCoA dehydrogenase deficiency (MADD), an autosomal recessive disorder mainly affecting amino acid and fatty acid
metabolism, and Brown-Vialetto-Van Laere Syndrome
(BVVLS), a rare autosomal recessive neurologic disorder
characterized by progressive pontobulbar palsy associated
with sensorineural deafness.
The nematode Caenorhabditis elegans has been used as
an excellent animal model for performing integrated in vivo
studies in the whole animal on the mechanisms and regulation of intestinal transport of water-soluble vitamins
(Balamurugan et al. 2007; Austin et al. 2010), which can
replace the use of reductionist in vitro approaches with
mammalian cell cultures for the same purpose. Recently,
two riboflavin transporters from C. elegans, namely, rft-1
and rft-2, which are orthologous to human riboflavin
transporter-3 (RFVT3), were functionally characterized to
mediate riboflavin transport activity (Biswas et al. 2013).
Further, expression of rft-1 was found to be regulated during
development and also adaptively regulated by extracellular
riboflavin levels. Surprisingly, knockdown of both the genes
rft-1 and rft-2 through RNAi resulted in severe reduction in
the number of eggs laid. However, the effect of rft-2 on
development and the prevailing substrate level on different
parameters of the riboflavin uptake process at the level of
whole animal is not fully understood. Therefore, a detailed
knowledge of the structure, function and regulation of the
rft-2 is needed for understanding the mechanisms and its
contribution in the whole riboflavin uptake process in
C. elegans. In the present study, the structural aspects of
riboflavin transporter-2 (rft-2) from C. elegans were predicted and analysed. Further, the expression of rft-2 at
mRNA levels during different developmental stages was
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determined and also observed that rft-2 system was adaptively regulated through changes in the levels of rft-2 that
directs toward the possible involvement of transcriptional
regulatory events.
2.

Materials and methods
2.1

Chemicals

Radiolabelled [3H]-riboflavin with specific activity 6.2 Ci/
mmol with 96% radiochemical purity was purchased from
Moravek Biochemicals, Inc. (Brea, CA, USA). TRIzol
reagent was purchased from Bio Basic Inc., Canada.
DyNamo cDNA synthesis kit (F-470S) was purchased from
Finnzymes, USA. Maxima SYBR Green/ROX qPCR
Master Mix was purchased from Thermo Scientific, USA.
Moloney Murine Leukemia Virus Reverse Transcriptase
and restriction enzymes were purchased from Fermentas,
USA. DNA oligonucleotide primers were ordered from
Sigma-Aldrich (Bangalore, India). Routine biochemicals
were all of molecular biology quality and were purchased
from either Sigma-Aldrich (Bangalore, India) or Hi-Media
(Bombay, India).
2.2

Caenorhabditis elegans culture

Nematodes were cultured on nematode growth medium
(NGM) plates containing OP50 bacterial lawns at 20°C.
N2 Bristol was used as the wild-type reference strains.
Gravid adult animals were treated with hypochloriteNaOH solution. Eggs were isolated from these animals
to obtain a synchronized population and incubated in
M9 buffer to hatch overnight (12 h) at room temperature. To develop different stages of worms, synchronized
L1-stage worms obtained as above were put on standard
NGM plates with feeding bacteria (20°C). Worms at
different developmental stages were collected, washed
with M9 buffer (containing 0.01% Triton X-100), gently
pelleted by centrifugation, and washed several times to
remove residual OP50 bacteria.
2.3

