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SUDANO, M. J. Criotolerância de embriões Bos taurus indicus e Bos 

taurus taurus produzidos in vitro e in vivo.  Botucatu, 2013. 117p. Tese 

(Doutorado) - Faculdade de Medicina Veterinária e Zootecnia, Campus de 

Botucatu, Universidade Estadual Paulista. 

 

RESUMO 
O objetivo deste experimento foi estudar os mecanismos envolvidos na 

sobrevivência à criopreservação de embriões Bos taurus indicus (Nelore) e Bos 

taurus taurus (Simental) produzidos in vitro (PIV) e in vivo (TE). Em um arranjo 

fatorial 2 x 2, duas subespécies (Bos taurus indicus vs Bos taurus taurus) e 

duas origens (PIV vs TE) foram utilizadas para testar a hipótese de que a 

capacidade de sobrevivência após a criopreservação é um evento multifatorial, 

e que a composição lipídica e o padrão de expressão gênica global afetam a 

criotolerância embrionária. Vacas Nelore (N=14) e Simental (N=14) foram 

submetidas a OPU e os oócitos recuperados (N=840 e 450, respectivamente) 

foram submetidos a MIV, FIV e CIV. Além disso, vacas Nelore (N=7) e Simental 

(N=8) foram submetidas a superestimulação ovariana, IATF e lavagem uterina. 

Os embriões PIV (N=349 e N=105) e TE (N=80 e N=74), respectivamente 

Nelore e Simental, foram submetidos as técnicas de vitrificação (N=70-94), 

coloração de Sudan Black (n=30), espectrometria de massas por ionização e 

dessorção a laser assistida por matriz (MALDI-MS; N=8 por grupo), microarray 

genômico (Nelore PIV N=4, Nelore TE N=4, Simental PIV N=3, Simental TE 

N=3) e validação no qPCR (N=8 por grupo). Modelos univariados (PROC 

LOGISTIC e PROC GLIMMIX- SAS 9.2) e multivariados (análise dos 

componentes principais-PCA- Piruete v.3.11 e MetaboAnalyst) foram utilizados 

na análise estatística. A análise do Microarray genômico procedeu-se no 

FlexArray 1.6.1.1. Genes com “fold change” de 1,5 e P≤0,05 foram 

considerados diferentemente expressos. Embriões Simental apresentaram 

maior sobrevivência após a vitrificação que os Nelore (34,6 vs 20,2%; P<0,05). 

Apesar disso, os embriões Simental apresentaram maior conteúdo lipídico do 

que os Nelore (3,4±0,3 vs 2,4±0,3 intensidade de cinza x 10-4 / μm3 ; P<0,05). 

Quando se compararam embriões TE em relação aos PIV observou-se que os 

primeiros apresentaram melhor resposta à vitrificação (38,5 vs 18,1%; P<0,05) 
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e menor conteúdo lipídico (2,1±0,3 vs 4,0±0,3 intensidade de cinza x 10-4 / μm3; 

P<0,05), em relação aos embriões PIV. Além disso, o perfil de lipídeos de 

membrana do tipo fosfocolinas (PC) e esfingomielinas (SM) foi característico 

para cada grupo; sugerindo marcadores positivo [PC (34:2) e PC (36:5)] e 

negativo [PC (32:0) e PC (34:1)] da criotolerância embrionária, 

respectivamente. Na análise do microarray genômico um total de 158, 532 e 53 

genes foram diferencialmente expressos (P<0,05) entre as subespécies, 

origens e interação subespécies*origens, respectivamente. Genes envolvidos 

no metabolismo lipídico (AUH e ELOVL6), anti-apoptose (DAD1), e mitocondrial 

(ATP5B) estavam “upregulated” nos embriões Simental. O gene GPX4, 

envolvido no estresse oxidativo, estava “upregulated” nos embriões Nelore. 

Genes envolvidos no metabolismo lipídico (ACSL3 e ACSL6), pró-apoptose 

(DAP), reconhecimento materno da gestação (INTF2), estresse térmico 

(HSPA5) e diferenciação celular e formação da placenta (KRT18) estavam 

“upregulated” nos embriões PIV. Além disso, houve interação significativa entre 

subespécies*origens nos genes relacionados à prenhez (PAG2) e apoptose 

(PRDX2). Conclui-se que diversas vias metabólicas fundamentais de 

sinalização celular e embrionária envolvidas em diferentes processos 

biológicos afetam a sobrevivência dos embriões após criopreservação. 

 
Palavras- chave: criopreservação, composição lipídica, metabolismo lipídico, 

lipidômica, MALDI-MS, espectrometria de massas, transcriptômica, microarray. 
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SUDANO, M. J. Cryotolerance of Bos taurus indicus and Bos taurus taurus 
in vitro and in vivo produced embryos. Botucatu, 2013. 117p. Dissertação 

(Mestrado) – School of Veterinary Medicine and Animal Science, Botucatu city, 

São Paulo State University. 

