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The effect of dietary calcium (Ca) and magnesium (Mg) supplementation on serum
biochemical parameters, steroid hormones, gene expression, and the sex ratio was investigated
in female New Zealand white rabbits. A total of 25 rabbits were allocated into five treatment
groups: The control group was fed with regular pellet feed, whereas, treatment groups were
supplemented with Ca and Mg: T1 (0.40% and 0.01%), T2 (0.60% and 0.02%), T3 (0.80% and
0.03%) and T4 (1.00% and 0.04%), respectively. The rabbits were subjected to three breeding
cycles. The T3 group skewed towards females (65.33%) from all three breeding. There was
elevated Ca concentration in T3 (15.26 £ 0.77 mg dL-1) and T4 (15.61 * 0.82 mg dL-1) groups
compared to the control. The concentration of estradiol was significantly high in T3 and T4
groups at 0.5 days post-coitus (dpc) and T2, T3 and T4 groups at 21dpc. Testosterone was
significantly high in T4 group at 0.50 dpc and T2 and T4 group at 21dpc. The expression of 13
genes was studied in the oviduct. Genes such as OVGP1, CCT4, ANXA2 and TLR4 were up-
regulated and positively correlated with the female sex ratio. The molecular functions and
pathways of up-regulated genes were suggestive of their role in fertilization such as sperm
selection, sperm storage, immune regulation, implantation and early embryonic development.
The variations in the serum electrolytes, steroid hormones and gene expression might have an
impact on the skewing process.

© 2023 Urmia University. All rights reserved.

Introduction

among the fat-fed groups were identified to favor the
motility of a selective population of spermatozoa.?

The sex ratio is a key factor associated with
productivity and profitability in the livestock industries
because obtaining offspring of desired sex adds economic
value to the livestock enterprise. Several methods have
been applied so far at paternal and maternal levels to
obtain offspring of the desired sex type. Technique such
as flow cytometry being employed for the separation of
the spermatozoa is not economic.!

Maternal diet and sex ratio alteration has received
great interest over the decades.?? In addition to these,
there are several supporting evidence of maternal
influence on the sex of the offspring. Investigations
showed that a fat-rich maternal diet increased the sex
ratio towards males in mice*> and ewes.5” Steroid
hormone variation in the circulation and low vaginal pH
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Besides, increasing intakes of certain minerals in the
maternal diet around the time of conception was
reported to influence the sex ratio of the offspring.910
Supplementation of maternal diet with calcium (Ca) and
magnesium (Mg) before mating skewed sex of the
offspring towards females in rats and sheep?!! while
increased sodium (Na) and potassium (K) diets skewed
towards males in rats and sheep.1%!1 Females with high
levels of testosterone and glucose produced more males in
Field Voles,'? Ibexes,!3 Macaques,* and low estradiol levels
were found in females which produced a male-biased litter
in grey mouse lemur.!5 The change in maternal nutrition
probably modifies the oviduct environment or circulating
steroid levels for favoring one population of spermatozoa
over the other to move faster or reach the site of
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fertilization. The oviduct is the site where fertilization
takes place.l® The oviduct may recognize the X- and Y-
sperm and modulate the environment for successful
fertilization by eliciting differential transcriptomic
responses.l” Maternal diet may have an impact on the
female reproductive system, hence, exploring the
mechanisms at the molecular level is necessary.

So far studies on mineral influence on sex ratio were
investigated, however, there is inadequate evidence on the
influence of different levels of the combination of Ca and
Mg supplementation on the biochemical parameters,
hormone levels, gene expression, pregnancy features and
sex ratio. This study was the first of its kind to examine the
gene expression in the oviduct related to mineral intake
and the skewing process. Therefore, the present study
aimed to explore the mechanisms underlying the sex pre-
selection leading to the production of more female
offspring via increasing the maternal intakes of Ca and Mg.

Materials and Methods

Animals and experimental design. The study was
carried out using 25 female New Zealand White rabbits of
eight months of age with bodyweight ranging from 2.35 -
2.80 kg. The rabbits were allocated into five treatment
groups: The control group was fed with regular pellet feed
(VRK Nutritional Solutions, Maharashtra, India), whereas,
treatment groups were supplemented with Ca and Mg: T1
(0.40% and 0.01%), T2 (0.60% and 0.02%), T3 (0.80%
and 0.03%) and T4 (1.00% and 0.04%), respectively. The
proximate composition of the feed comprises of dry
matter = 91.48%, total ash = 8.64%, crude fibre = 11.16%,
crude fat = 1.84%, crude protein = 17.80%, metabolizable
energy = 2,700 kcal kg1, and acid in soluble ash = 1.77%.
The mineral composition of the feed provided for control
(C) and treatment groups supplemented with Ca and Mg: C
(1.30% and 0.40%), T1 (1.79% and 0.45%), T2 (1.90%
and 0.46%), T3 (2.09% and 0.47%) and T4 (2.27% and
0.50%), respectively. The Ca and Mg content of the feed
was measured using inductively coupled plasma-optical
emission spectrometry (Optima 8000; Perkin-Elmer,
Waltham, USA). The rabbits were placed in individual
breeding cages and housed in 16 hr light and 8 hr dark
periods. The animals were maintained on the treatment
diet for three weeks and the blood samples were collected
from the marginal ear vein for biochemical parameters
estimation just before allowing for mating. Blood samples
were collected at 0.50 dpc and 21 dpc of the third breeding
for hormone estimation. The serum was harvested by
allowing the blood to coagulate for 1 hr at room
temperature and centrifuging at 2,500 rpm for 15 min. The
supernatant was collected and stored at - 80.00 °C for
future use.