Quantitative real-time PCR

To study the developmental stage-specific expression pattern of rft-2 in C. elegans, Real time-PCR assay with the
rft-2-specific primers were performed to quantify the level
of expression at mRNA levels. For this, total RNA was
isolated from the whole synchronized C. elegans at different developmental stages (larva 1, larva 2, young adult and
adult) by freezing the pelleted worms in liquid nitrogen and
grinding them in the presence of TRIzol according to
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manufacturer's instructions (Bio Basic Inc., Canada). All
samples were DNase treated and further checked for its
integrity and purity. Full-length gene sequences were
extracted from Wormbase (Y47D7A.14) and primers for
real-time PCR was designed by the Net Primer software
and tested for specificity using NCBI BLAST. First strand
cDNA was synthesized with oligo(dT) primer from 2 μg of
total RNA using DyNamo cDNA synthesis kit (Finnzymes,
USA) according to the manufacturer’s instructions. Reverse
transcription was followed by real-time PCR in a singlewell format in which the gene-specific primers 5′-CCTACT
CTCGTTGGCTCAGG-3′ (forward) and 5′-GCGACACA
GGTGAATGAGAA-3′ (reverse) and the housekeeping
gene (β-actin) primers 5′-ATCGTCCTCGACTCTGGAGA
TG-3′ (forward) and 5′-TCACGTCCAGCCAAGTCAAG3′ (reverse) with their PCR mix (Maxima SYBR Green/
ROX qPCR Master Mix, Thermo Scientific, USA) were
combined separately at a predefined ratio (Balamurugan
et al. 2007). The PCR cycle number was titrated according to the manufacturer’s protocol to ensure that the
reaction was within the linear range. The resultant PCR
products were monitored during real time and then resolved in a 2.0 % agarose gel for further confirmation.
The steady-state levels of rft-2 mRNA were assessed
from the cycle threshold (Ct) values during real-time
PCR of the rft-2-specific RT-PCR product relative to
the Ct values of the β-actin at each developmental stages,
condition and were calculated using a relative relationship
method developed by Applied Biosystems.

2.4

Promoter activity of transcriptional rft-2::GFP fusion
constructs

To study the tissue-specific expression patterns of the rft2 gene in C. elegans, a transcriptional rft-2::gfp fusion
gene was constructed, and subsequent DNA transformation was carried out. The expression pattern of the rft-2
gene was investigated in the living transgenic animals.
Based on the sequence information obtained from Worm
base, the putative 5′-regulatory region (406 bp) of the rft2 gene was PCR amplified using two gene-specific primers: Forward: 5′-GACGATAAGAAATTCTTATCAGT3′ and Reverse: 5′-CTGCAAAATAGACGGTTTTGG-3′
with 50 ng of C. elegans genomic DNA. Further, a
transcriptional fusion construct containing a 406 bp promoter region of the rft-2 gene was generated with the
GFP reporter gene obtained from the pPD95.75 vector
(gifted by Shin Takagi, Nagoya University, Japan). After
verification of fusion construct by sequencing, the syncytial gonad of adult wild-type C. elegans was microinjected with purified rft-2::gfp fusion constructs to obtain
stable transgenic lines. At least ten independent
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transgenic lines were generated with this construct, and
10–20 animals from three to five lines were examined in
detail to confirm the consistency of expression patterns.
Transformants were scored on the basis of GFP expression when observed under a fluorescence microscope
(Nikon Eclipse Ti-100, Japan) and all gave similar patterns of GFP expression.