ABSTRACT  
The objective was to study mechanisms involved in the post-cryopreservation 

survival of Bos taurus indicus (Nellore) and Bos taurus taurus (Simmental) in 

vitro (IVP) and in vivo (ET) produced embryos. In a 2x2 factorial experimental 

design, two subspecies (Bos taurus indicus vs Bos taurus taurus) and two 

origins (PIV vs ET) were used to test the hypotheses that the post-

cryopreservation embryo survival capacity is a multifactorial event and that the 

lipid composition and the global gene expression pattern affect embryo 

cryotolerance. Nellore and Simmental cows (N=14) were submitted to OPU 

sessions and recovered oocytes (840 and 450, respectively) underwent IVM, 

IVF and IVC.  Moreover, Nellore (N=7) and Simmental (N=8) cows were 

submitted to ovary superstimulation, FTAI, and uterine flushing. The IVP 

(N=349 and N=105) and ET (N=80 and N=74) embryos, Nellore and Simmental 

respectively, were used in the vitrification (N=70-94), Sudan Black B stain 

(N=30), matrix-assisted laser desorption ionization mass spectrometry (MALDI-

MS) (N=8 per group), genomic microarray (Nellore IVP N=4, Nellore ET N=4, 

Simmental IVP N=3, Simmental ET N=3) and qPCR (N=8 per group) 

techniques. Univariate (PROC LOGISTIC and PROC GLIMMIX, SAS 9.2) and 

multivariate (PCA - Piruete v.3.11 and MetaboAnalyst) models were used for 

the statistical analysis. Microarray data analysis was performed in FlexArray 

1.6.1.1 software. Genes with a fold change of at least 1.5 and a probability of 

P<0.05 were considered differentially expressed. Simmental embryos had 

higher post-vitrification survival (34.6 vs 20.2%; P<0.05) compared with Nellore. 

Nevertheless, Simmental embryos had higher lipid content than Nellore 

(3.4±0.3 vs 2.4±0.3 gray intensity x 10-4 / μm3; P<0.05). When compared ET 

with PIV embryos, it was observed that the former had higher post-vitrification 

survival (38.5 vs 18.1%; P<0.05) and lesser lipid content (2.1±0.3 vs 4.0±0.3 

gray intensity x 10-4 / μm3; P<0.05). Additionally, membrane lipids profile 

(phosphocholine- PC and sphingomielins- SM) were characteristic of each 

group, and potential positive [PC (34:2) and PC (36:5)] or negative [PC (32:0) 
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and PC (34:1)] lipid biomarkers of embryo cryotolerance were established. 

Through microarray analysis, a total of 158, 532 and 53 genes were 

differentially (P<0.05) expressed between subspecies, origins and 

subspecies*origins interaction, respectively. Genes involved in lipid (AUH and 

ELOVL6), anti-apoptotic events (DAD1), and mitochondrial (ATP5B) 

metabolism were upregulated in taurine embryos. GPX4 gene, involved in the 

oxidative stress, was upregulated in zebuine embryos. Genes involved in lipid 

metabolism (ACSL3 and ACSL6), pro-apoptotic events (DAP), maternal 

recognition of pregnancy (ITFN2), heat shock (HSPA5) and cell differentiation 

and placenta formation (KRT18) were upregulated in IVP embryos. In addition, 

there was a significant subspecies*origins interaction in the genes related to 

pregnancy (PAG2) and apoptosis (PRDX2). In conclusion, several metabolic 

pathways involved in cellular and embryonic signalization of different biological 

processes affect embryo post-criopreservation survival.  

Key Words: cryopreservation, lipid composition, lipid metabolism, lipidome, 

MALDI-MS, mass spectrometry, transcriptome, microarray. 
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1- INTRODUÇÃO 
O Brasil possui o maior rebanho bovino comercial do mundo, ultrapassando 205 

milhões de cabeças (IBGE). Neste contexto, estudos sobre biotecnologias capazes 

de aperfeiçoar a produção estão em franca ascensão, principalmente no que se 

refere às biotécnicas da reprodução.  

Dentre as biotecnologias reprodutivas, atualmente a produção in vitro (PIV) de 

embriões está em evidência mundial. Fato este, em grande parte, atribuído ao sucesso 

da aplicação comercial brasileira. O país é líder mundial e referência na PIV de 

embriões bovinos. Em 2011, realizou cerca de 318 mil transferências de embriões 

bovinos PIV, o que equivale a 85% de toda movimentação mundial (STROUD, 2012; 

VIANA 2012). Grande parcela desse sucesso é devido ao elevado número de oócitos 

obtidos por aspiração folicular guiada por ultrassonografia em doadoras de raças 

zebuínas, principalmente representada pela raça Nelore (Bos taurus indicus), o que 

possibilita sua aplicação comercial em programas de larga escala (PONTES et al., 

2011).  