The bodyweight of the animals was recorded at weekly
intervals and three breeding cycles were carried out by

adopting a 56-day rhythm extensive reproduction
system.!8 The kits, bodyweight and sex (anogenital sexing
method)?® were recorded within 24 hr of kindling and
again the sex was confirmed on 21 days of age. The gender
of the dead kits and randomly selected live-born kits were
identified using real-time PCR (StepOne; Applied
Biosystems, Waltham, USA) by the presence of SRY gene.
At the end of the trail, the animals were deprived of food
overnight and given full access to water. The oviductal
samples were collected by sacrificing the animals by
Sodium thiopentone anesthesia (50.00 mg kg1) for gene
expression studies. The study was carried out for seven
months. The study was conducted in accordance with the
institutional animal ethics committee (NIANP/IAEC/1/
2019) of ICAR-National Institute of Animal Nutrition and
Physiology, Bengaluru, India.

Gender identification. The genomic DNA from the kit
tail was isolated using the TRI reagent (TRIzol) according
to the manufacturer’s instructions (Sigma Aldrich, St
Louis, USA). The qPCR reaction was carried out using TB
Green Premix Ex Taq (Takara, Kusatsu, Japan) as per the
manufacturer’s instructions. The sex of the rabbit kits was
identified by employing primers specific to SRY (Accession
No.NM_001082253.1, F- 5’ TACAGACCTCGTCG GAAGGT 3’
and R- 5 TCTTGCCAGCTTGTCCAGTT 3’ - 212bp) and
GAPDH  (Accession No. NM_001171148.1, F- 5%
TGGAGAAAGCTGCTAAGTATG 3’ and R- 5 CACAAAGTGG
TCATTGAGGG 3’ -179 bp) as house-keeping gene against
the genomic DNA of the kits. The obtained PCR product
was subjected to agarose gel (2.00%) electrophoresis (Bio-
Rad, California, USA), (Fig. 1).
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Fig. 1. Gender identification of the rabbit kits by amplification of
SRY gene. A) Lanes 1, 3,5, 7,9, and 11 show an amplified product
for SRY, confirming the presence of male Kkits, and lanes 2, 4, 6, 8,
10, and 12 having no amplified product confirms the presence of
female kits. B) The corresponding samples show an amplified
product for the housekeeping gene (GAPDH). Lane 13 is a non-
template control.

Biochemical parameters of serum. Biochemical
parameters were measured in serum collected before
breeding. The glucose and cholesterol were measured
using a commercially available kit (Auto span, Liquid Gold;
Arkray Healthcare (P) Ltd, Ahmedabad, India). The
absorbance for each of the parameters was measured
using a microplate spectrophotometer (Multiskan FC;
Thermo Fisher Scientific, Vantaa, Finland) at 505 nm.
Serum Ca was determined using the calcium kit (Arsenazo
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[II Lab Care Diagnostics, Delhi, India). The Ca reacted with
Arsenazo Il forming a complex that shifted the
absorbance which was directly proportional to the Ca
concentration. The absorbance was measured at 630 nm
on the microplate spectrophotometer. Serum Mg was
determined by Xylidyl blue method (Proton Biologicals
India Pvt. Ltd, Bengaluru, India) according to the
manufacturer’s instructions while the absorbance was
measured on the microplate spectrophotometer at 505
nm. Serum electrolytes such as Na, K and Chloride (Cl)
were measured using a commercially available kit
(TRUEchemie, Bengaluru, India). The absorbance was
measured on the microplate photometer at 630 nm for Na,
510 nm for Cl and 620 nm for K.

Hormone estimation. Sandwich enzyme-linked
immunosorbent assay (ELISA) was carried out to estimate
the serum estradiol using rabbit estradiol ELISA kit
(Puregene; Genetix Biotech Asia Pvt. Ltd, New Delhi,
India) and the detection levels ranged between 3.00 pg
mL1to 900 pg mL-1 had a sensitivity of 1.54 pg mL1. The
serum testosterone concentration was estimated by
sandwich ELISA using rabbit testosterone ELISA Kit
(Puregene) and the standard curve ranged between 0.20
ng mL1 to 60.00 ng mL-1had a sensitivity of 0.095 ng mL1.
Solid-phase competitive ELISA (Calbiotech, Austin, USA)
was used to measure the progesterone concentration at
0.50 dpc and 21 dpc. The standard curve ranged between
0 ng mL1to 60.00 ng mL! had an assay sensitivity of 0.112
ng mL1. The absorbances were measured at 450 nm using
the microplate photometer.

