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a b s t r a c t

The study was designed to determine the impact of magnesium (Mg2þ) on bovine embryo development.
We found that two commercially available sources of bovine serum albumin (BSA) and fetal bovine
serum (FBS) contained different amounts of Mg2þ residue: 4 ppm in ICPbio BSA, 114 ppm in Sigma BSA,
and 44 ppm in FBS. When CR1 was used as basal medium, PVA and ICPbio BSA produced the lowest
blastocyst yield (2.2e2.3%), whereas Sigma BSA increased blastocyst yield to 18.9% (P < 0.05). Supple-
mentation of 1.4mM MgCl2 into the medium increased the blastocyst rate in the ICPbio BSA group
(29.4%) but not in the PVA group (5.4%; P< 0.05) to a level comparable to that of the FBS group (33.7%;
P> 0.05). We next found that increasing concentrations of MgCl2 in the culture medium (ICPbio BSA)
elevated blastocyst rate from 2.6% (0mM), 38.4% (0.35mM) to 50.2% (1.4mM; P < 0.05), further main-
tained at 44.9% (2.1mM) and 43.4% (2.8 mM) (P > 0.05). However, blastocyst rate was reduced to 31.4%
(4.2 mM) and 29.4% (5.6 mM) when MgCl2 supplement was increased (P < 0.05). Comparable blastocyst
development was achieved in both ICPbio BSA (30.0e33.1%) and Sigma BSA (37.4e38.7%) groups when
1.4mMMg2þ was supplemented regardless of its source (MgCl2 vs. MgSO4; P > 0.05). In embryo transfer
experiments, higher rates of pregnancy (54.3 vs. 41.5%) and calving (44.3 vs. 32.5%) were achieved in the
CR1-Mg2þ-supplemented BSA group compared with the FBS group with co-culture, respectively
(P< 0.05). These results demonstrate that Mg2þ is a key ion that promotes competent blastocyst and
term development. Therefore, a simple and efficient defined medium (CR1-Mg2þ-BSA) can successfully
replace complex serum and somatic cell co-culture.

© 2019 Elsevier Inc. All rights reserved.
1. Introduction

Successfully culturing fertilized embryos is important for the
study of biological mechanisms controlling reproduction and em-
bryo development. Several chemically defined or semi-defined
for Molecular and Medical
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media, such as C. Rosenkrans medium (CR1) [1e3], synthetic
oviduct fluid [4e7], KSOM [8,9], and G1/G2 [10], have been devel-
oped to satisfy the metabolic requirements of embryonic devel-
opment post fertilization in vitro (IVF) and to enable the discovery
of basic biological mechanisms regulating pre-implantation em-
bryonic development.

Magnesium (Mg2þ) is an important ion that maintains normal
cellular physiology and function [11]. Mg2þ regulates calcium dy-
namics and hemostasis in cells and is a cofactor of many enzymes
related to ATP binding, protein kinases, ion transport ATPases, and
proteins for nucleic acid metabolism and RNA stability [11]. In the
nucleus, Mg2þ is used for DNA polymerase, DNA repair, and
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Fig. 1. Embryo development in Mg2þ-supplemented culture medium. (A) Bovine COCs
were collected for maturation in vitro for 24 h with an expansion of cumulus com-
plexes (arrow) (B). Cleaved embryos were cultured in (C) ICPbio BSA supplemented
with 1.4mM MgCl2 for 2 days. (D) Grade C1 embryos developed into blastocysts on D7
of culture with a compacted inner cell mass (arrow) and (E) 156 nuclei (arrow) visible
with Hoechst 33342 staining. (F) Calves were born after ET. Scale bars¼ 100 mm.
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structure maintenance [12,13]. However, the inherent requirement
of Mg2þ for early embryo development and its impact on term
development after embryo transfer (ET) are unknown.

We previously reported that bovine serum albumin (BSA) can
support normal embryo development [14]. Also, variations in
commercial BSA due to batch-to-batch differences can produce
inconsistencies in embryo development [15]. Although a protein
source in culture medium is not absolutely necessary, a complete
lack of proteins in a defined chemical medium causes inconsistent
embryo development in vitro [16,17]. Furthermore, it is uncertain
whether commercially available BSA contains the key chemical
components critical for successful embryo development without
serum or cell co-culture.

In this study, we examined the embryonic-promoting chemical
factors contained in two commercial sources of albumin, Sigma and
ICPbio, which promote bovine pre-implantation embryo develop-
ment. We next tested the effect of differentMg2þ concentrations on
the development and sex ratio of bovine embryos under somatic
cell-free, serum-free culture. Finally, we transferred Mg2þ-derived
embryos into recipients to determine their full-term development.

2. Materials and methods

All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO) unless otherwise noted. All oocytes and resultant embryos
were cultured in specified media at 39 �C in 5% CO2 and humidified
air unless otherwise noted. All animal experiments were approved
by the Animal Care and Use Committee of Nanjing Normal Uni-
versity and complied with guidelines and standards of the Society
for the Study of Reproduction.