Porém, apesar dos números extremamente favoráveis da PIV, acompanhado da 

transferência desses embriões a “fresco”, a aplicação da criopreservação embrionária 

encontra-se extremamente limitada. A despeito de alguns avanços na criopreservação 

dos embriões PIV nas últimas duas décadas, a criopreservação se mantém como uma 

das áreas mais desafiadoras das tecnologias embrionárias uma vez que ainda não 

apresenta consistência de resultados, o que reflete diretamente na baixa porcentagem 

de embriões PIV criopreservados e transferidos em relação ao total transferido no 

Brasil (5 – 7 %) e no mundo (7 - 8 %) nos últimos anos (STROUD, 2010; VIANA et al., 

2010; STROUD, 2012; VIANA, 2012).  

A criopreservação é uma tecnologia de reprodução assistida que possibilita o 

armazenamento de embriões excedentes oriundos de programas de PIV e produção in 

vivo (TE), permitindo ser comercializado ou transferido no momento mais conveniente 

possível. É considerada uma estratégia fundamental para superar alguns desafios 

logísticos inerentes a transferência de uma grande quantidade de embriões frescos e 

principalmente para a viabilização do comércio de embriões bovinos para mercados 
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internacionais, particularmente pela posição do país como referência em genética 

bovina adaptada aos trópicos. Entretanto, os resultados modestos da criopreservação 

dos embriões PIV limitam a sua aplicação na rotina do manejo reprodutivo de fazendas 

de forma semelhante ao que é feito com o sêmen na inseminação artificial, o que 

exigirá um grande esforço da pesquisa científica para superar esses desafios . 

Desde o primeiro sucesso na criopreservação de embriões de mamíferos 

(WHITTINGHAM et al., 1972), é conhecido que os embriões advindos de sistemas de 

PIV são mais sensíveis à criopreservação do que embriões TE (LEIBO and 

LOSKUTOFF, 1993). Tal fato pode estar relacionado a algumas diferenças entre os 

embriões provenientes das duas técnicas. Dentre estas, o grande número de gotas 

lipídicas citoplasmáticas observadas nos embriões PIV vem sendo apontado como a 

principal causa da sua reduzida criotolerância quando comparada aos embriões TE 

(ABE et al., 2002). Devido a este fato, o estudo do conteúdo e da composição lipídica 

dos embriões se tornou um dos principais focos da pesquisa na área da 

criopreservação embrionária. 

Ainda é desconhecido de que forma o acúmulo lipídico ocorre no citoplasma celular 

embrionário.  Estudos comprovaram que o meio de cultivo embrionário é um fator 

determinante na qualidade dos blastocistos (RIZOS et al., 2003; SUDANO et al., 2011), 

e que o aumento do número de gotas lipídicas citoplasmáticas pode ocorrer como 

resultado da suplementação do meio de cultivo com soro fetal bovino (SFB) (ABE et al., 

2002; RIZOS et al., 2002; SUDANO et al., 2011), ou devido a anormalidades no 

metabolismo energético embrionário, incluindo o “Crabtree effect” (DE LA TORRE-

SANCHEZ et al., 2006).  

Neste contexto de acúmulo lipídico embrionário, a introdução de agentes químicos 

visando modular o acúmulo lipídico através da atuação sobre as vias 

llipogênicas/lipolíticas, como por exemplo, o etossulfato de fenazina (SUDANO et al., 

2011), o forskolin (PASCHOAL et al., 2012),  e a L-carnitina (SUTTON-MCDOWALL et 

al., 2012; TAKAHASHI et al., 2012); e a implementação de meios definidos sem o uso 

do SFB (ABE et al., 2002; MUCCI et al., 2006), estão sendo preconizados para tornar o 

embrião PIV mais resistente as técnicas de criopreservação. 
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Apesar de todo envolvimento das gotas lipídicas citoplasmáticas na elevada 

sensibilidade dos embriões PIV frente a criopreservação, em um estudo descritivo da 

ultraestrutura de embriões taurinos e zebuínos TE, constou-se que os embriões 

taurinos possuem maior acúmulo lipídico do que os zebuínos, porém, são os embriões 

taurinos que se mostraram mais resistentes ao processo de criopreservação 

(VISINTIN et al., 2002). Recentemente, foi descrito que a despeito do aumento do 

acúmulo lipídico estar diretamente associado com a redução da criotolerância, a 

qualidade dos embriões representados pela porcentagem de células em apoptose 

prediz melhor a sua capacidade de sobreviver após a criopreservação (SUDANO et 

al., 2011; Sudano et al., 2012). Esses resultados sugerem que o estudo da real 

contribuição do conteúdo lipídico dos embriões sobre a criotolerância deve ser 

expandido para a composição lipídica embrionária o que é crucial para o sucesso da 

criopreservação.  