Gene expression studies. Total RNA was isolated
from oviductal samples (30.00 mg) using trizol reagent
(Thermo Fisher Scientific, Waltham, USA) as per the kit
protocol with slight modifications. Oviductal samples
(30.00 mg) were homogenized with 1.00 mL of trizol and
incubated for 10 min at room temperature followed by the
addition of 200 pL chloroform. Then, it was mixed
vigorously for 15 min and incubated for 3 min at room
temperature followed by centrifugation at 12,000 g for 20
min at 4.00 °C. The upper aqueous layer was carefully
separated and an equal amount of isopropanol was added,
mixed and incubated for 10 min at room temperature. The
samples were centrifuged at 12,000 g for 10 min and the
supernatant was discarded. The pellet was washed by
adding 70.00% ethanol followed by centrifuging for 5 min
at 12,000 g. The supernatant was carefully discarded
without disturbing the pellet and resuspended in 50.00 pL
of nuclease-free water. The RNA yield and quality were
checked by spectrophotometer (Nanodrop 1,000, Thermo
Fisher Scientific). The DNase treatment was carried out
using a DNA-free kit (TURBO™ DNase; Ambion, Austin,
USA). An equal quantity of RNA samples was added with
TURBO™ DNase buffer (0.10 vol), 1.00 pL of TURBO™
DNase and incubated for 30min at 37.00°C. DNase
inactivation reagent was added and incubated for 5 min

and mixed regularly followed by centrifuging at 1,000 g
for 1 min. The clear supernatant was transferred to a
fresh vial and the RNA concentration was measured.
The c¢cDNA was synthesized using Revert Aid cDNA
synthesis kit (Thermo Fisher Scientific). The RNA
sample, 10.00 pM oligo dT, and nuclease-free water
were mixed and incubated for 5 min at 65.00 °C. The
sample vials were immediately placed on ice and 5x
reaction buffer, 1.00 mM dNTP, ribonuclease inhibitor
and 1.00 pL of Revertaid-reverse transcriptase to make
a final volume of 20.00 pL. The mixture was incubated
at 42.00 °C for 60 min followed by 72.00 °C for 5 min.
The samples were stored for future analysis. Primer
designing was carried out wusing primer-BLAST
(Primer3; NIH, National Library of Medicine, National
Centre for Biotechnology Information, Rockville Pike
Bethesda, USA) for a total of 13 functionally relevant
genes (Table 1). The reaction mixture was prepared
using SYBR Green Mastermix (TB Green Premix Ex Taq
II, Takara, Kusatsu, Japan). The reaction was set as:
Initial denaturation at 95.00 °C for two min, 95.00 °C for
5sec (40 cycles), 61.00 °C for 10 sec and extension for
15sec at 72.00 °C in Real-Time PCR (Applied
Biosystems). Test gene expression levels were
normalized to EIF4A2 expression. Gene expression was
analyzed by the 2-2ACT method?? and the significance
was tested using Student’s t-test.

Pathway analysis of differential gene expression.
The genes expression was compared between the control
and T3 groups. The differentially expressed genes were
subjected to gene ontology enrichment analysis using
ShinyGO (version 0.741; South Dakota State University,
Brookings, USA). The best matching species was set as
human and the p-value cut-off was set to .05.

Statistical analysis. The body weight, gestational
length, litters size, hormonal levels, biochemical
parameters and sex ratio were analyzed by one-way
analysis of variance (ANOVA) with LSD using SPSS
Software (version 20.0; IBM Corp., Armonk, USA). The
relative expression of the genes was correlated with the
female sex ratio using the Pearson correlation coefficient.
Data were expressed as mean + SEM, and the values were
considered to be significantat p < 0.05 and p < 0.01.

Results

Effect of Ca and Mg supplemented diets on the
bodyweight changes of the rabbits. The mean
bodyweight of the rabbits at the beginning and end of the
trial was 2.59 + 0.09 kg and 2.42 + 0.07 kg, respectively.
There were no significant changes in the mean bodyweight
of the animals between different treatment groups.

Effect of Ca and Mg supplemented diets on
gestation length, litter size, kit body weight and sex
ratio of the Kits. The gestation length and body weight of
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rabbits did not vary among the treatment groups. Litter
size did not differ among the treatment groups except for
the experimental group T3 that the litter size in the second
breeding had a significant increase (8.00 + 0.41; p < 0.05).
The T3 group significantly skewed the sex ratio towards
females in all three breeding in an increasing trend (sex
ratios 0.60, 0.67 and 0.69) and the proportion of females in
the T3 group was significantly higher than that of other

Table 1. The list of primers used for gene expression studies.

supplemented groups (Table 2). The experiment group
T2 and T5 also skewed the sex ratio toward females in
the third breeding (sex ratios 0.59 and 0.54,
respectively). The mean bodyweight of the kits at birth
(n = 15) for all the 3 breeding cycles was increased in a
dose-dependent manner and T3 (49.52 + 1.00 g; p <
0.01) and T4 (47.71 £ 0.79 g; p < 0.05) groups showed a
significant increase (Fig. 2).

Genes Primer sequence (5’ - 3’) Product length (bp) Accession No.
TRPV4 lI; ngé};gigggg}rzgmz?r 184 XM_008252919.2
ovepr F COGAAGACCCCAAATCCTC 71 NM_001082105.1
5100410 l; E%%gg?gﬁ¥égég§ég§g§ 114 NM_001082163.1
iz F ST
atez2az F: AMAGTCCCTGCAGACATOCG 173 NM_0010809315.1
o2 T
Tt
vz
ST
scson7 Fi GGCAAAGAAGATGTTGCCCC 101 XM_0082645122
EIF442 F: CGATGGTGTCATCGAGAGCAA 198 XM_002716453.3

R: GTGGCTGTCTTGCCAGTACC

Table 2. Effect of Ca and Mg supplemented diet on reproductive performances of the rabbits and attributes of their kits at birth and

weaning. Data are presented as Mean + SE.