2.1. Spectrometric mineral analysis of BSA

Magnesium content in two sources of commercially available
BSA (ICPbio, Auckland, New Zealand and Sigma, A6003) and fetal
bovine serum (FBS; Hyclone, Logan, UT) was determined using
high-performance liquid chromatography as previously described
[18]. Briefly, a 2.5-g sample was weighed into a porcelain dish and
dry-ashed at 500 �C for 4 h. Three ml of 6 N HCl was added to the
ash residue and evaporated to dryness on a 100e120 �C hot plate.
Minerals were extracted with acid solution (1.5 N HNO3, 0.5 N HCl)
and determined using inductively coupled plasma-atomic emission
spectrometry (Thermo Elemental, Franklin, MA) [18]. Due to lot-to-
lot variations in BSA and FBS, the lots of same catalog BSA and FBS
were tested, and only one large lot of two BSA sources and one lot of
FBS were used to generate embryos in this study.

2.2. Bovine oocyte maturation in vitro

Cumulus-oocyte-complexes (COCs) (Fig. 1A) used in this study
were recovered from slaughterhouse ovaries of Holstein cattle by
aspirating antral follicles of 2e8-mm in diameter [2]. Briefly, COCs
were selected and washed in Dulbecco phosphate-buffered saline
(D-PBS; Invitrogen, Grand Island, NY) supplemented with 0.1%
polyvinyl alcohol. Selected COCs were matured in groups of 20e25
in drops of 75 ml medium 199 (M199, Invitrogen) containing Earle
salts, 100mg/ml L-glutamine, 2.2 g/l sodium bicarbonate, and
25mM HEPES supplemented with 7.5% (v/v) fetal bovine serum
(FBS; Hyclone, Logan, UT) along with 0.5 mg/ml ovine follicle
stimulating hormone (NIDDK, Los Angeles, CA), 5.0 mg/ml ovine
luteinizing hormone (NIDDK), and 1.0 mg/ml estradiol. The matu-
ration medium was covered with mineral oil, and COCs were
cultured for 22e24 h. COCs with well-expanded cumulus layers
(Fig. 1B) at the completion of maturation were selected for in vitro
fertilization (IVF).
2.3. IVF

Frozen Holstein sperm were used for IVF in Brackett and Oli-
phant (BO) medium as previously described [2]. Briefly, semen
strawswere thawed for 20 s in a 37 �Cwater bath after 10 s of gentle
shaking in air. Spermatozoa were washed in 10ml BO medium
containing 3mg/ml BSA and 10mM caffeine. The washed sperm
pellet was re-suspended in BO washing solution at a minimum
concentration of 1� 106/ml as routinely performed in our labora-
tory [2]. Matured COCs were washed in BO fertilization medium
containing 6mg/ml BSA and 10 mg/ml heparin, and then 50 oocytes
were allocated into a 50-ml droplet of the same fertilization me-
dium. A 50-ml sperm suspension was added to each oocyte-
containing fertilization droplet at a final sperm concentration of
0.5� 106/ml [2]. Oocytes and washed spermwere incubated for 6 h
under the culture conditions described above.
2.4. In vitro embryo culture

CR1aa medium [3,14] was used as a basal medium for embryo
culture and consisted of 114.7mM NaCl, 3.1mM KCl, 26.2mM
NaHCO3, 1mM L-glutamine, 0.4mM sodium pyruvate, and 5.5mM
hemicalcium L-lactate supplemented with 1�MEM (M7145) and
1� BME (B6766) amino acids. Presumptive zygotes were randomly
allocated to modified CR1aa cultures containing 6mg/ml BSA
(ICPbio vs. Sigma) under 5% CO2, 5% O2, and 90% N2 at 39 �C and
incubated for 7 days. Half the volume of culture medium was
replaced by fresh medium every 2 days. In the co-culture control
group (named as FBS group), cumulus cells from COCs were sepa-
rated and cultured in 7.5% FBS M199 for 2 days to form a confluent
monolayer and were then washed three times with 10% FBS CR1aa
medium; the fertilized eggs were cultured at 10% FBS CR1 for 2
days, and cleaved embryos on day 2 (D2) were co-cultured with a
monolayer of cumulus cells in fresh 10% FBS CR1aa medium under
5% CO2 humidified air at 39 �C for an additional 5 days (FBS group).
Stages of embryo development were evaluated on D2 (immediately
after IVF, 2e8-cell stage) (Fig. 1C), D5 (morula) and D7 (blastocyst)
(Fig. 1D and E) of culture. Blastocyst-stage embryos graded as C1
according to International EmbryoTransfer Society (IETS) standards
were used to compare the embryo quality.
2.5. Embryo sex ratio determination by polymerase chain reaction
(PCR)

