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Abstract 20 

Some embryos display better survival potential to cryopreservation than others. The 21 

cause of such phenotype is still unclear and might be due to cell damage during 22 

cryopreservation, resulting from over-accumulation and composition of lipids. In cattle 23 

embryos, in vitro culture conditions have been shown to impact the number of lipid 24 

droplets within blastomeres. So far, the impact of breed on embryonic lipid content has 25 

not yet been studied. In this study were compared the colour, lipid droplet abundance, 26 

lipid composition, mitochondrial activity, and gene expression of in vivo collected Jersey 27 

breed embryos which are known to display poor performance post-freezing and in vivo 28 

Holstein embryos which have good cryotolerance. Even when housed and fed in the same 29 

conditions, Jersey embryos were found to be darker and to contain more lipid droplets 30 

than did Holstein embryos, and this was correlated with lower mitochondrial activity. 31 

Differential expression of genes associated with lipid metabolism and differences in lipid 32 

composition were found. These results show genetic background can impact embryonic 33 

lipid metabolism and storage.    34 
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Introduction  35 

Over the years, dairy milk production has increased steadily due to several factors, 36 

including improved management, nutrition and breeding program (Lucy 2001). 37 

Combined with advances in assisted reproduction technology, such as artificial 38 

insemination, superovulation, embryo freezing and transfer, conventional breeding has 39 

contributed the most to accelerating genetic gain (Bousquet et al. 1998). In the field of 40 

embryo transfer, a constant increase in the demand for frozen rather than fresh embryos is 41 

currently observed (Stroud 2011). Freezing allows storage and transportation of embryos 42 

and better management of donors and recipients, and is commercially advantageous since 43 

genetics can be exchanged easily without exporting livestock. However, this technology 44 

is still challenging and damage to the embryo occurs frequently. Several factors 45 

contribute to the success rate of embryo transfer, including production (in vivo or in vitro) 46 

(Crosier et al. 2001; Fair et al. 2001; Hasler 2001; Rizos et al. 2003), culture media 47 

composition (Yamashita et al. 1999; Hasler 2001; Abe et al. 2002b; Abe and Hoshi 2003; 48 

Rizos et al. 2003), species (Massip 2001; Van Soom et al. 2003; Guignot 2005), embryo 49 

quality (Lindner and Wright 1983; Hasler 2001; Van Soom et al. 2003; Guignot 2005) 50 

and lipid content (Yamashita et al. 1999; Abe et al. 2002b; Abe and Hoshi 2003).  51 

 52 

In the dairy industry, cattle breeds differ considerably. The Holstein is recognized for 53 

providing milk in the greatest volume, while the Jersey is popular because of the high fat 54 

index of the milk. The high fat content of Jersey milk suggests that the biochemical or 55 

physiological makeup of this breed may involve differences in lipid metabolism 56 

(Beaulieu and Palmquist 1995). It has also been observed that Jersey embryos do not 57 
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tolerate freezing very well. Steel and Hasler showed that Jersey embryos frozen in either 58 

ethylene glycol or glycerol produced significantly fewer pregnancies than did Holstein 59 

embryos (Steel and Hasler 2004). It has been suggested that the lower tolerance of Jersey 60 

embryos might be associated with a high intracellular lipid content, causing increased 61 

damage to cells during cryopreservation. 62 

 63 

An inverse correlation between cytoplasmic lipid content and tolerance of freezing or 64 

cooling has been observed among embryos cultured in media containing serum (Abe et 65 

al. 1999; Yamashita et al. 1999; Hasler 2001; Abe et al. 2002b; Reis et al. 2003). 66 

Changes in mitochondrial structure and function in association with accumulation of 67 

intracellular lipid have been detected in embryos cultured in such media (Kruip et al. 68 

1983; Dorland et al. 1994; Thompson et al. 1995; Sata et al. 1999; Crosier et al. 2001; 69 

Abe et al. 2002b; Abe and Hoshi 2003; Rizos et al. 2003; Plourde et al. 2012). Since 70 

mitochondria are not static organelles but vital determinants of normal early embryonic 71 

development (Dumollard et al. 2007) and located where ATP must be supplied at high 72 

levels (Tarazona et al. 2006), these changes should be expected to reduce embryo quality. 73 

So far, Jersey and Holstein breed effects on embryonic lipid metabolism have not been 74 

documented.  We hypothesized that embryonic lipid content are different between Jersey 75 

and Holstein due to their intrinsic differences in lipid management. This project was 76 

conducted with animals housed and fed under the same conditions to isolate the genetic 77 

component associated with embryonic lipid composition. Stage specific embryos were 78 

compared on the basis of their lipid content, composition, metabolism potential and gene 79 
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expression. This work provides a different perspective to embryonic lipid composition by 80 

addressing the need to account for breed specific differences.     81 

 82 

Materials and methods 83 

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless 84 

specified otherwise. 85 

 86 

Production and recovery of embryos in vivo 87 

Non-lactating healthy Holstein (n = 4) and Jersey (n = 4) cows were housed and 88 

fed under the same conditions. Animals were kept for a year and were repetitively 89 

submitted to in vivo embryo collection. All animals were collected at least seven times. 90 

Embryos were staged and graded according to the IETS scores. Only morula and early 91 

blastocysts graded 1 and 2 were used in this study. All breed comparisons were done on 92 

samples matched for developmental stage and grade quality.      93 

Embryos were obtained from L’Alliance Boviteq Inc. (Saint Hyacinthe, Québec, 94 

Canada). All animals used in this study were handled following the guidelines provided 95 

by the Canadian Council on Animal Care. These guidelines are strictly followed by 96 

L’Alliance Boviteq who provided all the tissues and samples. The study did not require 97 

handling animals on university premises.    98 

The cows received a super-ovulating treatment: Follicles of diameter larger than 8 99 

mm were aspirated on day 8–12 post-oestrus. Administration of FSH (Folltropin-V, 100 

Bioniche Animal Health) was begun 36 hours later (twice daily in doses decreasing from 101 
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60 mg to 20 mg for a total of 400 mg over four days). Prostaglandin F2α analogue 102 

(Estrumate, Intervet, Kirkland, QC, Canada) was administrated in doses of 500 µg with 103 

each of the two final FSH injections to initiate luteolysis. Cows appearing oestrus at 36 h 104 

after the final FSH/Estrumate injection were inseminated twice with pooled semen (12 105 

and 24 h later). On day 6 after insemination, embryos were recovered by uterine flushing 106 

and categorized according to the IETS system. Fresh embryos were needed for some 107 

assays while other analyses allowed freezing of the embryos which were then washed 108 

three times in PBS, placed into 0.5-ml microtubes in a minimum volume, snap-frozen 109 

and conserved at -80°C. 110 

 111 

Characterization of lipid droplets and active staining of mitochondria  112 

Mitochondria in fresh blastocyst embryos (n = 15 per breed) were stained with 113 

300 nM of the active dye CMX-rosamine (Mitotracker Red, Molecular Probes, Eugene, 114 

OR, USA) in synthetic oviduct fluid (SOF) for 40 minutes at 38 °C in 5 % CO2. The dye 115 

showed strong sensitivity to the mitochondrial membrane potential, mitochondrial protein 116 