2.5

Effect of exogenous riboflavin levels on rft-2
expression

The effects of extracellular riboflavin levels on expression
of rft-2 and the uptake of riboflavin by the whole living
wild-type C. elegans were examined. For this, animals were
cultured in three different conditions: (1) riboflavin deficient condition – Minimal media containing glucose
(MMG) was added with riboflavin (~10 nM) and fed with
E. coli BSV13 (E. coli Genetic Stock Center, Yale
University, USA), which is devoid of the ability to synthesize riboflavin, (2) control – NG media with riboflavin (10
μM) and fed with OP50, and (3) riboflavin supplemented
condition – NG media supplemented with riboflavin (2
mM) and fed with OP50. The total RNA was extracted
from the synchronized adult worms that were maintained
at different extracellular concentrations of riboflavin, which
was further converted into cDNA as described above. Using
cDNA as the template, real-time PCR was performed in 96
well plates with Maxima SYBR Green/ROX qPCR Master
Mix (Thermo Scientific, USA) in an ABI PRISM 7000
Sequence detection system with gene-specific primers for
both rft-2 and β-actin gene.
Similarly, we used transgenic C. elegans that were
stably expressing the transcriptional rft-2::GFP fusion
constructs also in this study to ascertain the effect of
exogenous riboflavin levels on rft-2 expression. For this,
transgenic worms were maintained in three different extracellular riboflavin concentrations as mentioned above.
Worms at the L4 stage were scored after incubation and
washed with M9 buffer (containing 0.01 % Triton X-100),
gently pelleted by centrifugation, and washed several
times to remove residual bacteria. For GFP analysis, 1520 age-synchronized nematodes were transferred to slides
and were scored for fluorescence intensity under identical
times for comparison. In vivo GFP expression in
C. elegans was measured using a Microplate reader (BioRad). For each time point/scan, 20 age-synchronized transgenic nematodes were cleaned on unseeded NGM plates,
and then transferred to 50 μL of 10 mM NaN3 in a single
well of a 96-well plate. GFP fluorescence intensity was
measured using Microplate reader (Bio-Rad) as described
previously (Valentini et al. 2012). Each scan was done in
triplicate.
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2.6

Riboflavin uptake by the whole C. elegans

Caenorhabditis elegans has very simple transparent body
that has enabled with the ability to take up different
molecules from exogenous sources such as dsRNAs
(Feinberg and Hunter 2003) and vitamins (Balamurugan
et al. 2007). In this study, we have tested the possibility
of [3H]-riboflavin uptake by the whole animal. To obtain
synchronized populations, eggs isolated from gravid adult
animals were treated with a hypochlorite-NaOH solution,
incubated in M9 buffer and allowed to hatch overnight
(12 h) at room temperature. The resulting synchronized
L1-stage worms were placed on standard NGM plates fed
with bacteria (20°C) to develop to different stages. Age
synchronized adult worms were collected, washed with
M9 buffer (containing 0.01 % Triton X-100), gently
pelleted by centrifugation, and washed several times to
remove residual bacteria before functional uptake assays
at the whole animal level. For the whole animal uptake
studies, five age-synchronized individual young adult
nematodes were placed in a test tube and pre-incubated
in Krebs-Ringer buffer for 20 min at room temperature.
[3H]-riboflavin was then added and the reaction was
terminated after 7 min by the addition of 1 ml of icecold Krebs-Ringer buffer followed by immediate placing
of the animals on Millipore filters (0.22 micron) under
negative pressure and washed thrice with ice-cold buffer.
The filters with the animals were verified under microscope and then transferred into vials containing scintillation fluid for counting radioactivity.
2.7

Statistical analysis

Statistical significance was determined by Student’s t-test
or one-way ANOVA followed by Tukey’s honestly significant difference (HSD) test, with statistical significance being set at 0.05 (P<0.05). Data for uptake
studies were presented as means ± SE of separate uptake
determinations, and expressed in terms of femtomoles
per animal per 7 min. For RNA isolation, promoter
analysis, and expression studies at least 30–50 different
nematodes were used. For GFP expression studies, 15–
20 age-synchronized nematodes were transferred to
slides and were scored for fluorescence intensity under
identical times for comparison.
3.
3.1