Sabe-se que os triglicerídeos são os lipídeos predominantes presentes no 

citoplasma das células dos mamíferos na forma de gotas lipídicas (MCKEEGAN and 

STURMEY, 2011) constituindo uma importante fonte energética para os oócitos e 

embriões (STURMEY et al., 2009). Por outro lado, os fosfolipídeos são os lipídeos mais 

abundantes na membrana celular dos organismos eucariontes, e o seu papel para o 

sucesso da criopreservação ainda é pouco conhecido (VAN MEER et al., 2008).  Os 

fosfolipídeos, particularmente as fosfatidilcolinas (PC) e as esfingomielinas (SM), são as 

principais unidades funcionais das membranas, e as suas composições determinam as 

propriedades físico-químicas das membranas celulares incluindo fluidez, 

permeabilidade, e o comportamento as mudanças de temperatura (EDIDIN, 2003). 

Tendo em vista aumentar a fluidez de membrana dos embriões, diversos estudos 

vem sendo conduzidos na tentativa de aumentar o grau de insaturação dos lipídeos da 

membrana celular através da incorporação de ácidos graxos polinsaturados. Uma das 

abordagens seria a suplementação dos ácidos graxos polinsaturados diretamente no 

meio de cultivo embrionário, como no caso do uso do acido linoléico-albumina sérica 

bovina em estudo conduzido com o congelamento convencional (HOCHI et al., 1999) 

assim como o do acido linoléico conjugado no caso da vitrificação (PEREIRA et al., 



 21 

2007; PEREIRA et al., 2008) de embriões bovinos PIV. Outra abordagem seria através 

do manejo nutricional das doadoras fornecendo uma dieta rica em ácidos graxos 

polinsaturados visando a incorporação do mesmo na membrana celular de oócitos 

(ZERON et al., 2002) e embriões (KOJIMA et al., 1996).  

Esforços para o entendimento do metabolismo embrionário vem sendo 

conduzidos para o esclarecimento das vias bioquímicas envolvidas no acúmulo e na 

composição lipídica. Dentre estes, encontra-se o estudo do padrão de expressão de 

genes envolvidos no metabolismo lipídico (AL DARWICH et al., 2010; MCKEEGAN and 

STURMEY, 2011). Além da tentativa de melhorar a composição lipídica, a qualidade 

embrionária é outro ponto chave da capacidade dos embriões em sobreviver após a 

criopreservação. De fato, um elevado grau de comprometimento das células 

embrionárias resultam em uma reduzida criotolerância (SUDANO et al., 2012).  

Frequentemente, a morfologia embrionária e as taxas de clivagem e de 

blastocistos são critérios utilizados para avaliação da competência embrionária (Alikani 

et al., 2002). Entretanto, com o advento de novas biotecnologias, tem-se tornado claro 

que a competência embrionária pode ser severamente comprometida sem alterações 

morfológicas perceptíveis. A viabilidade do embrião pode ser mensurada através de 

outras maneiras, tais como a apoptose, criotolerância, e a partir de ferramentas de 

biologia molecular (WRENZYCKI et al., 2004; WRENZYCKI et al., 2005).  

Já foi descrito que o padrão de expressão gênica pode ser utilizado como 

marcador de qualidade embrionária, efetividade do meio de cultivo, metabolismo 

lipídico e habilidade do embrião em gerar prenhez (AL DARWICH et al., 2010; 

KUZMANY et al., 2011; STINSHOFF et al., 2011). Além disso, uma expressão elevada 

de um grande número de genes já foi observada em embriões PIV quando comparada 

aos embriões TE (CORCORAN et al., 2006; CÔTÉ et al., 2011), o que provavelmente 

está associado a um metabolismo exacerbado (“unquite metabolism”) em função da 

exposição dos embriões a um ambiente de estresse favorecendo a geração das 

espécies reativas de oxigênio, e consequentemente, estresse oxidativo (LEESE et al., 

2008). Com o advento das tecnologias de biotecnologia molecular de alto rendimento, o 

padrão de expressão gênica global vem sendo utilizado como um ferramenta muito 
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poderosa para o estudo simultâneo da abundância de diferentes transcritos em 

diversas áreas das tecnologias da reprodução assistida (GAD et al., 2012). 