Groups Parity Weightatbreeding (kg) Gestation length (days) Litter size (n) Fraction of female kits Fraction of male Kits

1 2.84+0.27 30.25+0.48
Control 2 2.69+0.24 31.25+£0.25
3 2.55+0.16 30.75+£0.25
1 252021 30.75+£0.63
T1 2 259031 30.75+£0.25
3 2.29+0.04 30.25+1.11
1 234020 30.00 £1.68
T2 2 226+0.14 31.75+£0.25
3 248+0.18 30.50 £0.96
1 2.66+0.12 31.75+£0.25
T3 2 2.53+0.09 31.50+£0.29
3 2.38+0.13 31.00+ 041
1 2.60+0.29 31.25+£0.25
T4 2 2.64+0.24 31.75+£0.25
3 247 +0.07 30.00 £ 0.82

7.25+0.48 0.43 0.54
6.75+0.48 0.47 0.53
7.75+0.48 0.38 0.61
7.50+0.50 0.44 0.56
7.25+0.25 0.52 0.48
6.75+0.48 0.59* 0.41*
6.75 + 0.85 0.49 0.51
7.25+0.25 0.55 0.45
8.25+0.85 0.43 0.57
6.00 £ 041 0.60* 0.40*
8.00+0.41* 0.67* 0.33*
6.00 £ 091 0.69* 0.31*
7.50+0.29 0.53 0.42
7.75+0.48 0.58 0.47
7.25+0.63 0.54* 0.46*

C: control, T1: 0.40% Ca and 0.01% Mg), T2: (0.60% Ca and 0.02% Mg), T3: (0.80% Ca and 0.03% Mg) and T4: (1.00% Ca and 0.04% Mg).
* A significant difference was determined at p < 0.05 when compared to control.
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Fig. 2. Effect of maternal dietary Ca and Mg on body weight of
kits. Mean body weight of kits at birth. Significant difference at * p
<0.05, **p < 0.01, when compared to control.

The effect of Ca and Mg supplemented diets on the
biochemical parameters of the rabbits. Serum Ca
concentration was higher across all the treatment groups.
T3 (15.26 + 0.77 mg dL1) and T4 (15.61 + 0.82 mg dL1)
groups showed significant increase (p < 0.05) as compared
to control (13.05 * 0.18 mg dL1), respectively. The other
biochemical parameters including K, Na, Cl, Mg, glucose
and cholesterol did not differ significantly (Table 3).

The effect of Ca and Mg supplemented diets on
serum estradiol, testosterone and progesterone of the
rabbits. The concentration of estradiol was significantly
higher in T3 (311.54 * 13.45 pg mL1), and T4 (349.00 *
13.10 pg mL1) groups at 0.50 dpc compared to the control
(252.57 + 18.00 pg mL1). At 21dpc, T2 (410.08 £ 6.63 pg
mL1), T3 (468.75 + 15.99 pg mL1), and T4 groups (437.22
+ 1241 pg mL1) had significantly higher estradiol
compared to the control (348.81 + 16.78 pg mL1; p < 0.05),
(Fig. 3A). The observed mean testosterone concentration
at 0.50 dpc in the T4 group (2.72 = 0.19 ng mL1) was
significantly higher compared to the control (2.12 + 0.15
ng mL1). At 21 dpc, T2 (3.53 # 0.12 ng mL1) and T4
groups (3.61 + 0.17 ng mL1) had significantly (p < 0.05)
higher testosterone concentration compared to the control
(2.93 £ 0.24 ng mL1), (Fig. 3B). Progesterone levels did not
differ much among the treatment groups (Fig. 3C). T2
group had non-significantly higher progesterone
concentration (1.89 * 0.57 ng mL?) compared to the
control (1.01 # 0.08 ng mL1) at 0.50 dpc. T1 group had a

non-significantly low progesterone concentration (10.60
0.75 ng mL1) at 21 dpc compared to the control (11.82 +
1.37 ng mL1).
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Fig 3. Effect of maternal dietary Ca and Mg on steroid hormones.
Serum A) estradiol, B) testosterone and C) progesterone were
analyzed at 0.50 dpc (blue bars) and 21 dpc (green bars) of the
third breeding cycle. Significant difference at * p < 0.05 when
compared to control.

Table 3. The baseline serum biochemical parameters of the rabbits before their mating. Data are presented as Mean # SE.

Groups C T1 T2 T3 T4

Na (mmol L-1) 14243 +2.84 140.16 +1.87 141.81+£6.01 14140+ 1.13 141.09 £ 8.05
Cl (mmol L'1) 92.77 £ 1.65 91.06 + 2.67 9347 +1.98 90.52+1.36 90.31+0.85
K (mmol L) 494 +0.52 443+0043 444 +0.07 4.58+0.14 4.69+0.21
Ca (mgdL1) 13.05+0.18 14.61+0.48 14.20+043 15.26 +0.77* 15.61 + 0.82*
Mg (mg dL1) 1.79£0.19 1.97 £0.22 2.51+0.15 2.13 +£0.54 239+0.17
Glucose (mg dL1) 101.02 £ 444 99.25 + 6.02 101.30£5.10 93.05+4.11 109.27 +7.37
Cholesterol (mg dL1) 69.55 +4.55 64.57 + 1.66 64.57 +5.08 63.38 + 0.87 65.04 +1.00