(thiol groups) and exhibited better retention and much more even distribution compared 117 

to other dyes, due to high co-localization with cytochrome C oxidase (Poot et al. 1996). 118 

The fluorescence excitation wavelength was 594 nm and emission was read at 608 nm. 119 

Carbonyl cyanide m-chlorophenylhydrazone (CCCP), which uncouples mitochondrial 120 

membrane potential, was employed as a negative control to set the background which 121 

was used as a mean of calibration between runs. In parallel experiments, embryos 122 

selected randomly were treated with 100 nM CCCP and incubated for 15 min at 38 °C in 123 

a humidified 5 % CO2 atmosphere before adding CMX-rosamine.  124 
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Following staining with CMX-rosamine, the embryos were immersed in 3 μg/mL of the 125 

lipid-specific dye 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene 126 

(Bodipy 493/503, Molecular Probes, Eugene, OR, USA) in SOF for 10 minutes. To label 127 

nuclei, embryos were incubated with 1 μg/mL of Hoechst blue dye 33342 in SOF for 10 128 

min at room temperature, washed three times in SOF and mounted on microscope slide 129 

coverslips. 130 

 131 

Confocal microscopy  132 

Bright field, confocal and epifluorescence images were acquired using a Nikon 133 

TE2000 confocal microscope (Nikon, Mississauga, ON, Canada) with a 60x/ 1.20 water-134 

immersion objective. Bright field images of morula embryo morphological phenotype 135 

were recorded in grey scale photos with the same settings to estimate colour (dark or 136 

pale) based on the IETS system. Confocal images of the whole lipid volume of each 137 

embryo were acquired with a z-stack, space by 0.5 µm, from a first section at the bottom 138 

of embryo next to the coverslip. This total thickness of optical sections (20 µm) was 139 

sufficient to obtain homogeneity of the Bodipy 493/503 fluorescence, as established in 140 

preliminary experiments. The optical sections were recorded with 512 x 512 pixel 141 

resolution. The respective excitation and emission wavelengths were as follows: Bodipy 142 

(488 nm, 515-530 nm), and the Mitotracker Red (555nm, 605-675nm). All the settings 143 

were similar for all samples. Mitochondrial activity was the recorded as an 144 

epifluorescence image of CMX-rosamine dye in grey scale and carried out using Nikon 145 



8 
 

TE2000 microscope quipped with epifluorescence illumination and appropriate filters, 146 

which were G-2a for the Mitotracker Red. 147 

 148 

Image Analysis  149 

The intensity of CMX-rosamine fluorescence was measured using the mean grey 150 

scale in IMAGE J software (Abramoff et al. 2004). Results are expressed in arbitrary 151 

units (AU) as the mean fluorescence intensity of all samples within a group. 152 

Measurements of the number and the volume of lipid droplets in embryos of each section 153 

were obtained using the plugin LIPID DROPLET COUNTER of IMAGE J software 154 

(Abramoff et al. 2004). The minimal droplet size threshold was set at 5 pixels (which 155 

represents 0.5 μm
2
) to overcome false-positive counts due to background pixels. The 156 

mean volume of lipid droplets in this size range was calculated in femtolitres (1 fL = 10
-15

 157 

litres).  158 

 159 

Isolation of total DNA and RNA 160 

Additional blastocysts (n = 5 embryos per breed) were used for total genomic 161 

DNA and RNA, extracted simultaneously using the AllPrep DNA/RNA Micro Kit 162 

(Qiagen, Mississauga, ON, Canada) according the manufacturer’s instructions. Genomic 163 

DNA was used for mitochondrial DNA quantification and total RNA was reverse-164 

transcribed and analysed using quantitative RT-PCR (qRT-PCR). 165 

 166 
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Quantification of mitochondrial DNA 167 

Individual embryos (n = 10 per breed) were used to quantify mitochondrial DNA 168 

(mtDNA) using a quantitative PCR (qPCR) method with genomic DNA. The 12S rRNA 169 

gene (GenBank accession number J01394) was selected as a mitochondrial target and 170 

Mx1 gene (GenBank accession number AY340484) as a nuclear target (Table 1). The 171 

mtDNA and nuclear DNA (nDNA) were used to calculate the relative concentration of 172 

mtDNA in each embryo, which was expressed as the mtDNA/nDNA ratio. The 173 

LightCycler 2.0 (Roche Diagnostics) was used for qPCR reactions. The reaction mixture 174 

(20 µL) contained 0.5 µL of each primer solution (0.25 µM), 1.2 µL of 1.5 µM MgCl2, 2 175 

µL of LightCycler FastStart DNA Master SYBR Green I (Roche Diagnostics, Laval, QC, 176 

Canada) and 5 µL of DNA sample. The average DNA concentration of each sample was 177 

0.00335 ng/µL. The following cycling conditions were applied for amplification: initial 178 

denaturation at 95 °C for 10 min followed by 50 cycles of 95 °C for 5 sec, 5 sec (12S 179 

rRNA) at 58 °C or 60 °C (Mx1), followed by 72 °C for 20 sec and 76 °C (12S rRNA) or 180 

85 °C (Mx1) for 5 sec. The presence of amplicons was verified using melting curve 181 

analysis: Following the last amplification cycle, the internal temperature of the 182 

LightCycler was rapidly increased to 94 °C then decreased to 72 °C for 30 s, followed by 183 

a slow increase to 94 °C at a rate of 0.1 °C per s, with continuous fluorescence reading. 184 

Quantification of mtDNA and nDNA copy numbers was performed based on a standard 185 

curve, which was based on the linear relationship between the crossing point cycle values 186 

and the logarithm of the starting copy number. 187 

 188 
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Differential gene expression in Holstein and Jersey embryos  189 

Total RNA of individual blastocysts (n = 4 per breed) was extracted using 190 

PicoPure RNA kit (Molecular Devices, Downingtown, PA, USA) according the 191 

manufacturer’s instructions and DNase I digestion (Qiagen). The quality and 192 

concentration of the extracted RNA was measured using a model 2100 Bioanalyzer 193 

(Agilent Technologies, Palo Alto, CA, USA) with the RNA PicoLab Chip (Agilent 194 

Technologies). Only RNA of very good quality (RIN over 8) was used for amplification. 195 

Purified RNA was amplified in two rounds using T7 RNA polymerase and a 196 

RiboAmp HSPlus Amplification Kit (Life Sciences, Foster City, CA, USA). RNA 197 

concentration was measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop, 198 

Wilmington, DE, USA). Antisense-RNA (aRNA) samples were labelled with Cy3 or Cy5 199 

using the Universal Linkage System (ULS) kit (Kreatech Diagnostic, Amsterdam, 200 

Netherlands) and 825 ng of labelled aRNA were hybridized on Agilent EmbryoGENE 201 

slides (Robert et al. 2011) in a two-colour dye-swap design in a hybridization oven for 17 202 

h at 65 °C. To have a transcriptomic individual composition, a total of four biological 203 

replicates were done using single blastocyst from each cow breed. A technical dye swap 204 

replicate was also performed for a total of eight hybridizations. Microarray slides were 205 

then washed and scanned using a PowerScanner (Tecan, Männedorf, Switzerland) and 206 

analysed with Array-Pro Analyzer software (MediaCybernetics, Bethesda, MD, USA). 207 