Portanto, o presente estudo teve como objetivo avaliar a criotolerância, o 

conteúdo lipídico, a composição lipídica e o padrão de expressão gênica global de 

blastocistos Bos taurus indicus e Bos taurus taurus produzidos in vitro e in vivo. Para 

tanto, um arranjo fatorial 2 x 2, com duas subespécies (Bos taurus indicus vs Bos 

taurus taurus) e duas origens (PIV vs TE) será utilizado para testar a hipótese de 

que a capacidade de sobrevivência após a criopreservação é um evento 

multifatorial, e que a composição lipídica e o padrão de expressão gênica global 

afetam a criotolerância embrionária.  
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PHOSPHATIDYLCHOLINE AND SPHINGOMYELIN PROFILES VARY IN BOS 

TAURUS INDICUS AND BOS TAURUS TAURUS IN VITRO- AND IN VIVO-

PRODUCED BLASTOCYSTS 
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Short title: 

Lipids of Nellore and Simmental Embryos 

Summary sentence 

Taurine and IVP embryos had more lipid than zebuine and ET. However, taurine embryos 

had higher cryotolerance than zebuine. Through MALDI-MS, different lipid profiles were 

obtained, and possible embryo cryotolerance biomarkers were established. 

Key words: Lipidomics, zebuine, taurine, embryo, mass spectrometry, in vitro culture, 

MALDI-MS, cryotolerance biomarkers 

 

ABSTRACT 

Lipid droplets, subspecies (Bos taurus indicus vs. Bos taurus taurus), and in vitro 

culture are known to influence cryopreservation of bovine embryos. Limited information is 



 25 

available on differences in membrane lipids in embryo, such as phosphatidylcholines (PC) 

and sphingomyelins (SM). The objective of this work was to compare the profiles of several 

PC and SM species and relate this information to cytoplasmic lipid levels present in Nellore 

(Bos taurus indicus) and Simmental (Bos taurus taurus) blastocysts produced in vitro (IVP) 

or in vivo (ET). Simmental and IVP embryos had more cytoplasmic lipid content than 

Nellore and ET embryos (n=30). Blastocysts were submitted to matrix-assisted laser 

desorption/ionization mass spectrometry. Differences in the PC profile were addressed by 

principal component analysis. The lipid species with PC (32:1) and PC (34:1) had higher ion 

abundances in Nellore embryos, whereas PC (34:2) was higher in Simmental embryos. IVP 

embryos had less abundant ions of PC (32:1), PC (34:2), and PC (36:5) compared to ET 

embryos. Moreover, ion abundance of PC (32:0) was higher in both Nellore and Simmental 

IVP compared to ET-derived embryos. Therefore, mass spectrometry profile of PC and SM 

species significantly differ with regard to unsaturation level and carbon chain composition in 

bovine blastocysts due to subspecies and in vitro culture conditions. Because PC abundances 

of Nellore and Simmental embryos were distinct (34:1 versus 34:2), as were IVP- and ET-

derived embryos (32:0 versus 36:5), they are potential PC markers of post-cryopreservation 

embryonic survival. 

 

INTRODUCTION 

Embryo cryopreservation is an assisted reproductive technology that allows storage of 

excess embryos derived from in vitro production and embryo transfer programs so they can 

be commercialized or transferred at the most convenient time. Commercial in vitro 

production of embryos is performed on a large scale for Nellore and other zebuine (Bos 

taurus indicus) breeds due to their high oocyte yield with ultrasound-guided follicular 

aspiration [1]. Embryos produced in vitro (IVP) are, however, more sensitive to 

cryopreservation than those produced in vivo (ET); despite many advances in embryo 

research and commercial embryo IVP over past decades, cryopreservation is still one of the 

most challenging areas of bovine embryo biotechnology [2, 3]. 

Cytoplasmic lipid droplet levels are associated with reduced embryo survival after 

cryopreservation. Bovine IVP embryos have more cytoplasmic lipid droplets than in vivo-
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derived embryos and as a result have reduced post-cryopreservation survival [3-5]. The fatty 

acid profile obtained from extraction of the total pool of embryo lipids can be correlated with 

breed, in vitro culture conditions and cryopreservation [6-8]. Lipid research has therefore 

become a major focus of research in this field [3, 4, 7, 9]. 

How lipid accumulation occurs in IVP embryo cell cytoplasm is unknown. Cytoplasmic 

lipid accumulation can occur as a result of fetal calf serum (FCS) supplementation in culture 

media [4, 9, 10] or abnormalities in energy metabolism. Accumulation can also be influenced 

with drugs that act on lipidogenic pathways [5, 11-13]. 

Triglycerides (TAG) are the major lipid present in the cytoplasm of mammalian cells as 

lipid droplets [6, 7, 14]. These lipids are a stored energy supply for oocytes and embryos [15]. 

However, phospholipids (PL) are the most abundant lipid in eukaryotic cell membranes, and 

their role in cryopreservation success is still poorly understood [16]. Phospholipids, most 

particularly phosphatidylcholines (PC) and sphingomyelins (SM), are structural units of 

functional membranes, and their composition determines most physico-chemical cell 

membrane properties including fluidity, permeability and thermal phase behavior [17].  

Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) allows 

chemical structural analysis of PC and SM species in individual bovine embryos [18]. This 

technique has revealed that protein supplementation and atmospheric conditions of embryo in 

vitro culture alter profiles of these lipid species [18]. 