C: Control, T1: 0.40% Ca and 0.01% Mg), T2: (0.60% Ca and 0.02% Mg), T3: (0.80% Ca and 0.03% Mg) and T4: (1.00% Ca and 0.04% Mg).
Significant difference at was determined at * p < 0.05 when compared to control.
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Differential gene expression and functional
annotation. The relative expression of the selected 13
genes was compared between T3 and the control group.
The normalized expression for the genes ESR2, ATP2A1,
MAP2K1, TLR4, TCP1, OVGP1, CCT4 and ANXAZ2 was higher
and IL-8, TRPV4, and S100A10 were lower in the T3 group
compared to the control (Fig. 4). Among these genes, the
expression levels of ATP2A1 (3.01-fold), MAP2K1 (2.52-
fold), TLR4 (6.33-fold), OVGP1 (25.84-fold), CCT4 (26.11-
fold) and ANXAZ2 (23.81-fold) were up-regulated and IL-8
(0.19-fold) was significantly down-regulated. The gene
expression from all the groups was correlated with the
female sex ratio. Genes such as TLR4 (r = 0.461, p = 0.041),
OVGP1 (r=0.778,p = 0.00), CCT4 (r=0.622, p = 0.003) and
ANXA2 (r= 0.638, p=0.002) were positively correlated with
the female sex ratio. The up-regulated genes of the T3
group were subject to gene enrichment analysis using
ShinyGO and revealed that these genes were involved in
major pathways such as toll-like receptor signaling path-
way (MAPZK1 and TLR4, enrichment False Discovery Rate
(FDR) = 2.01), CGMP-PKG signaling pathway (MAPZK1 and
ATP2A1, enrichment FDR = 1.97), Neutrophil extra-cellular
trap formation (MAP2K1 and TLR4, enrichment FDR =
1.92), CAMP signaling pathway (ATP2A1 and MAPZKI,
enrichment FDR = 1.91), PI3K-Akt signaling pathway
(MAP2K1 and TLR4, enrichment FDR = 1.54), ErbB signaling
pathway (MAP2K1, enrichment FDR = 1.34). Molecular
functions included carbohydrate derivative binding (OVGPJ,
TLR4, CCT4, MAP2K1 and ATP2A1 enrichment FDR = 1.95),
MAP-kinase scaffold activity (MAP2K1, enrichment FDR =
1.56), chitinase activity (OVGP1, enrichment FDR = 1.60),
and cadherin binding involved in cell-cell adhesion
(ANXAZ2, enrichment FDR = 1.54), (Fig. 5).
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Fig. 4. Effect of maternal dietary Ca and Mg on relative
expression levels (ACT) between control and T3 groups. The
changes in CT values were normalized with the housekeeping
gene (EIF4A2). Significant difference at * p < 0.05, ** p < 0.01,
when compared to control group. The expression of genes
ATP2A1, MAP2K1, TLR4, OVGP1, CCT4 and ANXA2 were
significantly up-regulated and IL-8 were significantly down-
regulated in the T3 group compared to the control.
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Fig. 5. Gene ontological functions and pathways enriched in the
oviduct of rabbits. A) The functions of the genes were associated
with ion transport, sperm selection and fertilization. B) The
majority of the pathways were related to calcium signaling,
fertilization, implantation, early embryonic development and
immune regulation.

Discussion

Production of the desired sex of the offspring for the
meat or dairy industry would be highly beneficial.
Hence, it necessitates the production of more cows for
milk and more bulls for meat production. In this study,
the impact of different combinations of Ca and Mg
intake on reproductive performances and alteration of
secondary sex ratio of rabbit kits were studied in
multiple extensive breeding cycles. Further trials with
larger animals and complete gene sequencing of the
oviduct would lead to an in-depth understanding at the
molecular level. The bodyweight of the rabbits
supplemented with minerals did was not significantly
changed throughout the trial period.1121

The sex ratio of the rabbit kits differed due to the
supplementation of different levels of the combination of
Ca and Mg in the maternal diets. The sex ratio of kits
kindled to dams of the experimental group T3 skewed
towards females in all three breeding consistently
indicating that a particular concentration of Ca and Mg is
critical for skewing of sex ratio. The mean litter weight at
birth was increased as the Ca and Mg percentage increased
in the maternal diets.?223

The impact of dietary Ca and Mg supplementation on
the hormonal levels was complex. Rats supplemented with
Ca and vitamin D was reported to have a significantly
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higher estradiol concentration.2* In our study, Ca and Mg
supplementation increased the estradiol concentration in
the treatment groups. The estradiol levels were
significantly higher in the group (T3) which gave female-
biased litter at early and later stages of pregnancy.
Similarly, mice fed with a low-fat diet to produce female-
biased litter were reported to have significantly higher
estradiol levels at the later stages of pregnancy.? In
addition, increased urinary estradiol in female mouse
lemurs was found to be associated with female-biased
litters.’5 Estradiol administration skewed the sex ratio
towards females in juvenile common snook.2

Supplementation of Ca and Mg increased the
concentration of testosterone in the treatment groups
compared to control. Similarly, in a study conducted in
humans, supplementing Ca to athletes usually leads to
increased testosterone levels.2 The maternal dominance
hypothesis indicates that a female dominant with higher
testosterone concentration would give rise to more male
offspring.?’ In contrast, elevated maternal testosterone
levels are associated with the female-biased litters in
Nutria.28 There may be multiple processes acting together
in the sex-selection process.