Microarray data were pre-processed as described in previous studies (Plourde et al. 208 

2012), using Lowess intra-array and quantile inter-array normalizations. Statistically 209 

significant variations were detected using Limma (Flexarray, Génome Québec, Montréal, 210 
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Canada). Differences in gene expression were considered significant when a cut-off 211 

adjusted p-value < 0.01 and change of at least 1.2-fold were obtained. Pathway analyses 212 

and downstream exploitation of gene lists were carried out using Ingenuity Pathway 213 

Analysis Software Version 8.6 (Ingenuity Systems Inc., Redwood City, CA, USA).  214 

 215 

Quantitative RT-PCR validation 216 

Validation of microarray results was performed using qRT-PCR on additional 217 

embryos (n=5 per breed). RNA was reverse-transcribed using the qScript cDNA 218 

SuperMix (Quanta Biosciences, Gaithersburg, MD, USA) with an oligo-dT to prime the 219 

reaction as per the manufacturer’s recommendations. Primers were designed for 220 

candidates (ADIPOR2: Adiponectin receptor 2, LPIN1: Lipin-1, LPIN2: Lipin-2, and 221 

ELVOL5: ELOVL fatty acid elongase 5) using the Primer3 Web interface 222 

(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and synthesized at IDT 223 

(Coralville, IA, USA). The reaction mixture was composed of the LightCycler FastStart 224 

DNA Master SYBR Green I kit components (Roche Diagnostics, Laval, QC, Canada) 225 

and real-time measurements were performed in a LightCycler 2.0 apparatus (Roche 226 

Diagnostics). Our real-time PCR amplification procedure has been described previously 227 

in detail (Gilbert et al. 2010). Genebank accession number, primer sequences, annealing 228 

temperatures, and product size are shown in Table 1. 229 

For quantification, real-time PCR was performed as described previously 230 

(Bermejo-Alvarez et al. 2010).  Each pair of primers was tested for reaction efficiency, 231 

and the comparative cycle threshold (ΔCT) method was then used to quantify differences 232 
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in transcript levels as described by Schmittgen and Livak (Schmittgen and Livak 2008) . 233 

Quantification was normalized (ΔΔCT) to the endogenous control (beta-actin to account 234 

for cell number). Change in the relative level of gene expression of the target was 235 

calculated as 2 
- ΔΔCT

.  236 

 237 

Analysis of lipid profile by MALDI-MS 238 

Lipid profiles of intact cattle embryos were done as described in the literature 239 

(Ferreira et al. 2010) with some modifications. Briefly, embryos (n = 7 for each breed) 240 

collected at the morula stage were washed three times in PBS solution and stored at -80 241 

°C in 0.5 mL micro-tubes containing 2-4 µL of PBS until analysis. Samples were thawed 242 

in 100 µL of 50 % (v/v) methanol (HPLC grade, Fisher Scientific, Fair Lawn, NJ, USA) 243 

in ultrapure water (Millipore, Billerica, MA, U.S.A.) and washed three times in this 244 

solution. Each embryo was placed on a single spot on the Matrix-assisted laser 245 

desorption/ionization (MALDI) target plate. Samples were allowed to dry at room 246 

temperature, and their locations were recorded. Prior to analysis, 1 µL of 1.0 M 2,5-247 

dihydroxybenzoic acid diluted in methanol was placed on each target spot to cover the 248 

embryo, and the spots were allowed to dry at room temperature. 249 

Mass spectra were recorded in reflector mode using an AB SCIEX 4800 MALDI 250 

TOF/TOF TM instrument (AB Sciex, Concord, Ontario, Canada) equipped with a 251 

Nd:YAG laser operating at 355 nm and 200 Hz. Laser intensity remained fixed for all the 252 

analyses. External calibration was performed and mass accuracy was better than 50 ppm. 253 

MS spectra were acquired between 700-1000 Da. The sample plates received 10 V and 254 
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60–90 s of laser shots on the sample spot region, until signals in that region disappeared 255 

due to ablation of the sample. MALDI-MS data were acquired by impact energy until 256 

extensive break-up of the precursor ion. Argon was used as the collision gas. Spectra 257 

were centred and aligned using MassLynx 4.0 software (Waters, Manchester, UK). From 258 

each spectrum, after exclusion of isotopic peaks, the most intense ions were considered as 259 

the starting point for searching m/z values corresponding to lipids. After attribution, only 260 

the m/z values that were clearly above background levels were included in the principal 261 

component analysis, which was performed using Pirouette v.3.11 (Infometrix Inc., 262 

Woodinville, WA, USA). The laser-induced fragmentation technique (LIFT) polar lipid 263 

database obtained from previous studies (Ferreira et al. 2010; Sudano et al. 2012) was 264 

used to identify lipids in this study.  265 

 266 

Statistical analyses 267 

The number and mean volume of lipid droplets in embryos were tested using Prism 268 

Version 5.0 (GraphPad Software, La Jolla, CA, USA). Student’s t-test was applied for 269 

comparisons between breeds. Differences were declared significant when P < 0.05. Lipid 270 

MS profiles, multivariate and univariate statistical models were used as described 271 

previously (Ferreira et al. 2010; Sudano et al. 2012). A first principal component analysis 272 

(PCA) was performed using Pirouette v.3.11 (Infometrix, Inc.). Based on the MALDI-273 

MS results the ions with significant signals intensities over background value were 274 

selected for analysis using Student’s t-test in order to verify them for both breeds.  275 

 276 
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Results 277 

Abundance of lipid droplets makes embryos appear darker   278 

The overall appearance of Holstein and Jersey embryos at the morula stage is 279 

shown in Figure 1. The blastomere cytoplasm was darker in Jersey embryos than in 280 

Holstein embryos, which can be classified as “pale” based on the IETS system.  281 

Lipid droplets, considered as a fatty acid storage reservoir in cells, were identified and 282 

quantified in embryos of both breeds, using the neutral lipid stain (BODIPY) according to 283 

the Aardema protocol (Aardema et al. 2011). As demonstrated in Figure 2(A and B), 284 

differences in lipid droplet abundance are observed between the breeds. Jersey embryos 285 

have a higher number of droplets and these are of lower average volume compared to 286 

Holstein (p < 0.05, C and D). 287 

 288 

Lipid droplet numbers in Jersey embryos are related to lower mitochondrial activity 289 

The red dye CMX-rosamine is commonly used to assess mitochondrial survival or 290 

functional mitochondria (Poot et al. 1996). As shown in Figure 3, Holstein and Jersey 291 

embryos (A and B) seem to have a similar mitochondrial distribution and no difference in 292 

the mtDNA/nDNA ratio (Figure 3D) was detected. However, the fluorescence intensity 293 

was greater in Holstein than in Jersey morula (7,893 ± 23 AU; p < 0.05), indicating 294 

higher mitochondrial activity (Figure 3C). 295 

 296 

Gene expression differentials between the Holstein and Jersey breeds 297 
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To evaluate the differences between the embryos of these breeds, a large-scale 298 

transcriptomic analysis was performed using a microarray. Among the 37,238 transcripts 299 

represented on the microarray slide, only 83 protein-coding genes were expressed with 300 

differentials greater than 1.2 (p < 0.05), suggesting that the embryos of both breeds are 301 

highly similar. The differentially expressed genes were analysed by Ingenuity Pathways 302 

