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Abstract
Folic acid is vital for DNA synthesis and methylations through one-carbon (C1) metabolism. Thus, it is
essential for cell division during embryonic development. The present study investigated the effect of
folic acid supplementation on oocyte maturation, blastocyst development and the expression of folate
transporters as well as folate metabolism enzymes in oocytes and pre-implantation embryos of goat.
Immature goat oocytes, matured in maturation medium comprising different folic acid concentrations (0,
10, 50, 100 and 150 µM), were in vitro fertilized and cultured. Cumulus expansion markers (Ptx3 and
Ptgs2) in cumulus cells were highly upregulated after 50 µM folic acid supplementation indicating higher
degree of maturation. Supplementation of 50 µM folic acid during oocyte maturation resulted in
signi�cantly higher blastocyst production rate, reduction in intracellular ROS levels as well as
upregulation of the transcripts for folate transporters and key folate-methionine cycle enzymes in
comparison to control. The present study demonstrates the existence of active folate-methionine cycle in
oocytes and pre-implantation goat embryos. Supplementation of 50 µM folic acid in maturation medium
increases the blastocyst production rate, improves oocyte maturation, reduces ROS production as well as
upregulate the expression of Folr1 and folate metabolism enzyme, Mtr.

Introduction
Folate is the group name commonly used for folic acid and its derivatives having similar activity. It is the
key component of folate metabolism and functions as a coenzyme in C1 unit transfers during the
nucleotides and amino acids synthesis, which in turn is necessary for cell divisions. Thus, high amount of
folate is required when cell turnover is increased, such as in fetal development. The occurrence of neural
tube defects in the newborns can be reduced by folic acid supplementation during pregnancy [1]. Addition
of folic acid in maturation medium modi�ed the redox state of oocyte, DNA methylation and oocyte
quality in pigs [2, 3]. Folic acid facilitates oocyte maturation by modifying M-phase-promoting factor,
mitogen-activated protein kinase pathways, spindle con�guration and cortical granule migration [4].
Contrary to the positive effects, consumption of high amounts of folic acid may result in hazardous
consequences. Folate is principally required for speci�c re-methylations following general demethylations
during embryo development, but in excess it may lead to abnormal patterns of DNA methylation and
anomalous embryo development. Consumption of high dose of folic acid during pregnancy was found to
be associated with the decreased follicular development [5], delayed psychomotor development in
newborn [6] and increased risk of asthma in the child [7]. In another study, the pups of mice kept on high
folate diet showed altered expression of genes linked to neurodevelopment or autism spectrum disorder
[8]. These �ndings support the need for optimization of the folic acid dose to improve the quality of
oogenesis and to prevent the birth defects.

Folate transport across cell membranes is facilitated mainly by receptor-mediated and carrier-mediated
transport mechanisms. Receptor mediated transport is mediated by the folate receptors viz. FOLR 1, 2
and 3 [9, 10]. Carrier-mediated transport occurs through an ion exchange carrier protein, reduced folate
carrier (RFC1) [11]. Internalized folic acid is converted to dihydrofolate (DHF) and then to tetrahydrofolate
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by dihydrofolate reductase (DHFR). Tetrahydrofolate is then eventually converted to 5-
methyltetrahydrofolate, which methylate homocysteine to produce methionine by the action of
methionine synthase (MTR) (Fig. 1). Methionine synthase is an important enzyme which links the folate
and methionine cycle together. Methionine is subsequently consumed for the synthesis of an important in
vivo methylating agent named S-adenosyl-methionine (SAM) [12–14]. SAM is subsequently transformed
into S-adenosylhomocysteine (SAH) followed by conversion to homocysteine by SAH-hydrolase (AHCY).
Homocysteine is again methylated by 5-methyltetrahydrofolate to form methionine.