The serum biochemical profiles of rabbits were
reported to be within the normal range in all the
experimental groups.2? We observed a low
concentration of Na, K, Cl and higher concentration of
Ca and Mg in the groups which gave birth to more
female offspring (T3 and T4). The reduction in sodium
chloride levels and increase in Ca and Mg levels in the
animals maintained on the Ca and Mg diet in our study
was consistent with the earlier studies.11.30

As so far, no molecular study has been conducted in
this area, hence, further in-depth research is necessary to
understand the effects of mineral supplementation on the
female reproductive system. Additional investigation will
pave the way towards understanding and application of
minerals to the skewing process. The oviduct is the
dynamic organ in which fertilization takes place. The
oviductal secretory cells of the oviduct secrete important
proteins to create a conducive environment for major
reproductive events like sperm capacitation, fertilization
and the initial stages of embryo development. Genes
related to Ca and Mg that are important for fertilization
were studied in the oviduct and correlated with the female
sex ratio. When compared between the control and T3
group which produced a female-biased litter, six genes
were significantly up-regulated (ATPZA1, MAP2K1, TLR4,
OVGP1, CCT4, and ANXAZ2) and IL-8 was down-regulated.
Mineral supplementation has a beneficial effect on
inflammatory markers. The IL-8 gene expression was
significantly down-regulated in all the treatment groups.
Magnesium supplementation resulted in the down-
regulation of /L-8 in humans.3! The pathway analysis of the
up-regulated genes suggests their association with the

fertilization processes. For instance, the toll-like receptor
signaling pathway may help in immune defense in the
oviduct.32 The ErbB signaling pathway is involved in cell
proliferation, cell differentiation33 and maintenance of
mature reproductive tract function.3* Calcium regulates
the PI3K-Akt signaling pathway and is involved in the
embryo implantation process in rats® The CAMP signaling
pathway may have a key role in regulating fertilization,
early embryo development and sperm function in the
oviduct.36 Neutrophil extracellular traps are formed in the
female reproductive system as part of a defence system to
trap the invading microbes.3” The molecular functions of
these up-regulated genes include MAP-kinase scaffold
activity, carbohydrate derivative binding, cadherin binding
involved in cell-cell adhesion, and chitinase activity
signifies their role in the successful fertilization.
Carbohydrate derivative binding activity assists in sperm-
oviductal epithelial cell binding for the sperm reservoir
formation.38 Cadherin binding is also involved in cell-cell
adhesion for the binding of sperm to the oviduct.3® MAP-
kinase scaffold activity is involved in cell signaling related
to cell differentiation, cell proliferation and apoptosis.*°
The chitinase-like domain of OVGP1 binds to the
carbohydrate moiety of zona pellucida*! and shields the
oocyte from early embryo attacks.*2

The up-regulated genes such as TLR4, OVGP1, CCT4,
and ANXAZ were positively correlated with the sex ratio.
The correlated genes have important functions related to
sperm selection, sperm-oocyte binding, and fertilization.
ANXA2 is a calcium-regulated membrane and
phospholipid-binding protein and is mainly found in
ciliated cells of the oviductal epithelium.#3 It also has been
involved in forming a sperm reservoir by influencing the
binding of sperm to the oviduct.#* The OVGP1 is one of the
major components contributing to early reproductive
events including sperm capacitation,*> sperm-egg binding
and early embryonic development.*® The CCT4 is a
chaperonin that assists in the folding of protein upon ATP
hydrolysis. It is involved in the binding of sperm to the
oocyte membrane.*’” The TLR4 gene encodes for TLR4
transmembrane receptor whose activation leads to the
cytokine production leading to activation of the innate
immune system.#8 Sperm storage in the female
reproductive tract is necessary and beneficial for the
survival of a variety of species like amphibians, reptiles,
mammals, birds, insects and fishes.#® TLR4 modulates
immune tolerance and protects the sperm from infection
in the female reproductive tract>0 All these molecular
functions and pathways of up-regulated genes were
suggestive of their role in the fertilization process which
was involved in sperm selection, sperm storage,
implantation, immune regulation and fertilization.

The results obtained from this study indicated that
supplementation of a particular concentration of Ca and
Mg led to increased production of more female offspring in
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rabbits and the changes in the serum biochemical profile,
steroid hormones, and gene expression were identified as
parts of the underlying mechanisms altered for the
production of more females. Genes such as OVGP1, CCT4,
ANXA2, and TLR4 were several folds up-regulated and
positively correlated with the female sex ratio. These
genes were involved in important functions related to
sperm selection and might have a direct or indirect role in
the skewing process.

Acknowledgments

The work was supported by CSIR-HRDG (CSIR/09/
1158(0003)/2018-EMR-I), the Government of India, and
the Department of Biotechnology, (BT/PR17667/AAQ/1/
661/2016) for providing financial/ consumables support.

Conflict of interest
There is no conflict of interest.
References

1. Johnson LA, Welch GR. Sex preselection: high-speed
flow cytometric sorting of X and Y sperm for maximum
efficiency. Theriogenology 1999; 52(8): 1323-1341.