Samples of embryos were digested with 20 ml K-buffer
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containing 0.1 mg/ml proteinase K (Invitrogen) at 56 �C for 45min
and then held at 95e100 �C for 10min to inactivate proteinase K.
Multiplex amplification of bovine-specific autosome and Y-chro-
mosome fragments was performed by one round of PCR [2]. A
bovine-specific primer pair was designed to amplify a fragment of
219 bp from a bovine 1.715 satellite DNA as follows; forward: 50-
TGAGGC ATGGAACTC CGC TT-30, reverse: 50-GGT GGT TCC ACATTC
CGT AGG AC-3’. The Y-chromosome fragment (131 bp) was ampli-
fied usingmale-specific primers (forward: 50-GAT TGT TGATCC CAC
AGA AGG CAA TC-30, reverse: 50-GAA CTT TCA AGC AGC TGA GGC
ATT TA-30). One ml embryo lysate was used for PCR amplification in
a total volume of 25 ml containing 10mM Tris-HCl (pH 8.3), 50mM
KCl (S-5761), 2mM MgCl2, 0.2mM dNTPs (DNTP100A), 0.4 mM
oligonucleotide primers, and 0.5 units REDTaq DNA polymerase.
PCR was initiated with a cycle of 95 �C for 2min followed by 30
cycles of 95 �C for 30 s, primer annealing at 64 �C for 30 s, primer
extension at 72 �C for 30 s, and a final hold at 72 �C for 10min. Ten
ml of PCR products were analyzed on a 2% agarose gel. One band
(219 bp) indicated a female embryo, and two bands (219 and 131
bp) indicated a male embryo (Fig. 2A).
2.6. Vitrification of embryos

Embryos were cryopreserved by modified droplet vitrification
(Vitrification and Warming Kits, Renova Life Inc., College Park, MD)
[19]. Briefly, embryos were treated with 0.25% trypsin (Gibco,
Grand Island, NY) for 1min. Embryos with intact zona pellucida
were washed six times in isotonic embryo washing and holding
medium (EWH, Renova Life Inc.). Vitrification solutions and
warming media were prepared using basal D-PBS (Oocyte Washing
Plus, Renova Life Inc.). To implement the vitrification protocol, the
following solutions were prepared: (1) embryo washing solution
consisting of 7.5% FBS (SH30070.03, Hyclone) in D-PBS supple-
mented with 100 IU/ml penicillin and 100 mg/ml streptomycin, (2)
Fig. 2. Sex ratio of bovine embryos in Mg2þ-supplemented culture medium. (A) Represent
medium supplemented with 1.4mM MgCl2 and 6mg/ml BSA. Amplification of bovine-specifi
product sizes were 219 bp (autosome) and 131 bp (Y chromosome). N, negative control;
identified as females (\, one band), and lanes 1, 4, 6, 8, and 9 were identified as males (_, tw
with different concentrations of Mg2þ.
embryo basal solution prepared using 15% FBS D-PBS, and (3)
vitrification solution consisting of basal solution supplemented
with 2.3M dimethylsulfoxide, 2.7M ethylene glycol, and sucrose
(Vitrification Kit, Renova Life Inc.). Embryos were incubated for
5min in washing solution followed by incubation in basal solution
for 3min at 39 �C. Embryos were then washed in a 20-ml vitrifica-
tion solution drop, after which each embryo was drawn up into a
separate glass pipette in a 2-ml drop of vitrification solution (Fisher
Scientific, Pittsburgh, PA) and then directly dropped into liquid
nitrogen. Groups of 30e50 vitrified embryo droplets were trans-
ferred into pre-labeled cryovials (Corning, Corning, NY) cooled in
liquid nitrogen, sealed, and stored in liquid nitrogen.
2.7. Warming of vitrified holstein embryos and ET

Vitrified IVF embryos were warmed in 0.28M sucrose in basal
medium (i.e., warming solution) at 39 �C and rehydrated in 0.18M
sucrose basal medium (i.e., rehydration solution) for 5min at 39 �C
(Warming Kit, Renova Life Inc.). Embryos were washed in basal
solution and then in EWH supplemented with 3mg/ml BSA at
39 �C.

In the United States (Iowa and Pennsylvania), ET recipients were
Simmental-angus F1 and Holstein cattle. In China, ET recipients
were Native Yellow and Holstein cattle. Recipients were chosen
from heifers or cows according to criteria such as age, health status,
reproductive soundness (i.e., cyclic animals), breeding history, size,
and weight, as well as the farm's nutritional management. Re-
cipients were pooled and synchronized by a regimen of two in-
jections of prostaglandin F2a (Lutalyse, Upjohn Co., Kalamazoo, MI;
25 mg/injection, i.m.) at 11-day intervals. Corpus luteum (CL)
regression followed by estrus usually occurred approximately
48e72 h later. The onset of estrus in recipients was monitored
twice a day, and standing heat was considered D0. On D7 after
estrus, recipients were selected by palpation per rectum or
ative PCR gel from bovine IVF embryos. D7 C1 grade blastocysts were derived in CR1
c autosome and Y-chromosome DNA fragments was carried out by multiplex PCR. PCR
M, positive male control; F, positive female control. Lanes 2, 3, 5, 7, and 10e13 were
o bands). (B) Percentage of female embryos derived in culture medium supplemented
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ultrasound monitoring to verify the presence and size of the CL.
Blastocysts (1 embryo/straw) were loaded into 0.25-ml French
straws containing EWH. A single embryo was deposited non-
surgically into the uterine horn ipsilateral to the ovary with a
functional CL.