Gene expression studies revealed that mouse cumulus-oocyte complexes and oocytes dock the Rfc1
transcripts with low abundance in pre-implantation embryos, due to the lack of embryonic gene activation
[15]. However, Folr1 mRNA was found to be present in pre-implantation embryos beginning at the 2-cell
stage but was missing in oocytes and zygotes [15]. This anomalous pattern of expression advocate the
presence of two different mechanisms that might be functioning in pre-implantation embryos and
cumulus-oocyte complexes. Unlike mouse embryos, Folr1 and Rfc1 transcripts were expressed in the
oocyte and all stages of pre-implantation embryos in bovine [16]. Folr2 expression was absent in oocytes
and all the stages of pre-implantation embryos in both mouse and cattle.

Previous studies clearly indicate that there is species-speci�c expression pro�le for folate transporters
[15–17]. Moreover, the link between folic acid supplementation and folate metabolism enzymes is largely
unclear in pre-implantation embryo. Therefore, the present study was aimed to investigate (i) the effect of
different concentrations of folic acid on oocyte maturation and blastocyst development rate, and (ii) the
expression pro�le of folate transporters and folate methionine cycle in caprine.

Materials And Methods
All chemicals and reagents were purchased from Sigma (St. Louis, MO, USA) unless stated otherwise.

In vitro maturation of goat oocytes
Goat ovaries were collected from a local slaughterhouse and transported to the laboratory in 0.9% saline
solution containing 100mg/L penicillin and 100mg/L streptomycin at room temperature. COCs were
isolated by puncturing the ovarian follicles. Isolated COCs were separated from cumulus cell by pipetting
in hyaluronidase and immature oocytes as well as cumulus cells were stored in TRIzol at -80°C for later
use. COCs with more than three cumulus cells layers and a uniform ooplasm were used for subsequent
study. Isolated COCs were in vitro matured in the conventional in vitro maturation medium (IVM) as
mentioned by Saugandhika et al., 2015 [18]. Brie�y COCs were subjected to in vitro maturation in 100µl
droplets (20–25 oocytes/droplet) of IVM medium (TCM-199, 10% FBS, 5 µg/ml pFSH, 1 µg/ml β-estradiol,
0.81 mM sodium pyruvate, 2.5 mM L-Glutamine, 50 µg/ml gentamycin sulphate) for 27 h at 5% CO2 and
38.5°C. Different concentrations of folic acid (0, 50, 100 and 150 µM) were supplemented in the in vitro
maturation medium on the basis of previous studies (Sato et al., 2013, Huang et al., 2013, McKiernan et
al.,2000). COCs in each group were cultured separately. The group with zero supplementation contains
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TCM-199 having 10 ng/ml folic acid (media formulation sheet) and 10% FBS having 43.8 ng/ml folic
acid (Baker et al., 1988), making a �nal concentration of 13.38 ng/ml (30.3 nM). A fraction of matured
oocytes from different folic acid supplementation groups were treated with hyaluronidase and gentle
pipetting to collect cumulus cells and denuded mature oocytes for further analysis.

In vitro fertilization and embryo culture
Fresh semen was collected from a proven buck, subjected to swim-up and washed two times in sperm
TALP (sp-TALP) medium. The sperms were capacitated in fertilization-TALP (fert-TALP) medium (sp-
TALP supplemented with 10 µg/ml heparin and 3 mg/ml BSA) at 5% CO2 and 37.5°C for 1 h. The
matured oocytes with expanded cumulus cells from different folic acid supplementation groups were co-
incubated with capacitated spermatozoa (2×106 sperms/ml) separately in fert-TALP medium at 5% CO2
and 38.5°C for 18 h. The presumptive zygotes were washed to remove cumulus cells and sperms after co-
incubation period by gentle pipetting and subsequently cultured in modi�ed mCR2aa (Charles
Rosenkrans medium with amino acids) for 8 days post insemination in the controlled environment. The
development of embryos was observed each day till the blastocyst development. 2–4 cell stage embryos,
8–16 cell stage embryos and blastocysts were collected from each supplementation groups and stored in
TRIzol at -80°C for further analysis.

Analysis of Polar Body Rate
After 27 hrs of in vitro maturation, the COCs from different folic acid supplementation groups (0, 10, 50,
100 and 150 µM) were collected and the cumulus cells were removed by gentle pipetting in 0.1% DPBS-
PVA medium. The oocytes were rinsed and stained with Hoechst 33342 for 10 min and were
subsequently washed in a couple of times in DPBS-PVP. The samples were mounted on glass slides and
imaged using the inverted microscope (Olympus, Japan) �tted with epi�uorescence.