2. Naidu SJ], Arangasamy A, Selvaraju S, et al. Maternal
influence on the skewing of offspring sex ratio: a
review. Anim Prod Sci 2022; 62(6): 501-510.

3. Rosenfeld CS, Roberts RM. Maternal diet and other
factors affecting offspring sex ratio: a review. Biol
Reprod 2004; 71(4): 1063-1070.

4. Alexenko AP, Mao ], Ellersieck MR, et al. The
contrasting effects of ad libitum and restricted feeding
of a diet very high in saturated fats on sex ratio and
metabolic hormones in mice. Biol Reprod 2007; 77(4):
599-604.

5. Fountain ED, Mao ], Whyte J], et al. Effects of diets
enriched in omega-3 and omega-6 polyunsaturated
fatty acids on offspring sex-ratio and maternal
behavior in mice. Biol Reprod 2008; 78(2): 211-217.

6. Clayton EH, Friend MA, Wilkins JF. Increasing the
proportion of female lambs by feeding Merino ewes a
diet high in omega-6 fatty acids around mating. Anim
Prod Sci 2016; 56(7): 1174-1184.

7. Gulliver CE, Friend MA, King BJ, et al. A higher
proportion of female lambs when ewes were fed oats
and cottonseed meal prior to and following conception.
Anim Prod Sci 2013; 53(5): 464-471.

8. Whyte J], Alexenko AP, Davis AM, et al. Maternal diet
composition alters serum steroid and free fatty acid
concentrations and vaginal pH in mice. ] Endocrinol
2007; 192(1): 75-81.

9. Arangasamy A, Selvaraju S, Parthipan S, et al. Role of
calcium and magnesium administration on sex ratio

skewing, follicular fluid protein profiles and steroid
hormone level and oocyte transcripts expression
pattern in Wistar rat. Indian ] Anim Sci 2015; 85(11):
1190-1194.

10.Vahidi AR, Sheikhha MH. Comparing the effects of
sodium and potassium diet with calcium and
magnesium diet on sex ratio of rats’ offspring. Pak ]
Nutr 2007; 6(1): 44-48.

11.Alhimaidi AR, Ammari AA, Alghadi MQ, et al. Sex
preselection of sheep embryo by altering the
minerals of maternal nutrition. Saudi ] Biol Sci 2021;
28(1): 680-684.

12.Helle S, Laaksonen T, Adamsson A, et al. Female field
voles with high testosterone and glucose levels
produce male-biased litters. Anim Behav 2008; 75(3):
1031-1039.

13. Shargal D, Shore L, Roteri N, et al. Fecal testosterone is
elevated in high ranking female ibexes (Capra nubiana)
and associated with increased aggression and a
preponderance of male offspring. Theriogenology
2008; 69(6): 673-680.

14. Grant V], Konecna M, Sonnweber RS, et al. Macaque
mothers’ preconception testosterone levels relate to
dominance and to sex of offspring. Anim Behav 2011;
82(4): 893-899.

15. Perret M. Relationship between urinary estrogen levels
before conception and sex ratio at birth in a primate,
the gray mouse lemur. Hum Reprod 2005; 20(6):
1504-1510.

16.Li S, Winuthayanon W. Oviduct: roles in fertilization
and early embryo development. ] Endocrinol 2017;
232(1): R1-R26.

17.Alminana C, Caballero I, Heath PR, et al. The battle of
the sexes starts in the oviduct: modulation of
oviductal transcriptome by X and Y-bearing
spermatozoa. BMC Genom 2014; 15: 293. doi:
10.1186/1471-2164-15-293.

18.Szendroé Z, Szendrd K, Zotte AD. Management of
reproduction on small, medium and large rabbit
farms: A review. Asian-Australas ] Anim Sci 2012;
25(5): 738-748.

19. Nielsen HC, Torday ]S. Anatomy of fetal rabbit gonads
and the sexing of fetal rabbits. Lab Anim 1983; 17(2):
148-150.

20.Livak K], Schmittgen TD. Analysis of relative gene
expression data using real-time quantitative PCR and
the 2(-Delta Delta C(T)) method. Methods 2001; 25(4):
402-408.

21.Bird E, Contreras R]. Maternal dietary sodium chloride
levels affect the sex ratio in rat litters. Physiol Behav
1986; 36(2): 307-310.

22.Doyle W, Crawford MA, Wynn AH, et al. Maternal
magnesium intake and pregnancy outcome. Magnes
Res 1989; 2(3): 205-210.

23.Karandish M, Jazayery A, Mahmoudi M, et al. The effect



SJ. Naidu et al. Veterinary Research Forum. 2023; 14 (8) 405 - 413 413

of calcium supplementation during pregnancy on the
birth weight. ] Reprod Infertil 2003;4(3):184-191.

24.Piri F, Khosravi A, Moayeri A, et al. The effects of
dietary supplements of calcium, vitamin D and
estrogen hormone on serum levels of OPG and RANKL
cytokines and their relationship with increased bone
density in rats. ] Clin Diagn Res 2016; 10(9): AF01-
AF04.

25.de Carvalho CVA, Passini G, de Melo Costa W, et al.
Effect of estradiol-17 on the sex ratio, growth and
survival of juvenile common snook (Centropomus
undecimalis). Acta Sci Anim Sci 2014; 36(3): 239-245.