Analysis (IPA, www.ingenuity.com). Among the different biological functions thus 303 

identified, we focused on lipid metabolism genes that might explain the observed 304 

differences in lipid content and mitochondrial activity. The analysis revealed that fatty 305 

acid release, oleic acid oxidation, palmitic acid uptake and acylglycerol synthesis were 306 

the most significant categories of differential lipid metabolism function (data not shown). 307 

Validation of the microarray results was performed using qRT-PCR on four (ADIPOR2, 308 

LPIN1, LPIN2, ELVOL5) selected genes related to lipid metabolism (Table 1). As 309 

observed in the microarray analysis, the expressions of these selected genes have a 310 

positive trend (between 0.09 and 0.1) in Holstein than in Jersey embryos (Figure 4). 311 

 312 

Differences in Jersey and Holstein lipid profiles detected by MALDI-MS 313 

In combination with the microarray, a lipid composition analysis was also performed. 314 

Mass spectrometry provides fast and simple means of determining lipid profiles. Matrix-315 

assisted laser desorption/ionization mass spectrometry (MALDI-MS) can provide a lipid 316 

fingerprint of a single intact cattle embryo directly, in particular of phospholipids such as 317 

phosphatidylcholines and sphingomyelins (Ferreira et al. 2010; Sudano et al. 2012). The 318 

most significant lipids thus identified, based on MALDI-MS, are specified in Table 2. 319 
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The lipid profiles of embryos of each breed are shown in Figure 5(A and B). 320 

Measurement of lipid ion abundance revealed that protonated sphingomyelin (16:0), 321 

phosphatidylcholine (32:0, 34:2) and sodiated sphingomyelin (16:0) were significantly 322 

higher (P < 0.05) in Jersey than in Holstein embryos (Figure 5C). Principal component 323 

analysis of the MALDI-MS data revealed a spatial arrangement in two distinct clusters 324 

corresponding to the cattle breeds, with no overlap (Figure 6). 325 

 326 

Discussion 327 

The capacity for tolerating cryopreservation is an important criterion for embryo 328 

quality in the commercial setting. Species such as pigs and humans and some breeds of 329 

cattle (such as Jersey) do not tolerate this procedure very well. In the dairy industry, the 330 

Jersey breed is recognized for production of high-fat milk. Breeders regard the Jersey 331 

cow as versatile and well suited to any production system. However, the success rate of 332 

embryo cryopreservation is low for this breed (around 43.0 %) compared to the Holstein 333 

breed (approaching 55.8 %) (Steel and Hasler 2004), thus limiting the utilization of the 334 

Jersey cow. This problem is believed to be associated with the high lipid content of the 335 

Jersey embryo. 336 

The colour of the blastomere cytoplasm is considered an accurate indicator of embryo 337 

quality (Lindner and Wright 1983; Thompson et al. 1995; Sata et al. 1999; Abe et al. 338 

2002b; Van Soom et al. 2003; Guignot 2005) and also appears to be a predictor of 339 

embryo tolerance of cryopreservation (Yamashita et al. 1999; Fair et al. 2001; Massip 340 

2001; Abe et al. 2002b; Van Soom et al. 2003; Guignot 2005). However, evaluation of 341 

this criterion is subjective, and many factors, including breed, can influence coloration. 342 
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Previous studies comparing dairy breeds to beef breeds have shown that Holstein 343 

embryos obtained in vivo were darker than Belgian blue (Van Soom et al. 2003; Leroy et 344 

al. 2005). It was suggested that differences in embryo colouring likely involve factors 345 

other than genetics, such as physiological status associated with high milk production. 346 

Comparing embryos of different subspecies, Visintin et al found that Nellore (Bos 347 

indicus) embryos were “pale” compared to Holstein embryos. Embryo quality was found 348 

associated with the number of lipid droplets, which was higher in Holstein blastomeres. 349 

(Visintin et al. 2002).  350 

Lipid concentration is a parameter used to estimate post-fertilization competence in 351 

bovine oocytes (Aardema et al. 2011) and survival of cryopreservation by bovine 352 

embryos (Lindner and Wright 1983; Yamashita et al. 1999; Fair et al. 2001; Van Soom et 353 

al. 2003; Guignot 2005). However, this criterion of selection has not been studied in any 354 

thorough comparison of breeds. Sudano et al. reported that the lipid content is higher in 355 

Simmental (Bos taurus) embryos than in Nellore embryos (Sudano et al. 2012) . 356 

Our results confirmed that blastomeres of Jersey embryos are darker in colour, due 357 

mainly to the abundance of lipid droplets, as suggested by Steel and Hasler (Steel and 358 

Hasler 2004). However, average lipid droplet volume was higher in Holstein than in 359 

Jersey embryos. The superior performance of cryopreserved Holstein embryos in terms of 360 

pregnancy rate suggests that the number of lipid droplets in the embryo has a greater 361 

impact than has lipid droplet volume on the success of embryo cryopreservation. 362 

Several reports have concluded that there is a close relationship between lipid 363 

droplets in cells and mitochondrial activity. In mammalian oocytes, a close spatial 364 
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association and hence metabolic relationship between mitochondria and lipid droplets has 365 

been reported (Kruip et al. 1983; Hyttel et al. 1986; Dorland et al. 1994; Sturmey et al. 366 

2006). It is interesting that the darker cytoplasm observed in bovine embryos produced in 367 

vitro in several studies appears related to lipid uptake from the serum added to the culture 368 

medium and to be a consequence of impaired mitochondrial function (Dorland et al. 369 

1994; Thompson et al. 1995; Abe et al. 1999; Sata et al. 1999; Reis et al. 2003; Plourde 370 

et al. 2012). In the present study, Jersey embryos produced in vivo had more numerous 371 

lipid droplets, due apparently to lower mitochondrial activity. This is in agreement with 372 

Visintin et al., who reported a stronger inverse relationship between the number of lipid 373 

droplets and the number of mitochondria in Holstein embryos compared to Nellore 374 

(Visintin et al. 2002), and with the findings of Abe et al., who observed fewer mature 375 

mitochondria in association with higher lipid droplet number in blastomeres with darker 376 

cytoplasm in morula obtained in vivo and subsequently classified as embryos of lower 377 

quality (Abe et al. 2002a; Abe et al. 2002b). These latter authors suggested that impaired 378 

mitochondrial function, expressed as the number of mature (elongated) mitochondria, 379 

implied differences in the metabolism of cytoplasmic lipids by mitochondria, possibly 380 

affecting the numbers of lipid droplets present.  381 

Analysis of gene expression using a microarray did not reveal many differences 382 

overall between the two dairy cow breeds. However, expression of genes associated with 383 

lipid metabolism appears to be influenced by the breed component. ADIPOR2 has been 384 

described as a major physiological receptor for adiponectin (ADIPOQ) (Yamauchi et al. 385 