Relative ROS measurement
Detection of intracellular ROS levels was performed using Carboxy-H2DFFDA (Invitrogen) according to
the manufacturer’s protocol. Brie�y, oocytes and blastocysts were incubated for 20–30 min at 37°C in
DPBS supplemented with 5 µM 5-(and-6)-carboxy-2′, 7′-di�uorodihydro�uorescein diacetate (Carboxy-
H2DFFDA). After a few washings in DPBS, oocytes and blastocysts were mounted on glass slides and
examined using the inverted microscope (Olympus, Japan) �tted with epi�uorescence. The �uorescence
intensity was measured and analyzed through ImageJ software.

Total RNA isolation and RT-PCR
Total RNA was isolated from oocytes (immature and mature), cumulus cells (immature and mature), 2–4
cell stage embryos, 8–16 cell stage embryos and blastocyst using the TRIzol method using glycogen
(Thermo Scienti�c) as carrier. First-strand cDNA was synthesized using RevertAid First Strand cDNA
Synthesis Kit (Invitrogen, USA) according to the manufacturer's instructions. Gene speci�c primers were
designed manually from the conserved regions of different exons (determined by ClustalW and BLAT)
using caprine, bovine and ovine gene sequences available in KEGG. The PCR was performed on
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thermocycler (BioRad) using Dream Taq Green PCR master mix (Invitrogen, USA) according to
manufacturer’s instructions. The PCR reaction conditions were initial denaturation at 95° C for 2 min, 35
cycles of denaturation at 95° C for 10 sec followed by annealing at 62° C for 10 sec and extension at 72°
C for 10 sec. Subsequently, �nal extension at 72° C for 2 min. The ampli�ed products were loaded onto
agarose gel, electrophoresed, and photographed on Gel Doc (Bio- Rad).

Quantitative reverse transcriptase PCR
The speci�c primers for qRT- PCR were designed as mentioned above. Quantitative PCR was performed
on LC-480 light cycler (Roche, Germany) using DyNAmo SYBR green (Thermo Fisher Scienti�c, USA). The
program consisted of initial denaturation at 95°C for 2 min, 40 cycles of denaturation at 95°C for 10 s,
annealing at 62°C for 10 s, and extension at 72°C for 10 s, with additional extension at 72°C for 2 min.
Gapdh and Histone H2a.1 were used as normalizing controls. Each experiment was repeated
independently at least three times, and the fold change in the expression of each gene was analyzed via
the 2−ΔΔCt method [19].

Statistical Analysis
Data were analyzed by one-way analysis of variance (ANOVA) with Tukey post hoc test and unpaired t-
test with Welch's correction using SPSS 13.0 (SPSS, Inc.) and graphs were prepared by PRISM (GraphPad
Software). All experiments were repeated at least three times. Variations between replicates are indicated
with the standard error mean (± SEM in error bars on graphs). Values with a P value less than 0.05 were
considered as statistically signi�cant.

Results

Folic acid supplementation at 50 µM improves cumulus
expansion
The effect of supplementation of maturation medium with different concentrations of folic acid was
studied in cumulus cells by qRT-PCR using the cumulus expansion markers (Ptgs2 and Ptx3) and Gapdh
for normalization. The expression of transcripts for Ptgs2 and Ptx3 were found to be signi�cantly
upregulated in 50 µM supplementation compared to other supplementation groups (Fig. 2). Moreover, the
transcripts for these marker genes were signi�cantly downregulated in 150 µM supplementation group
cumulus cells (Fig. 2).