The objective of the present work was, therefore, to associate the amount of 

cytoplasmic lipid droplets present in Nellore and Simmental IVP or ET blastocysts with their 

PC and SM profiles, which were obtained using MALDI- MS. We observed significant 

differences in a number of lipid species due to subspecies (Bos taurus indicus and Bos taurus 

taurus) and origin (IVP and ET), suggesting that some PC species might be used as 

biomarkers of the higher post-cryopreservation survival observed in Simmental and ET 

embryos. 

 

MATERIAL AND METHODS 

Experimental Design 
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A 2 x 2 factorial experiment design was used to test the effect of two subspecies—Bos 

taurus indicus (Nellore) and Bos taurus taurus (Simmental)—and two origins—IVP and 

ET—on lipid content and mass spectrometry fingerprint profiles. Single bovine embryos 

were used as the experimental unit in 8-30 replications. 

 

Reagents Used 

All materials were acquired from Sigma (Sigma-Aldrich Corp., St. Louis, MO, USA), 

except when specified. 

 

Weather, Animals and Feed 

The local weather is tropical (CwA Köppen's classification), characterized by a rainy, 

hot summer and a dry winter. Non-lactating mature Nellore (Bos taurus indicus) (n=21; 4 to 

10 years old; 446±18 kg body weight) and Simmental (Bos taurus taurus) (n=22; 3 to 6 years 

old; 498±21 kg body weight) cows were used in this study. All animals were considered 

sound after gynecological examination. Cows were managed under an intensive rotational 

grazing system based on highly productive artificially fertilized tropical pastures. All animals 

had free access to mineral supplement and water. 

 

In Vitro Production of Nellore and Simmental Blastocysts 

Ultrasound-Guided Follicular Aspiration  

Ovum pick-up (OPU) procedures were carried out on visible follicles ≥ 2 mm in 

diameter using a B-mode ultrasound scanner (Mindray® Bio-medical Eletronics Co, Ltd., 

Shenzhen, China), equipped with a 7.5 MHz convex array transducer fitted into the 

intravaginal device (Watanabe®, Ltd., Cravinhos, SP, Brazil), and a stainless steel guide. 

Follicular puncture was performed using a disposable 19-gauge, 3 1/2-inch hypodermic 

needle (Becton® Dickinson, Curitiba, PR, Brazil) connected to a 50 mL conical tube 

(Corning®, Acton, MA, USA) via a silicon tube. Aspiration was performed using a vacuum 

pump (Watanabe, Ltd.) with a negative pressure of 10-12 mL water/min. The collection 

medium was phosphate-buffered saline solution (PBS, Nutricell, Campinas, SP, Brazil) 

supplemented with 1 mL/L heparin (Hemofol®, Cristalia, Belo Horizonte, BH, Brazil). 
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In Vitro Maturation (IVM) 

The aspirated content was immediately filtered, and oocytes were washed three times in 

TCM 199 with Earle’s salts (Gibco®, Invitrogen Co., Grand Island, NY, USA) supplemented 

with 25 mM HEPES, 10% FCS, 100 μg/mL of streptomycin sulfate, and 100 IU/mL of 

penicillin (Gibco®, Invitrogen Co., Grand Island, NY, USA). Only oocytes with three or 

more compact layers of cumulus cells and homogeneous cytoplasm were used for the 

experiments. Selected oocytes were matured in vitro by incubation at 38.5 0 C in 5% CO2 in 

air with saturated humidity for 24 h. Drops containing 90 μL of TCM 199 with Earle’s salts 

and L-glutamine (Gibco®, Invitrogen Co., Grand Island, NY, USA) supplemented with 5 

mg/mL BSA (fatty acid free, Sigma A-8806), 0.2 mM sodium pyruvate, 5 mg/mL LH 

(Lutropin-V®, Bioniche Co., Belleville, ON, Canada), 1 mg/mL FSH (Folltropin®, Bioniche 

Co., Belleville, ON, Canada), 100 μg/mL of streptomycin sulfate, and 100 IU/mL of 

penicillin (Gibco®, Invitrogen Co.), containing 20-30 oocytes each, were placed in petri 

dishes and covered with mineral oil. 

 

In Vitro Fertilization (IVF) 

At the end of the maturation period, groups of 20-30 oocytes were transferred to 90 μL-

containing drops of fertilization media covered with mineral oil. Nellore- and Simmental-

derived oocytes were subjected to IVF with frozen semen from a sample of each bull breed 

with proven fertility. Sperm were selected by the Percoll method [19], and the concentration 

was adjusted to 2 x 106 sperm/mL. Fertilization occurred in HTF (Irvine Scientific Co., Santa 

Ana, CA, USA) supplemented with 5 mg/mL BSA (fatty-acid-free, Sigma A-8806), 0.2 mM 

pyruvate, 30 μg/mL heparin, 18 μM penicilamine, 10 μM hypotaurine, 1.8 μM epinephrine, 

100 μg/mL streptomycin sulfate, and 100 IU/mL penicillin (Gibco®, Invitrogen Co.). 