2003; Fischer et al. 2010), which is an adipocyte-derived hormone that plays an 386 

important role in the stimulation of fatty acid oxidation and decreases the triglyceride 387 
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content of cells (Yamauchi et al. 2002; Liu et al. 2012; Chen et al. 2013). Consistent with 388 

our data, Zhou et al. reported that absence of the FADIPOQ gene in mouse hepatocytes 389 

caused a mitochondrial dysfunction that appeared to contribute to increased lipid droplet 390 

accumulation as a result of lower mitochondrial activity (Zhou et al. 2008). Genes LPIN1 391 

and LPIN2 are members of the lipin protein family, which are key effectors of 392 

triglyceride and phospholipid biosynthesis (Reue and Zhang 2008). Recent studies have 393 

shown that LPIN1 and LPIN2 modulate lipid droplet size, amount, and fatty acid 394 

composition in mammalian cells (Valdearcos et al. 2012; Sembongi et al. 2013). 395 

However, individual effects of lipin genes suggested that LPIN2 deficiency results in an 396 

increase in lipid droplet biogenesis (Sembongi et al. 2013), which could explain the 397 

greater abundance observed in Jersey embryos. The gene ELOVL5 appears to play an 398 

important role in the synthesis of long-chain mono-unsaturated and polyunsaturated fatty 399 

acids (Inagaki et al. 2002; Leonard et al. 2002; Gregory et al. 2011). It has been shown 400 

that ELOVL5 is involved in the elongation of palmitic acid (16:0) into stearic acid (18:0), 401 

therefore in modifying the palmitic acid (16:0) content of cell membranes and storage 402 

lipids (Inagaki et al. 2002). In line with these findings, ELOVL5 appears to play an 403 

important role in modifying membrane fluidity by changing lipid content and fatty acid 404 

composition (Kim et al. 2001; Ferreira et al. 2010). This could explain the different 405 

embryonic sensitivity to cryopreservation observed between Jersey and Holstein (Steel 406 

and Hasler 2004). 407 

It has been reported previously that lipid content plays an important role in 408 

determining the characteristics of cell membranes and that modifying their physical 409 

properties is crucial for successful cryopreservation of bovine embryos (Sata et al. 1999; 410 
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Kim et al. 2001). Several methods have been developed to evaluate the lipid profile of 411 

embryos. However, a major limiting factor is the amount of biological material available 412 

for study. Ferreira et al. and Sudano et al. nevertheless obtained lipid profiles of embryos 413 

with limited quantities of sample, using MALDI-MS (Ferreira et al. 2010; Sudano et al. 414 

2012). As expected, we observed an abundance of positive ions well represented in lipid 415 

profiles obtained previously in MALDI-MS studies of in vivo bovine embryos (Ferreira et 416 

al. 2010; Sudano et al. 2012). It has been suggested that cow breed influences the lipid 417 

profile observed in the embryos (Sata et al. 1999; Sudano et al. 2012). This is consistent 418 

with our finding that the lipid profiles of Holstein and Jersey embryos do not overlap.  419 

Elevated numbers of lipid droplets have been associated previously with variable 420 

abundance of lipid ions known to vary in association with cow breed (Sudano et al. 421 

2012). Although Jersey embryos contained sphingomyelins (16:0 +H
+
 and 16:0 +Na

+
)  in 422 

abundance, these have been found not to have much impact on embryo cryopreservation 423 

(Ferreira et al. 2010; Kalo and Roth 2011; Sudano et al. 2012). We also noted that Jersey 424 

embryo was richer in phosphatidylcholine (32:0 +H
+
 and 34:2+H

+
) identified as palmitic 425 

(16:0) and linoleic (18:2) fatty acids, as described for Bos taurus in a previous 426 

report(Sudano et al. 2012). It remains unclear how linoleic acid content affects embryo 427 

tolerance of cryopreservation. A positive effect of conjugated linoleic acid on 428 

cryopreservation of embryos produced in vitro has been attributed to reducing the number 429 

of lipid droplets in cells (Pereira et al. 2007). In contrast, Marei et al. reported a negative 430 

effect of linoleic acid on cryopreservation of oocytes matured in culture medium, but this 431 

effect is dependent on concentration and is reversible (Marei et al. 2010). Some studies 432 

have shown adverse effects on lipid accumulation and lower tolerance of embryos to 433 
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cryopreservation following maturation of bovine oocytes in the presence of palmitic 434 

(16:0) and stearic (18:0) acids (Shehab-El-Deen et al. 2009; Aardema et al. 2011; Van 435 

Hoeck et al. 2011). Based on these studies, we believe that the ratio of saturated to 436 

unsaturated fatty acid is critical for the cryopreservation of Holstein and Jersey embryos.  437 

Since the Jersey breed is known to produce milk with higher fat content than Holstein, we 438 

hypothesized that the follicle environment of these cows is also lipid enriched. This 439 

situation could explain, at least in part, the observed differences in fatty acids 440 

composition between Jersey and Holstein embryos. However, this link between follicular 441 

environment and embryo composition still needs to be explored. We previously treated in 442 

vitro produced embryos from Jersey and Holstein genetic background with L-carnitine in 443 

order to reduce embryonic lipid content through increased embryonic metabolism 444 

(manuscript under revision).The results showed a L-carnitine-induced reduction of lipids 445 

in both breeds due to increased mitochondrial activity, with milder variations being 446 

measured in Jersey embryos. Taken together, these results show that the breed is an 447 

important factor to consider when exploring new or improving in vitro production 448 

procedures. However, the current consensus surrounding embryo production still relies 449 

on the belief that all genetic backgrounds respond similarly to treatments and culture 450 

conditions.  451 

It is also known that neutral lipid composition is important for developmental 452 

competence. According to several studies (Ferguson and Leese 1999; Kim et al. 2001; 453 

Aardema et al. 2011), neutral lipids supply energy to embryos and are linked to improved 454 

developmental competence and early embryonic development. The context of this study 455 

is focused on the previous observation that Jersey embryos are more sensitive to freezing 456 
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than Holstein and aimed at contrasting these two genetic backgrounds and as such the 457 

correlation between neutral lipid composition and developmental competence was not 458 

explored.  459 

We have shown that the darker cytoplasm observed in embryos of the Jersey cow 460 

breed compared to the Holstein cow breed is indeed due to the accumulation of greater 461 

numbers of lipid droplets. We documented for the first time that this accumulation was 462 

associated with lower mitochondrial activity that is breed specific. Lipid composition 463 

showed significant differences between the two breeds, supporting intrinsic deviations in 464 

lipid metabolism between both genetic backgrounds. These results provide clear 465 

evidences that under identical management breed differences exist at least at the 466 

embryonic lipid composition.   467 

 468 

Acknowledgements 469 

The authors thank Isabelle Kelly for technical assistance with the MALDI-MS 470 

measurements and Alexandre Bastien (Université Laval, Canada) for technical assistance 471 

with confocal microscopy and image analysis. This project was supported by NSERC 472 

Strategic Network EmbryoGENE NETPG 340825-06. 473 

 474 

  475 



23 
 

References 476 

 477 

Aardema, H., Vos, P.L., Lolicato, F., Roelen, B.A., Knijn, H.M., Vaandrager, A.B., Helms, J.B., and 478 
Gadella, B.M. (2011) Oleic acid prevents detrimental effects of saturated fatty acids on bovine 479 
oocyte developmental competence. Biol Reprod 85(1), 62-9 480 