Results

Structural predictions of rft-2

The C. elegans rft-2 gene is localized on chromosome V that
contains two alternatively spliced mRNAs namely rft-2a and
J. Biosci. 40(2), June 2015

rft-2b. The size of rft-2a gene is at least ≈7.4 kb excluding
the promoter region and consists of 6 exons, whereas the
alternative form rft-2b contains 7 exons that carry an insertion of 39 nucleotides additionally. The spliced rft-2a transcript is 1811 bp long and has 6 and 413 bp long 5′- and 3′untranslated regions, respectively. On contrary, the spliced
rft-2b transcript is 1887 bp long and has 6 and 450 bp long
5′- and 3′-untranslated regions, respectively. The cloned rft2a ORF and its encoded transporter protein sequences have
been deposited in GenBank (accession number JX869968).
The RFT-2a protein deduced from the cDNA sequence contains 463 amino acids with an estimated molecular mass of
50 kDa and an isoelectric point of 5.34. A pairwise comparison analysis of the transporter protein sequences between
rft-2a and its closely related functional counterparts, the
mammalian RFVT-1, RFVT-2 and RFVT-3 using the
CLUSTAL OMEGA has shown that rft-2a is closely related
to mammalian RFVT-3 (45.7% similarity and 29.7% identity), to RFVT-2 (44.2% similarity and 28.3% identity) and to
RFVT-1 (44% similarity and 28.9% identity). rft-2a also
exhibits close homology with its homologous transporter
rft-1 in C. elegans (72.1% similarity and 59.4% identity,
respectively). The deduced amino acid sequence of rft-2a
compared with orthologous riboflavin transporter of human,
rat and mice is given in figure 1. According to the KyteDoolittle plot with a 21-amino-acid window size, RFT-2 possesses 11 putative transmembrane domains (TMD) with a
large intracellular loop between TMD 6 and 7. When the
membrane topology of RFT-2a was modeled, the NH2 terminus was located in the intracellular side and COOH-terminus
was oriented to the extracellular matrix (supplementary
figure 1A). Conversely, RFT-2b differs in sequence from
RFT-2a with the insertion of 13 amino acids in the large
intracellular loop between TMD 6 and 7 (supplementary
figure 1B). Prediction of putative N-glycosylation sites had
shown two potential N-glycosylation sites in both RFT-2a and
RFT-2b (Asn-181 and Asn-233: NetNGlyc 1.0 server).
Further, Ca2+/calmodulin phosphorylation sites were predicted
to enlighten the understanding of their regulation in riboflavin
transport and a potential Ca2+/calmodulin phosphorylation site
was found to be ‘GSALSIGGS’ (from 389 to 397 aa) both in
RFT-2a and RFT-2b (PPSP version 1.06). Similarly, PKA
phosphorylation site ‘FRERSAMIN’ was predicted in RFT2a (from 270 to 278 aa), whereas in RFT-2b due to the
insertion of 13 aa between 271 and 272 aa in the large intracellular loop, the conserved PKA phosphorylation site was
abolished (PPSP version 1.06). Further, the three dimensional
structure of RFT-2a was predicted using I-TASSER based on
multi-template threading method and visualized in PyMol
molecular visualization tool. Templates chosen by ITASSER were of membrane proteins that contain high
alpha helical content, thus the modeled structure also
showed more alpha helical content (supplementary
figure 2).
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Figure 1. Alignment of the predicted amino acid sequence of C. elegans RFT-2 with human hRFT2 (RFVT3), rat rRFT2 and mice
mRFT2 (http://www-archbac.u-psud.fr/genomics/multalin.html). The putative transmembrane domains (TMDs) I-XI are in shaded
boxes.
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Developmental stage specific expression of rft-2

To investigate the expression pattern of rft-2 gene during the
different stages of C. elegans development, synchronized
cultures were obtained and total RNA was isolated from
different developmental stages (larva 1, larva 2, young adult,
and adult). The steady state levels of mRNA for rft-2 was
then determined by means of quantitative real-time PCR and
semi-quantitative RT-PCR assay with β-actin transcripts
from the same samples as an internal control in these experiments. The expression of rft-2 was found to be present
during the whole life span as shown by the both real-time
PCR and semi-quantitative RT-PCR assay (figure 2) on total
RNA samples isolated from homogeneous C. elegans subpopulations at different developmental stages. However,
there was no significant difference in the expression of rft2 at mRNA levels at different stages of development and
more or less consistent throughout life.