2.8. Experimental design

2.8.1. Effect of macro-molecular surfactants and MgCl2 on the
development of IVF embryos

Embryos were cultured in one of the following media for 7 days:
(A) 6mg/ml ICPbio BSA, (B) 6mg/ml ICPbio BSA supplemented with
1.4mM MgCl2, (C) 6mg/ml Sigma BSA, (D) 1mg/ml PVA, (E) 1mg/
ml PVA supplemented with 1.4mM MgCl2, or (F) CR1-FBS cumulus
cell co-culture control (FBS group), embryos were cultured in 10%
FBS CR1 medium for 2 days, and then 5 days with 10% FBS CR1
under cumulus cell monolayer culture. On D2 and D5, half the
volume of culture medium was replaced with freshly prepared
medium. Cleavage to the 2e8 cell stage, morula stage, and C1 grade
blastocyst stage (IETS standards) were assessed on D2, D5, and D7,
respectively.

2.8.2. Effect of different concentration of Mg2þ on the development
of IVF embryos

Embryo development potential was evaluated under different
concentrations of Mg2þ. Embryos were cultured in 6mg/ml ICPbio
BSA supplemented with 0, 0.35, 0.7, 1.4, 2.1, 2.8, 4.2 and 5.6mM
MgCl2 for 7 days without serum and somatic cell monolayer co-
culture. On D2 and D5, half the volume of culture medium was
replaced with freshly prepared medium. Cleavage to the 2e8 cell
stage, morula stage, and C1 grade blastocyst stage were assessed on
D2, D5, and D7, respectively.

2.8.3. Effect of Mg2þ and BSA sources on the development of IVF
embryos

A 2� 3 factorial experimental design was employed to compare
the effects of BSA source (ICPbio vs. Sigma), Mg2þ source (MgCl2 vs.
MgSO4), and Mg2þ concentration (0 vs. 1.4mM) on embryo devel-
opment. On D2 and D5, half the volume of culture medium was
replaced with freshly prepared medium. Cleavage to the 2e8 cell
stage, morula stage, and C1 grade blastocyst stage were assessed on
D2, D5, and D7, respectively.

2.8.4. Term development of embryos derived in Mg2þ-
supplemented serum-free culture

Because the best concentration of Mg2þ was determined as
1.4mM for embryo development, embryos derived from
1.4mMMg2þ and 6mg/mL BSA medium were used for ET trials.
Frozen embryos were warmed and transferred into recipients on
United States or Chinese farms. ET was performed with either
embryos derived in 1.4mMMg2þ-supplemented serum-free cul-
ture or embryos routinely derived in serum-supplemented and
cumulus cell monolayer co-culture (FBS group, controls). In the
United States, pregnancy was monitored on D45 post-ET by ultra-
sound and terminated on D60. In China, pregnancywas determined
by palpation per rectum on D70, and all pregnancies were carried to
term.

2.9. Statistical analysis

The proportions of embryos that successfully reached cleavage,
morula, and blastocyst stages, embryos that successfully achieved
pregnancy, and that were born as live calves, sex ratio of blasto-
cysts, and the birth weight of newborns were determined within
each experiment and presented as Mean± SEM. Embryos
developing to C1 grade blastocysts (IETS standards) were compared
among treatments in each experiment. Data were subjected to arc
sine transformation and analyzed by one-way ANOVA (General
Linear Model, SPSS 11.0, Chicago, IL). A P-value <0.05 was consid-
ered statistically significant.

3. Results

3.1. Mg2þ determination in BSA and FBS-supplemented medium

The Mg2þ in ICPbio BSA, Sigma BSA, and FBS as determined by
HPLC was 4, 114, and 42 parts per million, respectively. Thus,
without supplementation, Mg2þ concentrations in embryo culture
medium were calculated as 28.4 mM for 6mg/ml Sigma BSA me-
dium, 0.99 mM for 6mg/ml ICPbio BSA medium, and 0.14mM for
10% FBS-supplemented medium. In other words, the concentration
of Mg2þ in Sigma BSAwas 28.7 times higher than that in ICPbio BSA
and 1/5 of that in FBS-supplemented medium.

3.2. Effect of macro-molecular surfactants and MgCl2 on the
development of IVF embryos

The rate of cleavage to the 2e8 cell stage on D2 was similar
among groups (P > 0.05) except that it was lower in the
PVAþ1.4 mM MgCl2 group than in the Sigma BSA and FBS groups
(P< 0.05; Table 1). The rate of 6e8 cell embryos on D2 was lower in
the ICPbio BSA, PVA, and PVAþ1.4 mM MgCl2 groups than in the
Sigma BSA (Fig. 1C) and FBS groups (P < 0.05). On D7, the rate of
blastocyst development was higher in the ICPbioþ1.4 mM MgCl2
(29.4%) (Fig. 1D and E) and FBS (33.7%) groups than in the other
groups (2.2e18.9%) (P< 0.05). The lowest rates of blastocyst
development were in the PVA groups regardless of MgCl2 supple-
mentation (2.2e5.4%). The Sigma BSA group had a higher rate of
blastocyst development (18.9%) than the PVA group or the ICPbio
BSA without Mg2þ supplementation group (2.3%) (P< 0.05).
Importantly, supplementing 1.4mMMgCl2 into ICPbio BSAmedium
markedly enhanced the rate of blastocyst development (29.4%) to a
degree comparable to that in the FBS group (33.7%) (P> 0.05).