No effect of folic acid supplementation on polar body
extrusion rate
The extrusion of the �rst polar body was examined for evaluation of nuclear maturation in goat oocytes.
In a total of 250 oocytes, no signi�cant variations were observed in four replicates among the treatment
groups (Fig. 3).
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Folic Acid Supplementation at 50 µM improves IVF
Outcome
A total of 1200 immature oocytes matured in different concentrations of folic acid from six biological
replicate experiments were subjected to in vitro fertilization. Almost 78–82% cleavage rate was observed
both in the folic acid supplemented groups and control. Blastocyst production rate was signi�cantly
higher (P < 0.05) at 50 µM supplementation (21.3 ± 0.53%) in comparison to control (13.68 ± 0.51 %) and
other supplementation groups (Fig. 4). The percentage blastocyst formation in 100 µM (16.04 ± 0.66 %)
supplementation group was signi�cantly lower than 50 µM supplementation group but no signi�cant
change was observed in comparison to control (Fig. 4). The 150 µM supplementation group (6.84 ± 0.89
%) showed a signi�cant decrease in blastocyst production as compared to the other supplementation
groups and control.

Folic Acid Supplementation at 50 µM reduces intracellular-
ROS levels
In order to determine the protective role of folic acid against oxidative stress, matured oocytes from 50
µM folic acid supplementation group and the blastocysts derived from them were collected to measure
the level of intracellular ROS. Oocytes matured with 50 µM folic acid and blastocysts developed from
them, accumulated signi�cantly (14.45 ± 1.03 vs. 23.982 ± 1.07, N = 7, P < 0.05) lower levels of ROS in
contrast to the control group (Fig. 5).

Transcripts for folate transporters and folate metabolism
enzymes are present during oocyte and embryo
development
The current study details the transcript expression for genes encoding folate transporters and folate
metabolism enzymes in the goat oocytes, cumulus cells and pre-implantation embryos. The gene
transcripts targeted for the study were Folr1, Folr2, Rfc1, Dhfr, Ahcy and Mtr. Cumulus cells of immature
and mature oocytes showed absence of transcripts for Folr1, with presence of the other �ve transcripts
(Fig. 6). In immature and mature oocytes, the expression of transcripts for all the six genes was present.
Although due to very low amount of ampli�ed product, the band for Folr2 in mature oocytes is not clearly
visible in Fig. 6. The expression of transcripts for Folr1, Folr2, Rfc1, Dhfr, Ahcy and Mtr was also present
in pre-implantation embryos viz. 2–4 cell stage embryos, 8–16 cell stage embryos and blastocysts. Liver
tissue was taken as positive control and showed the presence of all the six gene transcripts.

Expression of folic acid transporters and Folate-Methionine cycle enzymes varies during Embryonic
Development after 50µM Folic Acid Supplementation

For the quantitative study of gene expression of folate transporters and Folate-Methionine cycle enzymes,
qRT-PCR was carried out for Folr1, Folr2, Rfc1, Dhfr, Ahcy and Mtr genes in mature oocytes, cumulus cells,
2–4 cell embryo, 8–16 cell embryo and blastocyst, after supplementation of 50µM folic acid in oocyte
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maturation medium (Fig. 7). Histone H2a.1 was employed for normalization. In mature oocytes, Folr1,
Rfc1, Dhfr, Ahcy and Mtr expression increased signi�cantly in 50µM folic acid group as compared to
control. Correspondingly, there was signi�cant increase in the expression of Dhfr, Ahcy and Mtr with no
variation in Rfc1 expression in cumulus cells of mature oocytes supplemented with 50µM folic acid. The
2–4 cell stage embryos developed from the oocytes matured in 50µM folic acid showed signi�cant
increase in the expression of Folr1, Dhfr and Mtr. While there was no signi�cant change in the expression
of Rfc1 and Ahcy between control and 50µM folic acid group. No signi�cant change in the expression of
Ahcy, Mtr and Rfc1 has been seen among control and folic acid supplementation group in 8–16 cell
stage embryos, while Folr1 and Dhfr increased signi�cantly in 50µM folic acid group. Blastocyst showed
no signi�cant difference in the expression of all the four genes between the two experimental groups.
Folr2 expression was very low in mature COCs, 2–4 cell stage and 8–16 cell stage embryos to be
quanti�ed by qPCR, but measurable amount of Folr2 transcripts was detected in blastocysts with no
signi�cant variation between the supplementation group and control.