3.3

Expression pattern of the rft-2 gene

The expression pattern of the rft-2 gene in the tissues of
C. elegans was investigated through transgenic GFP fusion
that consisted of the rft-2-gene-specific promoter fused with
GFP cDNA, where GFP expression is controlled by the rft2-gene-specific promoter. Consequently, the expression pattern of GFP in transgenic C. elegans expressing the fusion
gene is likely to match the expression pattern of the native
rft-2 gene. From the results, GFP expression was observed
initially in early embryonic stages and in the adults GFP
expression was found to be restricted to the intestinal cells
abundantly (figure 3). This expression pattern was evident
from the eggs through early larval and adult stage. The GFP
fluorescence was detectable throughout the intestinal tract,
starting from the pharynx all the way through the anus. The
expression level of GFP was significantly greater in the
anterior half of the intestine than in the posterior half.

Figure 2. Expression pattern of rft-2 mRNA at different developmental stages. Total RNA was isolated from synchronized C. elegans at
different developmental stages and used for the real-time PCR analysis as described in section 2. Data were normalized relative to a
housekeeping gene, β-actin, and calculated using a relative relationship method. Inset: Semi-quantitative RT-PCR analysis of rft-2 mRNA
from C. elegans. RT-PCR products obtained from the different developmental stages analysed on a 2% agarose gel, **P<0.01, *P<0.05.
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3.4

Adaptive regulation by extracellular riboflavin
concentrations

Possible adaptive regulation by substrate was well documented at whole animal levels using C. elegans for
folate transport process (Balamurugan et al. 2007).
Biswas et al. (2013) had shown recently that the expression of rft-1 at mRNA levels in C. elegans was reduced
when the culture media was supplemented with high
exogenous concentrations of riboflavin. However, the
nature of adaptive regulation of rft-2 at different dietary
levels of riboflavin and its functional contribution in
such a regulated riboflavin transport process of
C. elegans is remaining unexplored. Initially, we
intended to ascertain the possible adaptive regulation in
total riboflavin uptake process at whole animal levels by
maintaining age synchronized worms at different extracellular riboflavin levels. The results clearly evidenced
the riboflavin uptake by the intact worms and also
showed a significantly (P<0.05) higher uptake by the
worms cultured in deficient conditions (10 nM) than
control (10 μM) as well as lower uptake by the worms
cultured in riboflavin supplemented conditions (2 mM)
than control (figure 4a). Previously, folate uptake process with whole animal was demonstrated with significant reduction in uptake by nematodes maintained in
folate-supplemented medium when compared with control (Balamurugan et al. 2007).
Further, the involvement of rft-2 as a molecular mechanism(s) involved in the observed regulation was examined by measuring the rft-2 transcript level from the
worms maintained at different extracellular riboflavin levels. The results (figure 4b) showed a significant increase in
the expression of rft-2 at mRNA levels in the riboflavin
deficient conditions compared with controls, while there
was a decrease in the expression levels of rft-2 mRNA in
the riboflavin supplemented conditions than control.
Earlier, the contribution of rft-1 at mRNA levels has been
documented in the observed regulation when worms were
supplemented with riboflavin (Biswas et al. 2013).
Furthermore, transgenic nematodes expressing transcriptional rft-2 promoter::GFP fusion constructs were maintained at different extracellular riboflavin levels. Worms at
identical stage (age synchronized) were collected for measuring the intensity of GFP expression in C. elegans in
vivo using a spectrofluorimeter. Fluorescence intensity
corresponding to rft-2 promoter::GFP fusion expression
in the transgenic worms were significantly increased to
131% when cultured under riboflavin deficient conditions
and reduced to 79% with riboflavin supplementation than
controls (figure 4c), and these observations corroborated
with findings of transcript level quantification in the observed regulation.
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4.