3.3. Effect of different concentration of Mg2þ on the development
of IVF embryos

We next tested the effect of Mg2þ concentrations on the blas-
tocyst development of bovine embryos. ICPbio BSA was used as a
protein source, and different concentrations of MgCl2 (0, 0.35, 0.7,
1.4, 2.1, 2.8, 4.2 and 5.6mM) were supplemented into serum-free
medium. There were no group differences in the rate of cleavage
to the 2e8 cell stage or 6e8 cell embryos on D2 (P> 0.05; Table 2).
However, the rate of morula development on D5 was increased
when MgCl2 was added to the culture medium till 2.8mM, but
reduced after MgCl2 supplemented as 4.2 and 5.6mM (Table 2).
Furthermore, the rate of blastocyst development was higher in the
0.35 (38.4%) and 0.7mM MgCl2 (40.5%) groups than in the 0mM
MgCl2 (2.6%) group (P< 0.05), higher in the 1.4mM MgCl2 group
(50.2%) than in the 0 and 0.35mM MgCl2 groups (P< 0.05), and
comparable between the 1.4 and 2.1mM MgCl2 (44.9%) groups
(P> 0.05). With the increase of MgCl2 concentration to 4.2 and
5.6mM, blastocyst rate was decreased to 31.4 and 29.4%, respec-
tively, compared to that in 1.4mM MgCl2 (P< 0.05) (Table 2).
Therefore, the optimal concentration of Mg2þ for bovine embryo
culture was determined to be 1.4mM.

We also examined the sex ratio of blastocysts derived with
different concentrations of Mg2þ supplementation. We observed a
higher proportion of female embryos in the 1.4 and 2.8mM MgCl2
groups than in the 0e0.7mM MgCl2 groups (P< 0.05; Fig. 2A, B)



Table 1
Effect of macro-molecular surfactants and MgCl2 on development of bovine IVF embryos in somatic cell-free culture.

Group No. of replications Basal medium Treatment No. of embryos Cleavage (%) 6e8 Cell (%) Morula (%) C1 Blastocyst (%)

Surfactant MgCl2 (mM)

A 4 CR1aa ICPbio BSA 0 149 66.6± 4.8a,b 44.5± 8.4a 21.4± 3.9a 2.3± 0.9a

B 4 CR1aa ICPbio BSA 1.4 153 70.9± 1.6a,b 53.2± 3.1a,b 36.4± 1.3b 29.4± 2.6b

C 4 CR1aa Sigma BSA 0 151 74.3± 4.6a 64.8± 5.6b 30.4± 5.5a,b 18.9± 6.7c

D 4 CR1aa PVA 0 245 63.6± 1.3a,b 39.2± 0.3a 5.6± 1.2c 2.2± 0.9a

E 4 CR1aa PVA 1.4 219 62.5± 4.6b 44.8± 6.5a 8.4± 1.9c 5.4± 1.5a

F 4 CR1aa FBS 0 149 74.6± 4.7a 66.0± 4.7b 37.3± 4.7b 33.7± 4.3b

a,b,cValues with different superscripts within columns are significantly different (P< 0.05). Blastocysts were compared as C1 grade according to IETS standards. FBS: FBS group
with co-culture condition as controls; the fertilized eggs were cultured at 10% FBS CR1 for 2 days, subsequently transferred and cultured for 5 days into the dishes covered with
cumulus cell monolayer and filled with 10% FBS CR1 medium.

Table 2
Effect of Mg2þ concentration on development of bovine IVF embryos in somatic/serum-free culture.

Group No. of replications Basal medium Treatment No. of embryos Cleavage (%) 6e8 Cell (%) Morula (%) C1 Blastocyst (%)

ICPbio BSA (mg/ml) MgCl2 (mM)

A 4 CR1aa 6 0 197 92.9± 2.4 78.7± 2.6 22.3± 2.9a 2.6± 1.0a

B 4 CR1aa 6 0.35 193 94.3± 1.3 78.3± 2.8 47.2± 2.1b 38.4± 2.8b

C 4 CR1aa 6 0.7 200 95.4± 1.1 82.6± 0.7 47.2± 2.8b 40.5± 2.9b,c

D 4 CR1aa 6 1.4 207 93.8± 1.1 80.7± 2.2 54.5± 2.0b 50.2± 3.9c

E 4 CR1aa 6 2.1 207 94.7± 1.9 81.5± 2.8 54.0± 4.6b 44.9± 6.2b,c

F 4 CR1aa 6 2.8 215 92.7± 1.5 83.6± 1.5 49.2± 1.1b 43.4± 3.1b,c

G 4 CR1aa 6 4.2 187 89.1± 1.1 81.2± 0.6 35.2± 1.2c 31.4± 1.5b

H 4 CR1aa 6 5.6 156 90.1± 1.4 78.6± 0.2 33.5± 1.5c 29.4± 5.8b

a,b,cValues with different superscripts within columns are significantly different (P< 0.05). Blastocysts were compared as C1 grade according to IETS standards.
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and a lower proportion of female embryos in the 4.2 and 5.6mM
groups than in the 1.4 and 2.8mM MgCl2 groups (P< 0.05).
3.4. Effect of Mg2þ and BSA sources on the development of IVF
embryos