Discussion
Cumulus cells act as a vital regulator of oocyte maturation [20, 21] as oocytes having compromised
cumulus expansion have inadequate potential for implantation [22]. This advocates the use of cumulus
cells to gain comprehensive knowledge of the reproductive potential and viability of the oocytes. GDF-9
secreted by the oocyte has been reported to act as a key factor in cumulus expansion [23], which
improves oocyte developmental competence by regulating several crucial granulosa cell enzymes
involved in cumulus cell expansion [24]. Prostagladin-Endoperoxide Synthase 2 (Ptgs2) and Pentraxin 3
(Ptx3) are downstream GDF-9 target genes present in cumulus cells. The transcripts of these genes and
others with related functions has been suggested as biomarkers of oocyte maturation [25–30]. Our
results showed that at 50µM folic acid supplementation, the degree of cumulus expansion was
signi�cant (Fig. 2), which was further supported by high blastocyst development rate (Fig. 4) at this
concentration. Interestingly, supplementation of 150µM folic acid decreased the expression of transcripts
for Ptgs2 as well as Ptx3, indicating towards the deleterious effects of high folic acid on oocyte
maturation and developmental competence. The interaction between folic acid and GDF9 downstream
pathway is not known and this study opens a new area of research.

The experiment involving the evaluation of polar body extrusion rate following oocyte maturation
demonstrated no signi�cant variation between different folic acid supplementation groups (Fig. 3). The
results implies that folic acid supplementation did not improve the nuclear maturation of oocytes. On the
contrary, supplementation of 50 µM folic acid during oocyte maturation increases the development rate
to the blastocyst stage (Fig. 4). However, there is no apparent effect of folic acid supplementation on the
number of cleaved embryos. A positive effect of folic acid supplementation in maturation medium has
been reported in recent studies on different animal models [3, 4, 31]. On comparison of previous studies
with present study, it is noteworthy that, there are species-speci�c differences in the apt concentration of
folic acid used for supplementation in maturation medium. The present data also shows that the
development rate to the blastocyst stage greatly decreased after 150µM folic acid supplementation
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(Fig. 4), indicating towards the detrimental role of high levels of folic acid in embryo development. The
results are consistent with the observations of a previous study which shows that both low and high
levels of folic acid before conception is detrimental for oocyte follicular growth [5]. Even moderately high
levels of folic acid supplementation in maternal diet is linked with defects in neural tube closure,
embryonic delays, embryonic loss, ventricular septal defects, and thinner left and right ventricular walls
and neural tube closure [32, 33]. Moreover, supplementation of 50 µM folic acid during oocyte maturation
decreased the intracellular ROS levels in mature oocytes (Fig. 5) signifying the potential role of folic acid
as an antioxidant. In total, our work suggests that folic acid supplementation during maturation may
increase the developmental competence of oocytes by in�uencing cytoplasmic maturation through
promoting cumulus expansion and reducing ROS.

As per our knowledge, this is the �rst study to evaluate the dynamics of folate transporters and enzymes
during pre-implantation embryo development in response to change in folate concentration during oocyte
maturation. The notable observation was of Folr1, whose transcript expression signi�cantly (P < 0.05)
increased in mature oocytes, 2–4 cell stage embryos and 8–16 cell stage embryos after 50µM
supplementation (Fig. 7). This observation is consistent with the signi�cant increase in blastocyst
development rate (Fig. 4) and oocyte maturation at 50µM folic acid supplementation (Fig. 2). It signi�es
that an increased expression of Folr1 transcripts is required for enhanced blastocyst development rate. A
tendency of Rfc1 to express at high rates in oocytes during maturation in the presence of 50µM folic acid
and returning to default levels at subsequent stages has been observed. RFC1 may possibly be acting as
transport channel to �ll the internal folic acid stores of oocytes during maturation for later cell divisions.
On the contrary, the levels of Folr1 transcripts remain consistently elevated throughout the developmental
stages, which indicates that Folr1 may be additionally involved in other vital pathways except performing
solely as folate transporter.