26.Cinar V, Mogulkoc R, Baltaci AK Calcium
supplementation and 4-week exercise on blood
parameters of athletes at rest and exhaustion. Biol
Trace Elem Res 2010; 134(2): 130-135.

27.James WH. Sex ratio, dominance status and maternal
hormone levels at the time of conception. ] Theor Biol
1985; 114(3): 505-510.

28. Fishman R, Vortman Y, Shanas U, et al. Female-biased
sex ratios are associated with higher maternal
testosterone levels in nutria (Myocastor coypus). Behav
Ecol Sociobiol 2018; 72(6): 1-9.

29. Mizoguchi Y, Matsuoka T, Mizuguchi H, et al. Changes in
blood parameters in New Zealand White rabbits during
pregnancy. Lab Anim 2010; 44(1): 33-39.

30.Noorlander AM, Geraedts JP, Melissen ]JB. Female
gender pre-selection by maternal diet in combination
with timing of sexual intercourse - -a prospective
study. Reprod Biomed Online 2010; 21(6): 794-802.

31.Ahmadi S, Naderifar M, Samimi M, et al. The effects of
magnesium supplementation on gene expression
related to inflammatory markers, vascular endothelial
growth factor, and pregnancy outcomes in patients
with gestational diabetes. Magnes Res 2018; 31(4):
131-142.

32.Hart KM, Murphy A], Barrett KT, et al. Functional
expression of pattern recognition receptors in tissues
of the human female reproductive tract. ] Reprod
Immunol 2009; 80(1-2): 33-40.

33.Miyagawa S, Katsu Y, Watanabe H, et al. Estrogen-
independent activation of erbBs signaling and estrogen
receptor alpha in the mouse vagina exposed neonatally
to diethylstilbestrol. Oncogene 2004; 23(2): 340-349.

34. Prevot V, Lomniczi A, Corfas G, et al. erbB-1 and erbB-4
receptors act in concert to facilitate female sexual
development and mature reproductive function.
Endocrinology 2005; 146(3): 1465-1472.

35.Liu L, Wang Y, Yu Q. The PI3K/Akt signaling pathway
exerts effects on the implantation of mouse embryos
by regulating the expression of RhoA. Int ] Mol Med
2014; 33(5): 1089-1096.

36.Cometti B, Dubey RK, Imthurn B, et al. Oviduct cells

express the cyclic AMP-adenosine pathway. Biol
Reprod 2003; 69(3): 868-875.

37.Hahn S, Giaglis S, Hoesli I, et al. Neutrophil NETs in
reproduction: from infertility to preeclampsia and the
possibility of fetal loss. Front Immunol 2012; 3: 362.
doi: 10.3389/fimmu.2012.00362.

38.Green CE, Bredl ], Holt WV, et al. Carbohydrate
mediation of boar sperm binding to oviductal epithelial
cells in vitro. Reproduction 2001; 122(2): 305-315.

39. Caballero ]N, Gervasi MG, Veiga MF, et al. Epithelial
cadherin is present in bovine oviduct epithelial cells
and gametes, and is involved in fertilization-related
events. Theriogenology 2014; 81(9): 1189-1206.

40. Dhanasekaran DN, Kashef K, Lee CM, et al. Scaffold
proteins of MAP-kinase modules. Oncogene 2007;
26(22):3185-3202.

41. Choudhary S, Janjanam ], Kumar S, et al. Structural and
functional characterization of buffalo oviduct-specific
glycoprotein (OVGP1) expressed during estrous cycle.
Biosci Rep 2019; 39(12): BSR20191501. doi:
10.1042/BSR20191501.

42.Malette B, Paquette Y, Merlen Y, et al. Oviductins
possess chitinase- and mucin-like domains: a lead in
the search for the biological function of these oviduct-
specific ZP-associating glycoproteins. Mol Reprod Dev
1995; 41(3): 384-397.

43. Chailley B, Pradel LA. Immunodetection of annexins 1
and 2 in ciliated cells from quail oviduct. Biol Cell 1992;
75(1): 45-54.

44 Teijeiro JM, Ignotz GG, Marini PE. Annexin A2 is
involved in pig (Sus scrofa) sperm-oviduct interaction.
Mol Reprod Dev 2009; 76(4): 334-341.

45. Teijeiro JM, Roldan ML, Marini PE. Annexin A2 and
S100A10 in the mammalian oviduct. Cell Tissue Res
2016; 363(2): 567-577.

46.King RS, Killian GJ]. Purification of bovine estrus-
associated protein and localization of binding on
sperm. Biol Reprod 1994; 51(1): 34-42.

47.Buhi WC. Characterization and biological roles of
oviduct-specific, oestrogen-dependent glycoprotein.
Reproduction 2002; 123(3): 355-362.

48.Dun MD, Smith ND, Baker MA, et al. The chaperonin
containing TCP1 complex (CCT/TRiC) is involved in
mediating sperm-oocyte interaction. ] Biol Chem 2011;
286(42): 36875-36887.

49.Menchetti L, Barbato O, Filipescu IE, et al. Effects of
local lipopolysaccharide administration on the
expression of Toll-like receptor 4 and pro-
inflammatory cytokines in uterus and oviduct of rabbit
does. Theriogenology 2018; 107: 162-174.

50.Holt WV, Lloyd RE. Sperm storage in the vertebrate
female reproductive tract: How does it work so well?
Theriogenology 2010; 73(6): 713-722.