We further examined the effects of BSA source (ICPbio vs.
Sigma), Mg2þ source (MgCl2 vs. MgSO4), andMg2þ concentration (0
vs. 1.4mM) on embryo development. Rates of cleavage to the
2e8 cell stage on D2, percentage of 6e8 cell embryos on D2, and
morula development on D5 were similar among groups (P> 0.05;
Table 3). However, the Sigma BSA group without Mg2þ supple-
mentation (26.4%) had a higher rate of blastocyst development on
D7 than the ICPbio BSA group without Mg2þ supplementation
(6.8%) (P< 0.05). Supplementation of 1.4mMMg2þ into the culture
medium regardless of its source (MgCl2, 30.0e38.7% vs. MgSO4,
33.1e37.4%) increased blastocyst rates to comparable levels
(P> 0.05). The lowest blastocyst rate occurred in the ICPbio BSA
without Mg2þ supplementation group (6.8%) (P< 0.05).
Table 3
Effect of Mg2þ source on development of bovine IVF embryos in somatic/serum-free cul

Group No. of replications Basal medium Treatment

BSA (6mg/ml) Mg2þ source

MgSO4 (mM) MgCl2 (m

A 4 CR1aa Sigma 0 0
B 4 CR1aa Sigma 0 1.4
C 4 CR1aa Sigma 1.4 0
D 4 CR1aa ICPbio 0 0
E 4 CR1aa ICPbio 0 1.4
F 4 CR1aa ICPbio 1.4 0

a,b,cValues with different superscripts within columns are significantly different (P< 0.05
3.5. Term development of embryos derived in Mg2þ-supplemented
serum-free culture

In one trial conducted on farms in the United States, pregnancy
rate after ET of vitrified blastocysts derived in serum- and co-
culture free medium containing Sigma BSA supplemented with
1.4mM MgCl2 (CR1-Mg2þ-BSA group, n¼ 31) was compared with
that of vitrified blastocysts derived in FBS-containing cumulus cell
co-culture (FBS group, n¼ 71). On D45, the pregnancy rate as
determined by ultrasound monitoring was higher for CR1-Mg2þ-
BSA group (70.1%) than for FBS group (57.1%) (P < 0.05). Due to the
cost of ET services, all pregnancies in this trial were terminated.

A second ET trial on Chinese farms was conducted to evaluate
term development potential. A total of 230 vitrified CR1-Mg2þ-BSA
group embryos and 154 vitrified FBS group embryos were singly
transferred into recipients. On D70 post-ET, pregnancy rate as
determined by rectal palpation was higher for CR1-Mg2þ-BSA
group (54.3%, 125/230) than for FBS embryos (41.5%, 64/154;
P< 0.05). Likewise, a higher percentage of live Holstein calves were
born from CR1-Mg2þ-BSA group (44.3%, 102/230) (Fig. 1F) than
from FBS embryos (32.5%, 50/154; P< 0.05). The proportion of fe-
males among the live calves was similar between CR1-Mg2þ-BSA
group (53.9%, 55/102) and FBS embryos (48.0%, 24/50; P> 0.05).
ture.

No. of embryos Cleavage (%) 6e8 Cell (%) Morula (%) C1 Blastocyst (%)

M)

208 84.5± 3.8 61.5± 3.7 42.7± 7.2 26.4± 2.8a

178 84.95± 5.4 68.5± 6.6 48.0± 3.6 38.7± 1.1b

170 80.5± 2.2 65.3± 5.8 43.2± 6.1 37.4± 7.9b

203 72.6± 6.4 52.4± 6.6 35.9± 9.4 6.8± 2.4c

183 86.3± 4.7 66.4± 10.3 36.2± 7.3 30.0± 6.9a,b

186 84.7± 4.9 67.8± 5.0 49.4± 8.3 33.1± 8.6b

). Blastocysts were compared as C1 grade according to IETS standards.
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The average birth weight of calves in CR1-Mg2þ-BSA group was
39.4 kg for females (n¼ 45) and 42.5 kg for males (n¼ 44) while
that in FBS group was 41.5 kg for females (n¼ 22), and 43.5 kg
(n¼ 24), respectively. There was not different in average birth
weight in corresponding male and female calves between CR1-
Mg2þ-BSA group and FBS groups (P> 0.05), although it was heav-
ier in FBS group than in CR1-Mg2þ-BSA group. The rate of miscar-
riage after D70 post-ETwas similar between CR1-Mg2þ-BSA (10.0%)
and FBS (9.0%) groups (P> 0.05).