Oocytes and sperm were incubated under the same conditions as IVM for approximately 18 

h. The day of fertilization was defined as Day 0. 

 

In Vitro Culture (IVC) 
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Eighteen hours post-IVF, presumptive zygotes were denuded by repeated pipetting and 

transferred to culture plates in drops containing 90 μL of culture media (20-30 structures per 

drop), covered with mineral oil, and cultured in an atmosphere of 5% CO2, 5% O2, and 90% 

N2. The culture medium used was SOFaa [20] with 2.7 mM myo-inosytol, 0.2 mM pyruvate, 

low FCS supplementation (2.5% - to avoid deleterious effect as described previously [3] 

since FCS is a protein supplement added in most culture media used for bovine embryo 

research and commercial production), 5 mg/mL BSA (fatty-acid-free, Sigma A-8806), 100 

μg/mL streptomycin sulfate, and 100 IU/mL of penicillin (Gibco®, Invitrogen Co.). After 60 

h of culture, cleavage was checked, and structures that were not cleaved were discarded. 

Embryos were transferred to new 90 μL drops of the aforementioned culture media. Embryos 

remained in this condition until Day 7, when blastocyst production was evaluated. Samples 

were stained with Sudan Black B or MALDI-MS profiles were acquired.  

 

In Vivo Production of Nellore and Simmental Blastocyts 

Embryos were collected from adult, non-lactating Nellore (Bos taurus indicus, N=7) 

and Simmental (Bos taurus taurus, N=8) cows with good body condition scores. The ovarian 

superstimulation protocol was based on that used in [21]. On Day 0 (without regard to the 

stage of the estrous cycle), cows received an intra-vaginal insert containing 1.9 g 

progesterone (CIDR®, Pfizer Animal Health, São Paulo, SP, Brazil) and 2 mg of estradiol 

benzoate i.m. (Estrogin®, Farmavet Co., São Paulo, SP, Brazil). Starting on Day 4, cows 

received 200 mg of FSHp (Folltropin-V®, Bioniche Co.) i.m. twice a day in eight decreasing 

doses (40, 30, 20, and 10%). On Day 6, two doses of 150 μg of sodium cloprostenol 

(Ciosin®, Intervet/Schering-Plough Animal Health Co.) were given i.m. 12 h apart. The 

CIDR was removed 36 h after the first application of cloprostenol, and 12.5 mg of LH 

(Lutropin-V®, Bioniche Co.) were given i.m. 48 h after the first dose of cloprostenol. Nellore 

and Simmental cows were artificially inseminated (12 and 24 h after LH) with frozen semen 

of proven fertility from the same Nellore and Simmental bull used for IVF in the in vitro 

experimental groups. Embryo recovery (N= 45 and N= 39, respectively, for Nellore and 

Simmental cows) was carried out through uterine flushing with a phosphate-buffered saline 

solution (PBS, Nutricell Co.) 7.5 d after the first AI, as previously described [22]. 
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Semi-Quantitative Lipid Assay  

A sample of blastocysts (n=15 /group) was randomly selected during experimental 

replications and stained with Sudan Black B, a lipophilic dye, as previously described [3]. 

These embryos were fixed in a 10% formaldehyde solution for 2 h at room temperature, 

washed and transferred to drops of 50% ethanol. After 2 min, embryos were stained in drops 

of 1% Sudan Black B (w/v) in 70% ethanol for 1-2 min, and washed in 50% ethanol followed 

by 0.05% PVA in distilled water. Prepared embryos were mounted in 10 μL glycerol on 

cover slips and examined under a light microscope at 600x magnification. To estimate the 

relative amount of lipid content, a photograph was taken of each embryo and submitted to 

Image J 1.41 software (Wayne Rasband, National Institutes of Health, Bethesda, MD, USA). 

Embryo color pictures were converted to a gray scale image (Fig. 1) and embryos were 

delimited to obtain area (μm2) and gray intensity mean (arbitrary unit) and gray intensity per 

area was calculated (arbitrary units / μm2). Because comparison of embryo lipid content must 

be performed in terms of volume (μm3), the amount of gray intensity per area was converted 

to gray intensity per volume (arbitrary unit / μm3) using the formula: Gray intensity / volume 

= (Gray intensity / area)1.5. 