 481 
Abe, H., and Hoshi, H. (2003) Evaluation of bovine embryos produced in high performance 482 
serum-free media. J Reprod Dev 49(3), 193-202 483 

 484 
Abe, H., Matsuzaki, S., and Hoshi, H. (2002a) Ultrastructural differences in bovine morulae 485 
classified as high and low qualities by morphological evaluation. Theriogenology 57(4), 1273-83 486 

 487 
Abe, H., Yamashita, S., Itoh, T., Satoh, T., and Hoshi, H. (1999) Ultrastructure of bovine embryos 488 
developed from in vitro-matured and -fertilized oocytes: comparative morphological evaluation 489 
of embryos cultured either in serum-free medium or in serum-supplemented medium. Mol 490 
Reprod Dev 53(3), 325-35 491 

 492 
Abe, H., Yamashita, S., Satoh, T., and Hoshi, H. (2002b) Accumulation of cytoplasmic lipid 493 
droplets in bovine embryos and cryotolerance of embryos developed in different culture 494 
systems using serum-free or serum-containing media. Mol Reprod Dev 61(1), 57-66 495 

 496 
Abramoff, M.D., Magalhaes, P.J., and Ram, S.J. (2004) Image Processing with ImageJ. 497 
Biophotonics International 11, 36-42 498 

 499 
Beaulieu, A.D., and Palmquist, D.L. (1995) Differential effects of high fat diets on fatty acid 500 
composition in milk of Jersey and Holstein cows. J Dairy Sci 78(6), 1336-44 501 

 502 
Bermejo-Alvarez, P., Rizos, D., Rath, D., Lonergan, P., and Gutierrez-Adan, A. (2010) Sex 503 
determines the expression level of one third of the actively expressed genes in bovine 504 
blastocysts. Proc Natl Acad Sci U S A 107(8), 3394-9 505 

 506 
Bousquet, D., Burnside, E., and Van Doormaal, B. (1998) Biotechnologies of reproduction applied 507 
to dairy cattle production: Embryo transfer and IVF. Can. J. Anim. Sci. 83, 403-407 508 

 509 
Chen, H., Zhang, L., Li, X., Sun, G., Yuan, X., Lei, L., Liu, J., Yin, L., Deng, Q., Wang, J., Liu, Z., Yang, 510 
W., Wang, Z., Zhang, H., and Liu, G. (2013) Adiponectin activates the AMPK signaling pathway to 511 
regulate lipid metabolism in bovine hepatocytes. J Steroid Biochem Mol Biol 138, 445-54 512 



24 
 

 513 
Crosier, A.E., Farin, P.W., Dykstra, M.J., Alexander, J.E., and Farin, C.E. (2001) Ultrastructural 514 
morphometry of bovine blastocysts produced in vivo or in vitro. Biol Reprod 64(5), 1375-85 515 

 516 
Dorland, M., Gardner, D.K., and Trounson, A.O. (1994) Serum in synthetic oviduct fluid causes 517 
mitochondrial degeneration in ovine embryos. J. Reprod. Fertil. Abstract series 13, 70 518 

 519 
Dumollard, R., Duchen, M., and Carroll, J. (2007) The role of mitochondrial function in the 520 
oocyte and embryo. Curr Top Dev Biol 77, 21-49 521 

 522 
Fair, T., Lonergan, P., Dinnyes, A., Cottell, D.C., Hyttel, P., Ward, F.A., and Boland, M.P. (2001) 523 
Ultrastructure of bovine blastocysts following cryopreservation: effect of method of blastocyst 524 
production. Mol Reprod Dev 58(2), 186-95 525 

 526 
Ferreira, C.R., Saraiva, S.A., Catharino, R.R., Garcia, J.S., Gozzo, F.C., Sanvido, G.B., Santos, L.F., Lo 527 
Turco, E.G., Pontes, J.H., Basso, A.C., Bertolla, R.P., Sartori, R., Guardieiro, M.M., Perecin, F., 528 
Meirelles, F.V., Sangalli, J.R., and Eberlin, M.N. (2010) Single embryo and oocyte lipid 529 
fingerprinting by mass spectrometry. J Lipid Res 51(5), 1218-27 530 

 531 
Fischer, S., Santos, A.N., Thieme, R., Ramin, N., and Fischer, B. (2010) Adiponectin stimulates 532 
glucose uptake in rabbit blastocysts. Biol Reprod 83, 859-865 533 

 534 
Gilbert, I., Scantland, S., Sylvestre, E.L., Dufort, I., Sirard, M.A., and Robert, C. (2010) Providing a 535 
stable methodological basis for comparing transcript abundance of developing embryos using 536 
microarrays. Mol Hum Reprod 16(8), 601-16 537 

 538 
Gregory, M.K., Gibson, R.A., Cook-Johnson, R.J., Cleland, L.G., and James, M.J. (2011) Elongase 539 
reactions as control points in long-chain polyunsaturated fatty acid synthesis. PLoS One 6(12), 540 
e29662 541 

 542 
Guignot, F. (2005) Cryoconservation des embryons des espèces domestiques. INRA Prod. Anim. 543 
18, 27-35 544 

 545 
Hasler, J.F. (2001) Factors affecting frozen and fresh embryo transfer pregnancy rates in cattle. 546 
Theriogenology 56(9), 1401-15 547 

 548 
Hyttel, P., Callesen, H., and Greve, T. (1986) Ultrastructural features of preovulatory oocyte 549 
maturation in superovulated cattle. J Reprod Fertil 76(2), 645-56 550 

 551 



25 
 

Inagaki, K., Aki, T., Fukuda, Y., Kawamoto, S., Shigeta, S., Ono, K., and Suzuki, O. (2002) 552 
Identification and expression of a rat fatty acid elongase involved in the biosynthesis of C18 fatty 553 
acids. Biosci Biotechnol Biochem 66(3), 613-21 554 

 555 
Kalo, D., and Roth, Z. (2011) Involvement of the sphingolipid ceramide in heat-shock-induced 556 
apoptosis of bovine oocytes. Reprod Fertil Dev 23(7), 876-88 557 

 558 
Kim, J.Y., Kinoshita, M., Ohnishi, M., and Fukui, Y. (2001) Lipid and fatty acid analysis of fresh and 559 
frozen-thawed immature and in vitro matured bovine oocytes. Reproduction 122(1), 131-8 560 

 561 
Kruip, T.A., Cran, D.G., van Beneden, T.H., and Dieleman, S.J. (1983) Structural changes in bovine 562 
oocytes during final maturation in vivo. Gamete Res. 8, 29-47 563 

 564 
Leonard, A.E., Kelder, B., Bobik, E.G., Chuang, L.T., Lewis, C.J., Kopchick, J.J., Mukerji, P., and 565 
Huang, Y.S. (2002) Identification and expression of mammalian long-chain PUFA elongation 566 
enzymes. Lipids 37(8), 733-40 567 

 568 
Leroy, J.L., Opsomer, G., De Vliegher, S., Vanholder, T., Goossens, L., Geldhof, A., Bols, P.E., de 569 
Kruif, A., and Van Soom, A. (2005) Comparison of embryo quality in high-yielding dairy cows, in 570 
dairy heifers and in beef cows. Theriogenology 64(9), 2022-36 571 