Discussion

To date, two genes corresponding to riboflavin transport
function (rft-1 and rft-2) have been identified in the
C. elegans genome. Both the rft genes have been physically
mapped to Chromosome V, where they are located as immediate neighboring genes. Heterologous expression of both
the rft-1 and rft-2 had revealed their functional contribution
in the riboflavin transport and showed greater riboflavin
transport function for rft-1 (Biswas et al. 2013). Worms with
RNAi-mediated knockdown of rft-2 were defective in fertility as the number of eggs laid by them were significantly less
even though rft-2 has been noticed as a secondary riboflavin
transporter in C. elegans, which clearly evidenced the functional contribution of rft-2 in maintaining body homeostatic
levels of riboflavin. However, the expression of rft-2 on
different development stages and the prevailing extracellular
substrate level on different parameters of the riboflavin uptake process at the whole animal level remains obscure.
Thus, in this study, we aimed to predict the structure of
rft-2 and characterize its expression and regulation for understanding the mechanism, and its contribution in the total
riboflavin uptake process in C. elegans at the whole animal
level. Our findings of membrane topology modelling for
both RFT-2a and RFT-2b had predicted that the NH2 terminus was located in the intracellular side and COOH-terminus
was oriented to the extracellular matrix, which resembles the
situation with RFVT3, where both NH2-termini and COOHtermini were oriented in the opposite directions (Yonezawa
and Inui 2013). However, direct studies are needed to establish the orientation of these terminals and topology of the
RFT-2 transporter. Riboflavin uptake by various membrane
transport systems are well recognized to be regulated by
signalling pathways such as PKA in human colonic Caco-2
(Said et al. 1994), retinoblastoma (Kansara et al. 2005) and
trophoblast-derived BeWo cells (Huang and Swaan 2001)
and intracellular Ca 2+ /calmodulin in human colonic
NCM460 (Said et al. 2000) and liver HepG2 cells (Said
et al. 1998). However, different cellular mechanisms associated with these signalling events have been proposed, including the activation of specific protein kinases and their
effect on the uptake system involved; studies to understand
the molecular signatures are needed to address those mechanisms as the precise nature of the target sites in these
signalling pathways. Hence, the conserved sites for PKA
phosphorylation ‘FRERSAMIN’ was examined with riboflavin transporters and identified in the large intracellular loop
of RFT-2a (from 270 to 278 aa), whereas it was disrupted in
the variant RFT-2b due to the insertion of 13 aa between 271
and 272 aa at the large intracellular loop. Thus, the predicted
difference between the splice variants RFT-2a and RFT-2b
in PKA phosphorylation site warrants further functional
studies that may justify their existence.

J. Biosci. 40(2), June 2015

264

J. Biosci. 40(2), June 2015

Krishnan Gandhimathi et al.

Riboflavin transporter-2 of C. elegans

R

265

Figure 3. rft-2 promoter activity in vivo. (1b) Representative transgenic C. elegans showing the expression of rft-2::GFP promoter fusion
construct. The rft-2 promoter was fused with pPD95.75 vector to generate the construct (see Section 2). Transgenic animals carrying this
transcriptional fusion construct were maintained until the F4 generation and scored for the level of green fluorescent protein (GFP)
expression for the next few generations. (2b) Anterior end of the animal, (3b) egg, (4) embryos inside of a parental worm and (1a, 2a and
3a) bright-field images of the same worm. Scale bar = 20 μm.