DHFR (Dihydrofolate Reductase) catalyses THF (Tetrahydrofolate) regeneration by reduction of
dihydrofolate, and is a target for the antifolate chemotherapeutic drug MTX (Methotrexate). In the present
study, the upregulation of Dhfr transcripts observed in oocytes, cumulus and pre-implantation embryos
(Fig. 7), after the folic acid supplementation, may be the result of elevated levels of internal folic acid (due
to increased Folr1 and Rfc1 expression) which was needed to be further metabolized in cells. AHCY
(adenosylhomocysteinase), which converts S-Adenyl-L-homocysteine to adenosine and homocysteine,
was also found to be upregulated in oocytes and cumulus. The resulting adenosine is required for energy
transfer via ATP and ADP as well as in signal transduction by cAMP [34]. Similarly, Methionine synthase,
MTR, is necessary for normal development of the embryo by metabolizing the potentially harmful
homocysteine and production of SAM [35]. In present study, the upregulation of Mtr by several folds in
oocytes, cumulus and 2–4 cell stage embryos after folic acid supplementation in oocyte maturation
medium probably ensures a check on the levels of homocysteine produced by AHCY. The elevated levels
of Folr1 and Mtr in developmental stages, higher maturation and higher blastocyst production after 50
µM folic acid supplementation indicates a vital role of these two genes in oocyte maturation and embryo
development. Moreover, homozygous Mtr knockout mice pups failed to survive after birth thereafter [36].
Folr1 and Mtr expression can thus be used for assessment of embryo quality. These results infer that
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folate supplementation improved the overall folate–methionine cycle metabolism inside the cells
resulting in better embryonic metabolism and development. The exhaustion of cellular folic acid as the
embryos approaches blastocyst stage may have resulted in unaltered expression of Folr1, Rfc1, Dhfr,
Ahcy and Mtr. Therefore, a study involving supplementation of folic acid throughout pre-implantation
embryo development is also required to deeply deduce the pathway.

In our study, the caprine oocytes (mature and immature) and pre-implantation embryos were found to
express transcripts for Folr1, Folr2 and Rfc1 (Fig. 6). Although, the expression of Folr2 was very low in
mature oocytes, mature cumulus cells, 2–4 cell stage embryos and 8–16 cell stage embryos, as indicated
by very faint bands (Fig. 6). The speci�c reason for comparatively high Folr2 expression only in
blastocysts cannot be explained because of the lack of any speci�c function known to be associated
with Folr2 except for the folic acid transport. It is noteworthy that cumulus cells of immature as well as
mature oocytes expressed Folr2, but not Folr1. The RT-PCR expression patterns of folate transporters for
caprine oocytes, cumulus cells and pre-implantation embryos in present study partially disagree with the
results previously reported for cow and mice [15, 16]. Kwong et al. reported that bovine Rfc1 is present in
oocytes and pre-implantation embryos, comparable to the pattern we found in goat. Moreover, the
expression of bovine Folr1 was found to be present in oocytes and pre-implantation embryos [16];
however, in mice its expression was absent in mature oocyte and 1-cell stage embryo [15]. In the present
study, transcripts for Folr1 were detected in all the stages starting from oocyte (mature as well as
immature) to blastocyst, except for cumulus cells. Contrary to the bovine and murine orthologue, caprine
Folr2 was present in all the stages from oocyte to blastocyst. Human embryonic stem cells, which are
analogous to the blastocyst inner cell mass, express Folr1 but not Folr2 [37], inconsistent with the
expression pattern we found in goat blastocyst. Therefore, a species-speci�c variation can be concluded
to exist in the folate transport. These differences may have been appeared evolutionarily due to the
variations of folate levels in natural diet of different species. Detailed studies are required to gain the
knowledge behind this observation.

Conclusion
In conclusion, supplementation of 50 µM folic acid in oocyte maturation medium signi�cantly increases
the blastocyst development rate. However, folic acid at 150 µM supplementation signi�cantly reduces the
blastocyst development rate. It can be summarized that higher as well as lower folic acid concentrations
are detrimental for blastocyst production. Supplementation with 50 µM folic acid also increased the
maturation of oocytes as indicated by the high expression of cumulus expansion molecular markers
(Ptx3 and Ptgs2) along with reducing intracellular ROS production. All the key enzymes of folate-
methionine cycle and folate transporters are present in the pre-implantation developmental stages with
measurable activities. The study also proposes the use of Folr1 and Mtr as probable markers for de�ning
embryo quality.