 572 
Lindner, G.M., and Wright, R.W., Jr. (1983) Bovine embryo morphology and evaluation. 573 
Theriogenology 20(4), 407-16 574 

 575 
Liu, Q., Yuan, B., Lo, K.A., Patterson, H.C., Sun, Y., and Lodish, H.F. (2012) Adiponectin regulates 576 
expression of hepatic genes critical for glucose and lipid metabolism. Proc Natl Acad Sci U S A 577 
109(36), 14568-73 578 

 579 
Lucy, M.C. (2001) Reproductive loss in high-producing dairy cattle: where will it end? J Dairy Sci 580 
84(6), 1277-93 581 

 582 
Marei, W.F., Wathes, D.C., and Fouladi-Nashta, A.A. (2010) Impact of linoleic acid on bovine 583 
oocyte maturation and embryo development. Reproduction 139(6), 979-88 584 

 585 
Massip, A. (2001) Cryopreservation of embryos of farm animals. Reprod Domest Anim 36(2), 49-586 
55 587 

 588 
Pereira, R.M., Baptista, M.C., Vasques, M.I., Horta, A.E., Portugal, P.V., Bessa, R.J., Silva, J.C., 589 
Pereira, M.S., and Marques, C.C. (2007) Cryosurvival of bovine blastocysts is enhanced by 590 



26 
 

culture with trans-10 cis-12 conjugated linoleic acid (10t,12c CLA). Anim Reprod Sci 98(3-4), 293-591 
301 592 

 593 
Plourde, D., Vigneault, C., Lemay, A., Breton, L., Gagne, D., Laflamme, I., Blondin, P., and Robert, 594 
C. (2012) Contribution of oocyte source and culture conditions to phenotypic and transcriptomic 595 
variation in commercially produced bovine blastocysts. Theriogenology 78(1), 116-31 e1-3 596 

 597 
Poot, M., Zhang, Y.Z., Kramer, J.A., Wells, K.S., Jones, L.J., Hanzel, D.K., Lugade, A.G., Singer, V.L., 598 
and Haugland, R.P. (1996) Analysis of mitochondrial morphology and function with novel fixable 599 
fluorescent stains. J Histochem Cytochem 44(12), 1363-72 600 

 601 
Reis, A., Rooke, J.A., McCallum, G.J., Staines, M.E., Ewen, M., Lomax, M.A., and McEvoy, T.G. 602 
(2003) Consequences of exposure to serum, with or without vitamin E supplementation, in 603 
terms of the fatty acid content and viability of bovine blastocysts produced in vitro. Reprod Fertil 604 
Dev 15(5), 275-84 605 

 606 
Reue, K., and Zhang, P. (2008) The lipin protein family: dual roles in lipid biosynthesis and gene 607 
expression. FEBS Lett 582(1), 90-6 608 

 609 
Rizos, D., Gutierrez-Adan, A., Perez-Garnelo, S., De La Fuente, J., Boland, M.P., and Lonergan, P. 610 
(2003) Bovine embryo culture in the presence or absence of serum: implications for blastocyst 611 
development, cryotolerance, and messenger RNA expression. Biol Reprod 68(1), 236-43 612 

 613 
Robert, C., Nieminen, J., Dufort, I., Gagne, D., Grant, J.R., Cagnone, G., Plourde, D., Nivet, A.L., 614 
Fournier, E., Paquet, E., Blazejczyk, M., Rigault, P., Juge, N., and Sirard, M.A. (2011) Combining 615 
resources to obtain a comprehensive survey of the bovine embryo transcriptome through deep 616 
sequencing and microarrays. Mol Reprod Dev 78(9), 651-64 617 

 618 
Sata, R., Tsuji, H., Abe, H., Yamashita, S., and Hoshi, H. (1999) Fatty acid composition of bovine 619 
embryos cultured in serum-free and serum-containing medium during early embryonic 620 
development. J. Reprod. Dev. 45, 97-103 621 

 622 
Schmittgen, T.D., and Livak, K.J. (2008) Analyzing real-time PCR data by the comparative C(T) 623 
method. Nat Protoc 3(6), 1101-8 624 

 625 
Sembongi, H., Miranda, M., Han, G.S., Fakas, S., Grimsey, N., Vendrell, J., Carman, G.M., and 626 
Siniossoglou, S. (2013) Distinct roles of the phosphatidate phosphatases lipin 1 and 2 during 627 
adipogenesis and lipid droplet biogenesis in 3T3-L1 cells. J Biol Chem 288(48), 34502-13 628 

 629 



27 
 

Shehab-El-Deen, M.A., Leroy, J.L., Maes, D., and Van Soom, A. (2009) Cryotolerance of bovine 630 
blastocysts is affected by oocyte maturation in media containing palmitic or stearic acid. Reprod 631 
Domest Anim 44(1), 140-2 632 

 633 
Steel, R., and Hasler, J.F. (2004) 120 Pregnancy rates resulting from transfer of fresh and frozen 634 
Holstein and Jersey embryos. Reprod. Fertil. Dev. 16, 140-142 [Abstract] 635 

 636 
Stroud, B. (2011) IETS 2011 statistics and data retrieval committee report: the year 2010 637 
worldwide statistics of embryo transfer in domestic farm animals. Embryo Trans. Newslett 29(1-638 
23) 639 

 640 
Sturmey, R.G., O'Toole, P.J., and Leese, H.J. (2006) Fluorescence resonance energy transfer 641 
analysis of mitochondrial:lipid association in the porcine oocyte. Reproduction 132(6), 829-37 642 

 643 
Sudano, M.J., Santos, V.G., Tata, A., Ferreira, C.R., Paschoal, D.M., Machado, R., Buratini, J., 644 
Eberlin, M.N., and Landim-Alvarenga, F.D. (2012) Phosphatidylcholine and sphingomyelin 645 
profiles vary in Bos taurus indicus and Bos taurus taurus in vitro- and in vivo-produced 646 
blastocysts. Biol Reprod 87(6), 130 647 

 648 
Tarazona, A.M., Rodriguez, J.I., Restrepo, L.F., and Olivera-Angel, M. (2006) Mitochondrial 649 
activity, distribution and segregation in bovine oocytes and in embryos produced in vitro. 650 
Reprod Domest Anim 41(1), 5-11 651 

 652 
Thompson, J.G., Gardner, D.K., Pugh, P.A., McMillan, W.H., and Tervit, H.R. (1995) Lamb birth 653 
weight is affected by culture system utilized during in vitro pre-elongation development of ovine 654 
embryos. Biol Reprod 53(6), 1385-91 655 

 656 
Valdearcos, M., Esquinas, E., Meana, C., Pena, L., Gil-de-Gomez, L., Balsinde, J., and Balboa, M.A. 657 
(2012) Lipin-2 reduces proinflammatory signaling induced by saturated fatty acids in 658 
macrophages. J Biol Chem 287(14), 10894-904 659 

 660 
Van Hoeck, V., Sturmey, R.G., Bermejo-Alvarez, P., Rizos, D., Gutierrez-Adan, A., Leese, H.J., Bols, 661 
P.E., and Leroy, J.L. (2011) Elevated non-esterified fatty acid concentrations during bovine 662 
oocyte maturation compromise early embryo physiology. PLoS One 6(8), e23183 663 