Riboflavin generally cannot be synthesized by mammals
and, therefore, must be supplied from exogenous dietary
sources via intestinal absorption as it is an essential micronutrient for any cellular growth and development.
Maintenance of normal body homeostatic levels of riboflavin depends on both intestinal absorption and reabsorption
of the filtered riboflavin by renal epithelia. Generally it is a
prerequisite to know the expression pattern of a gene for a
complete functional analysis at the whole animal level.
Hence, we investigated the expression pattern of rft-2 by
generating transgenic animals expressing rft-2::GFP driven
by the rft-2 promoter. We observed rft-2::GFP expression
from the eggs through early embryonic to adult stage, where
the expression was detectable throughout the intestinal tract,
starting from pharynx to all the way through the anus with
considerably higher intensity in the anterior half of the
intestine than posterior half. Thus, the prominent and specific expression of RFT-2 in the digestive system from pharynx
to intestine may justify its existence for the absorption of
riboflavin from the dietary sources in the intestinal tract,
which is primary area where major transport function of
nutrients taking place. Previously, transcriptional fusions
(rft-1::GFP and rft-2::mCherry) were expressed together in
an animal and the results indicated that rft-1 was expressed
in the intestine and neuronal support cells along the entire
length of animal and rft-2 was mainly expressed in the
pharynx and intestine (Biswas et al. 2013), which corroborates with our findings when worms were expressed with rft2::GFP constructs alone. Furthermore, the expression of rft-2
was well documented to be early embryonic stages to eggs of
the animal when expressed individually in this study. In
humans, expression of RFVT1 was high in the placenta
and small intestine, whereas RFVT2 was expressed ubiquitously and higher in the brain and salivary gland (Yonezawa
et al. 2008; Yamamoto et al. 2009). RFVT3 was predominantly expressed in the testis and small intestine (Yao et al.
2010). It is also interesting to highlight here that human
RFVTs exhibit unique pattern of their targeting in membrane
of the intestinal cells: RFVT3 is expressed apically, RFVT1
and RFVT2 are localized basolaterally and distributed within
intracellular vesicles (Subramanian et al. 2011). However,
further studies are warranted to examine the distribution of
RFT1 and RFT2 of C. elegans in the apical or basolateral
membrane of their intestinal cells. In general, the expression
of the C. elegans RFT-1 and RFT-2 in the intestine appears