4. Discussion

Our study demonstrates that Mg2þ is important for bovine early
embryo development, particularly in our CR1aa BSA cell-free cul-
ture system (CR1-Mg2þ-BSA). Specifically, a blastocyst develop-
ment rate of 50.2% was achieved when 1.4mMMgCl2 was added to
ICPbio BSA culture medium, perhaps due to a positive direct effect
on the post-compaction stage, leading to higher quality blastocysts.
Although cleavage to the 2e8 cell stage was not affected, the rate of
6e8-cell embryos was higher in the Sigma BSA and FBS groups than
in the ICPbio BSA groups (Table 1). HPLC analysis showed that Mg2þ

residue was 28.7 times higher in Sigma BSA than in ICPbio BSA,
resulting in Mg2þ concentrations of 28.4 mM in Sigma BSA medium
and 0.99 mM in ICPbio BSAmedium. Interestingly, althoughMg2þ at
lower concentrations markedly affected embryo development in
culture, ICPbio BSA supplemented with 1.4mMMg2þ rescued more
6e8-cell embryos and improved blastocyst development compa-
rable to FBS. Therefore, the beneficial effect of Mg2þ on embryonic
developmentmay becomemore pronounced under serum-free and
co-culture-free conditions. Furthermore, the CR1-Mg2þ-BSA cul-
ture system could eliminate potentially harmful metabolites and
toxicants secreted by somatic cells or present in FBS, as embryos
derived in serum and/or co-culture have been reported to exhibit
abnormal fetal development, such as large offspring syndrome [20]
and fetal loss after conception [21].

Intracellular Mg2þ has many physiological functions in cells
[22]. For instance, Mg2þ is a cofactor of many important enzymes
such as DNA polymerase, RNA stability enzymes, protein kinases,
ATPases, and ATP-binding proteins and regulates calcium hemo-
stasis [11]. Within cells, Mg2þ is stored in mitochondria, and its
homeostasis is maintained by plasma membrane Mg2þ trans-
porters including SLC41A1, MRS2P, CNNM3, and TRPM7 [23e27].
Nagashima et al. found that Mg2þ significantly enhances sperm
hyperactivation and acrosome exocytosis for the fertilization of
canine eggs [28]. Different species of animals have different re-
quirements for Mg2þ during the oocyte-to-embryo transition (i.e.,
0.2, 1.0, and 1.2mM for mice, cats, and humans, respectively) [29].
Moreover, an increase in the concentration of Mg2þ in culture
medium significantly reduces intracellular calcium levels in ham-
ster embryos [30], which is necessary for pre-implantation devel-
opment, and specific doses of Mg2þ reduce toxicity and
teratogenicity in Xenopus embryos [31]. In the present study, we
believe that the effect of Mg2þwas not obvious at the cleavage stage
because oocyte mitochondria may store a large amount of Mg2þ at
fertilization, which is necessary for early cleavage at the 2e8 cell
stage. However, during the course of development to morula and
blastocyst stages, intracellular Mg2þ is depleted or consumed,
especially when zygotic genome activation (ZGA) begins at the 8-
cell stage [32,33]. As Mg2þ serves many functions in cells,
including embryos, we propose that a deficiency in Mg2þ affects a
global range of biological processes (e.g., metabolism and DNA/RNA
synthesis, repair, and maintenance) rather than causing a single
enzymatic blockage. We found that most blastocysts (50.2%)
developed from culture medium with a concentration of
1.4mMMg2þ, although there was not a significant difference of
blastocyst development among the groups supplemented with
Mg2þ concentration from 0.7 to 2.8mM (40.5e44.9%) (Table 2).
That is, serum is not necessary for bovine embryo culture if BSA
(6mg/ml) and a sufficient amount of Mg2þ (i.e., 1.4mM) are sup-
plemented in simple CR1aa medium.We also found that MgCl2 and
MgSO4 similarly promote bovine early embryo development.
Furthermore, we observed that an increase in Mg2þ concentration
not only improved blastocyst development but also changed the
sex ratio of embryos, with a higher female-to-male ratio at
1.4e2.8mM than at 4.2e5.6mM. It was observed that, with an
increase of Mg2þ concentration at 4.2e5.6mM, blastocyst rate was
decreased to 29.4e31.4% (Table 2). A previous study reports that
different culture conditions can change the sex ratio of embryos,
with male embryos developing fast in IVF [34] or intravaginal
culture [35e37]. There was one possibility that an increase of Mg2þ

concentration affected development speed, some female embryos
derived from 4.2 to 5.6mMMg2þ might not reach the blastocyst
stage on Day 7 because of slow development speed. Therefore, our
results indicate that the sex ratio of embryos can be controlled by
the concentration of Mg2þ in the culture medium.