 664 
Van Soom, A., Mateusen, B., Leroy, J., and De Kruif, A. (2003) Assessment of mammalian embryo 665 
quality: what can we learn from embryo morphology? Reprod Biomed Online 7(6), 664-70 666 

 667 



28 
 

Visintin, J.A., Martins, J.F., Bevilacqua, E.M., Mello, M.R., Nicacio, A.C., and Assumpcao, M.E. 668 
(2002) Cryopreservation of Bos taurus vs Bos indicus embryos: are they really different? 669 
Theriogenology 57(1), 345-59 670 

 671 
Yamashita, S., Abe, H., Itoh, T., Satoh, T., and Hoshi, H. (1999) A serum-free culture system for 672 
efficient in vitro production of bovine blastocysts with improved viability after freezing and 673 
thawing. Cytotechnology 31(1-2), 123-31 674 

 675 
Yamauchi, T., Kamon, J., Ito, Y., Tsuchida, A., Yokomizo, T., Kita, S., Sugiyama, T., Miyagishi, M., 676 
Hara, K., Tsunoda, M., Murakami, K., Ohteki, T., Uchida, S., Takekawa, S., Waki, H., Tsuno, N.H., 677 
Shibata, Y., Terauchi, Y., Froguel, P., Tobe, K., Koyasu, S., Taira, K., Kitamura, T., Shimizu, T., 678 
Nagai, R., and Kadowaki, T. (2003) Cloning of adiponectin receptors that mediate antidiabetic 679 
metabolic effects. Nature 423(6941), 762-9 680 

 681 
Yamauchi, T., Kamon, J., Minokoshi, Y., Ito, Y., Waki, H., Uchida, S., Yamashita, S., Noda, M., Kita, 682 
S., Ueki, K., Eto, K., Akanuma, Y., Froguel, P., Foufelle, F., Ferre, P., Carling, D., Kimura, S., Nagai, 683 
R., Kahn, B.B., and Kadowaki, T. (2002) Adiponectin stimulates glucose utilization and fatty-acid 684 
oxidation by activating AMP-activated protein kinase. Nat Med 8(11), 1288-95 685 

 686 
Zhou, M., Xu, A., Tam, P.K., Lam, K.S., Chan, L., Hoo, R.L., Liu, J., Chow, K.H., and Wang, Y. (2008) 687 
Mitochondrial dysfunction contributes to the increased vulnerabilities of adiponectin knockout 688 
mice to liver injury. Hepatology 48(4), 1087-96 689 

 690 

 691 

 692 

  693 



29 
 

 694 

 695 

Figure 1. Morphology of bovine embryos (morula stage) collected in vivo six days after 696 

insemination. (A) Holstein, categorized as pale, (B) Jersey, categorized as dark. Observed 697 

under bright-field microscopy at a magnification of 600x. 698 
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 701 

Figure 2. Orthogonal projections of confocal z-stacks representative of lipid droplet 702 

content of Holstein (A) and Jersey morula-stage embryos (B) as revealed by staining with 703 

Bodipy 493/503 green dye. DNA is stained with Hoechst blue dye. (C) Number of lipid 704 

droplets (LD), (D) Lipid droplet mean volume. Values are expressed as mean ± SEM. 705 

*Significant difference (P < 0.05). 706 

 707 
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 709 

Figure 3. Confocal microscopic images of Holstein (A) and Jersey (B) embryos (morula 710 

stage) obtained in vivo and stained with CMX-rosamine (Mitotracker Red), Bodipy 711 

493/503 (green), and Hoechst blue dye 33342 to show respectively active mitochondria, 712 

lipid droplets and nuclear DNA. Pictures are orthogonal view reconstructed from a 713 

confocal image. (C) CMX-rosamine fluorescence intensity (carbonyl cyanide m-714 

chlorophenylhydrazone (CCCP) was used as a negative control) and (D) Ratio of 715 

mitochondrial to nuclear DNA in single blastocysts. Values are mean ± SEM. 716 

*Significant difference (P < 0.05). AU = arbitrary unit.  717 
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 718 

 719 

Figure 4. Quantitative RT-PCR validation of microarray analysis of transcript levels of 720 

genes involved in lipid metabolism. Values are mean ± SEM, normalized relative to 721 

endogenous -actin transcripts to account for cell number.  722 
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 725 

Figure 5. MALDI-MS spectra (positive ion mode) of lipids in Holstein (A) and Jersey 726 

(B) embryos. (C) Relative abundance of lipid ions (SM = sphingomyelin, PC = 727 

phosphatidylcholine). Values are mean ± SEM. *Significant difference (P < 0.05). 728 
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 730 

Figure 6. 3D representation of principal component analysis of the MALDI-MS data for 731 

Holstein and Jersey embryo lipid content. 732 
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Table 1. Genbank accession, primer sequences, annealing temperatures and product size 734 

of candidates used for validation of relative gene expression levels in bovine embryos by 735 

quantitative RT-PCR  736 

Symbol Accession 

Primer  sequences 
Annealing 

( T°) 

Acquisition 

( T°) 

Product 

size 

(bp) 
Fw (5’-3’) Rv (5’-3’) 

ADIPOR2 NM_001040499 CGCAACTGGGAAGAGAAAAC CCACCCCTCAGAGGACATAA 57 87 236 

LPIN1 NM_001206156 GAGGGGAAGAAACACCACAA GTCGTCCCAGTTCCACAAGT 57 87 346 

LPIN2 XM_592307 AGATCCGAGTCCCACATGGA CCCGGAAGTGGGTGTTTTCT 57 84 130 

ELOVL5 NM_001046597 CACGGTCCTGCATGTGTATC AAGGTACACGGCCAGATGAC 57 85 264 

Mx1 AY_340484 ATGCGTGCTATTGGCTCTTCCTCA CAAACAGAGCAAGGGAGTTTGGCA 60 85 181 

12s J0_1394 TCGATAAACCCCGATAAACC TTCGTGCTTGATTCTCTTGG 58 76 186 

 737 

 738 
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Table 2. The most significant phosphatidylcholine (PC) and sphingomyelin (SM) ions 740 

identified based on MALDI-MS data obtained from individual bovine oocytes and 741 

embryos 742 

m/z  Lipid ion (C atoms: unsaturation) 

703.5  [SM (16:0) + H] 
+
 

725.5  [SM (16:0) + Na] 
+
 

732.5  [PC (32:1) + H] 
+
 

734.5  [PC (32:0) + H] 
+
 

758.6  [PC (34:2) + H] 
+
 

760.5  [PC (34:1) + H] 
+
 

782.6  [PC (34:6) + H] 
+
, [PC (34:1) + Na] 

+
 

784.6  [PC (34:0) + Na] 
+
 

786.6  [PC (36:2) + H] 
+
 

788.6  [PC (36:1) + H] 
+
 

802.6  [PC (36:5) + Na] 
+
 

810.6  [PC (38:4) + H] 
+
, [PC (36:1) + Na] 

+
 

Identification is based on the collision induction dissociation database and on earlier 743 

studies (Ferreira et al., 2010; Sudano et al., 2012). 744 
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