to be comparable with the findings that human RFVTs are
well expressed in the enterocytes.
During the development in invertebrates as well as vertebrates, expression of genes corresponding to nutrient transport function is complex and shows different expression
profiles that reflect in the transport capacity of the various
tissues majorly in the intestine according to their nutritional
requirements. Several studies have addressed previously that
the nutrient transport events with a variety of cells undergo
changes during development and differentiation, and those
changes were documented as tissue-specific in nature.
Tissue-specific ontogenic regulation in mammals has been
well documented previously for the transport of various
substrates like vitamins, phosphates, sodium and bile acids
(Christie et al. 1996; Dagenais et al. 1997; Arima et al.
2002; Nabokina et al. 2003). It is also noteworthy that
ontogenic regulation of different transport systems for the
substrates such as peptides and dicarboxylic acids is demonstrated at the whole animal levels in C. elegans (Fei et al.
1998, 2003). Therefore, it would be of interest to know the
expression of rft-2 at different developmental stages at the
whole animal level to ascertain its role in riboflavin uptake
and homeostasis. Thus, the steady state mRNA levels of rft-2
at different developmental stages (larva 1, larva 2, young
adult and adult) were quantified and found to be expressed at
all life stages. However, the expression of rft-2 from different stages of development was more or less consistent and no
significant change was noticed at any stage of life. To the
contrary, the expression of homologous transporter rft-1 was
reported to be high at early stage (L1 larva), and declined
signif ic antly in the a dult (Biswas et al. 2 013 ).
Comparatively, these results clearly evidenced that these
two riboflavin transporters were differentially regulated during development in C. elegans at the whole animal level. The
increased expression of rft-1 in the larva provides an understanding of enormous riboflavin requirement in early life
stages and would explain that the heterologous expression
of rft-1 has greater riboflavin transport activity (Biswas et al.
2013). Although the transport capacity of rft-2 is limited in
C. elegans, the consistent expression of rft-2 at all developmental stages demonstrated its functionality through continuous riboflavin supply for maintaining the body homeostatic
riboflavin levels at the whole animal level.
Adaptive regulation by their dietary levels has been well
established with the transport of a variety of other nutrients
J. Biosci. 40(2), June 2015
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Figure 4. Effect of maintaining C. elegans at different extracellular riboflavin concentrations. (a) [3H]-riboflavin uptake by whole animals
grown at different riboflavin levels was examined following 7 min incubation at 37°C in Krebs-Ringer buffer, pH 7.4, as described in
Section 2. Each data point represents the mean ± SE of 3–6 separate uptake determinations from different batches of animals. Five young
adult nematodes were used in each experiment. (b) Quantitative RT-PCR analysis of rft-2 expression in C. elegans maintained at different
extracellular riboflavin levels. Inset: Semi-quantitative RT-PCR analysis of rft-2 mRNA from C. elegans. RT-PCR products obtained from
the different developmental stages analyzed on a 2% agarose gel. (c) Quantification of GFP fluorescence intensity (%) of transgenic worms
expressing rft-2::GFP promoter constructs. **P<0.01, *P<0.05.
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in intestinal and other epithelia, including other watersoluble vitamins (Diamond and Karasov 1987; Reidling
and Said 2005), and such a regulation of specific gene
expression in response to changes of nutrition has become
a major aspect of modern nutrition. The significance of
different patterns of adaptation to dietary changes is dependent upon the nature of the substrates for the various transporters. Dietary deficiency of riboflavin and thiamin, for
example, has been shown to lead an upregulation in intestinal transport of these vitamins across membranes (Said et al.
1998; Ashokkumar et al. 2006), whereas a decrease in sugars
(glucose and fructose) and amino acid intake lead to a downregulation in their intestinal uptake (Diamond and Karasov
1987). However, dietary substrate-level-mediated regulation
of a nutrient transport process has been documented to be
tissue specific, as in the case of the Na+-dependent phosphate cotransporter, which is upregulated by dietary phosphate deficiency in intestinal epithelial cells but not in
alveolar epithelial cells (Traebert et al. 1999). Hence, we
investigated the possible regulation of rft-2 against extracellular substrate concentrations by quantifying its expression at
whole animal levels that were maintained under different
concentrations of riboflavin. Initially, we demonstrated that
the possible adaptive regulation in total riboflavin uptake
process with whole intact animal where the riboflavin uptake
was higher with the worms grown in deficient conditions and
lower with the worms cultured in riboflavin-supplemented
conditions than the respective controls. Further, the relative
abundance of endogenous rft-2 transcript was analysed from
the worms maintained at different extracellular riboflavin
levels and the results clearly evidenced upregulation in the
rft-2 expression at deficient conditions and downregulation
with riboflavin-supplemented conditions compared with
control. Similarly, transgenic nematodes expressing transcriptional rft-2 promoter::GFP fusion constructs also
showed the same pattern of regulation when maintained at
different extracellular riboflavin levels. All these results
clearly indicated that the riboflavin uptake process was
adaptively regulated in C. elegans at the whole animal level
and this regulation was also mediated partly via changes in
the levels of rft-2 that directs toward the possible involvement of transcriptional regulatory events. These results,
however, suggest further investigations needed to confirm
the possible involvement of transcriptional regulation under
different extracellular riboflavin levels, which may identify
riboflavin-responsive elements in the rft-2 promoter.
In conclusion, the expression of rft-2 was consistent at
different larval and adult life stages of C. elegans, which
may explain its existence for continuous riboflavin supply in
regulating the body homeostatic riboflavin levels, although
rft-2 is a secondary riboflavin transporter in C. elegans.
Tissue-specific expression of rft-2 in the cells of digestive
system (pharynx and intestine) enlightens rft-2 involvement
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in riboflavin absorption from the dietary sources. Moreover,
changes in the rft-2 expression at different extracellular
substrate levels evidenced the possible adaptive regulation
through transcriptional regulatory events.
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