Serum albumin, such as BSA, is found in high concentrations
within mammalian reproductive tracts [16]. We tested BSA from
two commercial sources, Sigma and ICPbio, and unexpectedly
found that Sigma BSA promoted blastocyst formation to a greater
degree than ICPbio BSA [14]. Both ICPbio BSA and Sigma BSA are
free of fatty acids. However, ICPbio BSA is chromatographically
fractionated, resulting in minimal denaturation of the albumin
structure, followed by charcoal treatment to remove endotoxin
whereas Sigma BSA is isolated by alcohol precipitation and charcoal
treatment [14]. Thus, as organic solvent precipitation and charcoal
treatment may not completely remove impurities [38], varying
amounts of impurity may remain in BSA. Although chromato-
graphical fractionation can give rise to much purer albumin, some
associated molecules can also be removed during this process. We
confirmed using HPLC analysis that Mg2þ content in Sigma BSAwas
28.7 times higher than that in ICPbio BSA, but the amount of Mg2þ

present in medium containing 6mg/ml Sigma BSA was still not
sufficient to promote further embryo compacting and development
into blastocysts (Table 1). However, when 1.4mMMg2þ (either
MgCl2 or MgSO4) was added to ICPbio BSA, embryo development to
the blastocyst stage was enhanced. We therefore hypothesize that
Mg2þ is necessary for the development of morulae to blastocysts in
embryo culture medium containing BSA and that ICPbio BSA alone
may not be as supportive of blastocyst formation due to greater
removal of Mg2þ residue during its preparation.

We also found that Mg2þ and BSA have a synergistic effect on
early embryo development. BSA can serve as a replacement for FBS
to eliminate many undefined factors present in complex FBS and
cell co-culture medium. BSA is a protein source supplemented in
embryo flushing and transfer medium [19] and in culture medium
for in vitro embryo development [2]. BSA acts as a protein surfac-
tant and can also be replaced by othermacromolecules, such as PVA
[39]. In the present study, we found that BSA-supplemented me-
dium was more supportive of embryo development than PVA-
supplemented medium, suggesting that BSA contains not only
Mg2þ residue, but also a protein source that can be consumed by
embryos. Even when 1.4mMMg2þ was supplemented into PVA,
embryos did not develop well into blastocysts, and embryo quality
was inferior to that observed in BSA-containing medium. We pro-
pose that embryos utilize endocytosis to intake and digest BSA
protein into small peptides or amino acids as a nutrient source
promoting metabolism and growth [40e43]. To reveal the under-
lying mechanisms of this process, BSA could be labeled with a
radioactive or fluorescent marker during embryo culture in future
experiments, allowing its endocytosis, subsequent molecular
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breakdown, and route of distribution to be traced during embryo
development. Although FBS and co-culture have beneficial effects
on bovine embryo development [44,45], ideal culture conditions
remain largely undefined. The variability and complexity of the co-
culture system makes it problematic for defining the specific
nutritional requirements of embryos. In addition, employing serum
or co-culture may introduce unknown toxic components or path-
ogens [44,45]. For instance, significant accumulation of intracel-
lular granules and lipid vesicles are observed in blastocysts when
serum is included in the culture medium [35,44,46]. Thus, serum
may have adverse effects on the morphology of embryos and may
be associated with abnormal fetal development, such as large
offspring syndrome or fetal loss after conception [20,47,48].

Finally, we found that the D45 pregnancy/implantation rate of
embryos derived in CR1-Mg2þ-BSA culture was higher than that of
embryos derived in FBS group on United States farms. Likewise, on
Chinese farms, both D70 pregnancy and term calving rates were
higher in the CR1-Mg2þ-BSA group than in the FBS group. These
findings are in agreement with previous proposals that Mg2þ plays
a role in early and late pregnancy [49]. Based on the results of our
ET trials, CR1-Mg2þ-BSA embryos may have greater potential for
implantation and term development. In addition, consistent with
findings that the droplet vitrification technique developed by our
group produces satisfactory and reliable outcome in sexed IVF
bovine embryos [2], Wagyu beef embryos in vivo [19], cloned
bovine embryos [50], and mouse embryos [51], the present study
further confirms that droplet vitrification can effectively cryopre-
serve IVF embryos derived in serum-free CR1-Mg2þ-BSA medium
with minimal embryonic damage, resulting in higher in vivo
developmental competence after warming and ET. It is important to
notice that embryo transfer results were interesting, but not
definitive with respect to the effects of Mg2þ. The higher pregnancy
rates could reflect any of the differences between the two culture
conditions (FBS group with co-culture vs CR1-Mg2þ-BSA). Our
finding that the term development potential of embryos derived in
CR1-Mg2þ-BSA culture was higher than that of embryos derived in
FBS group suggests that a simple and efficient defined culture
medium (CR1-Mg2þ-BSA) can replace a complex serum and co-
culture system (FBS group) for bovine embryo production to
reduce the risk of miscarriage and embryo loss after ET.

5. Conclusions

In summary, we found that Mg2þ has a profound stimulatory
effect on bovine embryo development, not only during pre-
implantation to blastocyst stages but also during post-ET devel-
opment to term. The optimal concentration of Mg2þ appears to be
1.4mM, which promotes a blastocyst rate of 50.2% in CR1 medium
supplemented with 6mg/ml BSA. In CR1 medium, which is a
relatively simple culturemedium, the addition of BSA (regardless of
Sigma or ICPbio preparation) and Mg2þ has a synergistic effect on
embryo development in vitro and increases pregnancy and birth
rates after ET. Therefore, a simple defined CR1-Mg2þ-BSA medium
can eliminate the need for serum and cell co-culture for competent
bovine embryo development.
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