Although, the present study partially helped to elucidate the function of folic acid, folate receptors and
folate-methionine cycle enzymes in pre-implantation development, however many more questions are
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raised by this study such as (i) what will be the effect of supplementation of physiological forms of
folate in oocyte maturation medium and embryo culture medium? (ii) Why there are differences in the
expression of folate transporters among different species? (iii) How high folic acid supplementation
decreases the oocyte competence? (iv) What will be the effect of folic acid supplementation throughout
pre-implantation development?
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Figures

Figure 1

Folate-methionine cycle displaying key metabolites and enzymes used in the study. Metabolites:
dihydrofolate (DHF), tetrahydrofolate (THF), methyl tetrahydrofolate (MTHF), methylcobalamin (B12), S-
adenosylmethionine (SAM), S-adenosylhomocysteine (SAH), Enzymes: dihydrofolate reductase (DHFR)
(1), methionine synthase (MTR) (2), SAH-hydrolase (AHCY) (3)
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Figure 2

qRT-PCR of markers of cumulus expansion on cumulus cells of matured oocytes. The expression of
maturation markers (Ptgs2 and Ptx3) in cumulus cells of oocytes matured in control 50 µM, 100 µM and
150 µM folic acid supplementation in medium and control medium. Vertical axis represents the fold
change in gene expression and horizontal axis represents the genes at control and folic acid
supplementations. Bars represent mean number of transcripts (± SEM) of N=3 repeats. Bars that do not
share the same letter are signi�cantly different (P < 0.05) by one-way ANOVA with Tukey post hoc test.
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Figure 3

Effect of supplementation of maturation medium with folic acid on polar body extrusion rate. No
signi�cant difference between folic acid supplementation groups. SEM- standard error of the mean of N =
4 repeats.
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Figure 4

Effect of supplementation of maturation medium with folic acid on the rate of blastocyst production.
Bars that do not share the same letter are signi�cantly different (P < 0.05) by one-way ANOVA with Tukey
post hoc test. SEM- standard error of the mean of N = 6 repeats.
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Figure 5

Effect of supplementation of maturation medium with 50 µM folic acid on intracellular ROS levels.
Asterisk (*) mark represents the bar with signi�cant difference by Unpaired t-test with Welch's correction.
Treatment is referred to 50 µM folic acid supplementation (14.45 ± 1.03 vs. 23.982 ± 1.07, P < 0.05). SEM-
standard error of the mean of N = 7 repeats
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Figure 6

Expression of folate transporters mRNA. RT-PCR detection of Folr1, Folr2, Rfc1, Dhfr, Mtr, Ahcy and Gapdh
(control) mRNA in immature oocytes (M1O), cumulus cells of immature oocytes (M1C), mature oocytes
(M2O), cumulus cells of mature oocytes (M2C), 2-4 cell stage embryos (2-4C), 8-16 cell stage embryos (8-
16 C), blastocysts (BL), goat liver tissue +ve control (LV) and Negative control (NC, Reaction control). Very
faint bands of Folr1 in M2O, M2C, 2-4C and 8-16C were present. Each lane contains 0.3 equivalent of
oocyte or embryo per PCR reaction, except 0.5 µg and 1 µg cDNA for Liver.
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Figure 7

qRT-PCR of folate transporters and folate metabolism enzymes. The expression of folate transporters
(Folr1, Folr2, Rfc1) and folate metabolism genes (Mtr, Ahcy and Dhfr) in control and 50 µM folic acid
supplementation group in (A) mature oocytes (M2 oocytes), (B) cumulus cells of mature oocytes (M2
cumulus), (C) 2-4 cell stage embryos, (D) 8-16 cell stage embryos and (E) blastocysts. Vertical axis
represents the fold change in gene expression and horizontal axis represents the genes at control and 50
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µM folic acid supplementation. Bars represent mean number of transcripts (± SEM) of N=3 repeats. Bars
that have star mark (*) are signi�cantly different (P < 0.05) by Unpaired t-test with Welch's correction.