 

Lipid Analysis by MALDI-MS 

Sample Preparation 

Each Nellore and Simmental IVP- and ET-derived embryo was washed five times in 

drops of phosphate-buffered saline solution (PBS) and stored in microtubes containing 2-4 

μL of PBS at -80°C until analysis, when samples were thawed by pipetting 100 μL of a 

solution of 1:1 (v/v) methanol/ultrapure water (ACS/HPLC grade; Burdick and Jackson, 

Muskegon, MI, USA and Millipore, Bedford, MA, USA) into the microtube, and washed five 

times in the same solution. Each embryo was placed on a unique spot on the MALDI target 

plate under the stereomicroscope. Samples were allowed to dry at room temperature, and 

their location was recorded. Just before analysis, 1 μL of 1.0 M of 2,5-dihydroxybenzoic acid 

(DHB) diluted in pure methanol was deposited on each target spot to cover the embryos, and 

the spots were allowed to dry at room temperature. 
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MALDI-MS Data Acquisition 

MALDI-MS and MALDI-MS/MS data were acquired in the positive ion and reflectron 

modes using an Autoflex III MALDI time-of-flight mass spectrometer (Brucker Daltonics, 

Bremen, Germany) equipped with smart beam laser technology. The MS data were acquired 

in the 700-1200 m/z range by averaging 1,500 consecutive laser shots with a frequency of 200 

until signals in the region of interest were observed and then disappeared due to the 

consumption of the sample. MALDI-MS/MS were manually acquired by increasing the 

collision energy until extensive dissociation of the precursor ion was observed. Argon was 

used as the collision gas. FlexAnalysis 3.0 software (Brucker Daltonics) was used to check 

the mass spectra. The most intense ions that were clearly distinct from noise after the 

exclusion of isotopic peaks were considered from each spectrum and used as the starting 

point to search for m/z values corresponding to lipids.  

 

Lipid Assignment 

MALDI-MS/MS (LIFT) analysis was performed to confirm the structure of lipid 

species that were significant for experimental group differentiation. To increase the intensity 

of the signal and simplify the isolation of the parent ions, a pool of 10 embryos was placed on 

each spot. The LIFT data, previously obtained by our lab [18], and two lipid databases 

(http://lipidsearch.jp or www.lipidmaps.org) were utilized to assign phospholipid species (PC 

and SM). 

 

Statistical Analysis 

For lipid content analysis, data were analyzed with ANOVA using the generalized 

linear mixed model (GLIMMIX) procedure with the SAS statistical software package 

(Version 9.2, SAS Inst. Inc., Cary, NC, USA). Sources of variation in the model included 

subspecies (Bos taurus indicus - Nellore vs Bos taurus taurus - Simmental), origin (IVP 

versus ET) and first-order interactions; all factors were considered fixed effects. If the 

ANOVA was significant, means were separated using Tukey’s test. The data are reported as 

the least-squares means ± SEM. In the absence of significant interactions, only main effect 
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means are presented. 

For lipid mass spectrometry profiles, multivariate and univariate statistical models were 

used. A first principal component analysis (PCA) was performed using Pirouette v.3.11 

(Infometrix Inc., Woodinville, WA, USA) and the MetaboAnalyst website [23]. Based on the 

loading results from PCA, the most important ions that explained the higher variance of the 

data were selected and submitted to ANOVA using the generalized linear mixed model 

(GLIMMIX) procedure with SAS software to better study the significance of each ion for all 

groups. Sources of variation in the model included subspecies (Bos taurus indicus - Nellore 

versus Bos taurus taurus - Simmental), origin (IVP vs ET) and first-order interactions; all 

factors were considered fixed effects. In the absence of significant interactions, only main 

effect means are presented. 

 

RESULTS 

Lipid Content by Sudan Black B 

Simmental embryos had higher (P<0.05) lipid content than did Nellore embryos (Table 

1 and Fig. 2). ET embryos had less (P<0.05) cytoplasmic lipid than IVP embryos (Table 1 

and Fig. 2). The majority of lipid droplets in ET blastocysts occurred in the inner cell mass 

(ICM), as compared to trophoblast cells, but there was a random distribution of lipid droplets in 

both the ICM and trophoblast cells of the IVP blastocysts (Fig. 2). 

 

PC and SM Species Detected by MALDI-MS 

Phospholipids are labeled by class abbreviation (PC or SM), followed by the total 

number of carbons and double bonds attached to the glycerol backbone, and separated by a 

colon. Phospholipid structures were previously attributed based on MALDI-MS lipid profile 

studies as described by Ferreira et al. [18], as well as two lipid databases (http://lipidsearch.jp 

or www.lipidmaps.org). Fig. 3 displays a representative lipid profile of each group. More 

than one isomer can occur for a single lipid. 

PCA analysis shows that the four experimental groups can be resolved via their 

MALDI-MS profiles because the 2D-PCA plots cluster samples corresponding to different 
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breeds (Nellore versus Simmental) and origins (IVP versus ET), with little overlap between 

Nellore and Simmental IVP groups (Fig. 4A). 

However, in the 3D-PCA plot, Nellore and Simmental IVP and ET embryos were 

clearly separated, with even more pronounced group individualization (Fig. 4B). The most 

significant lipids indicated by the PCA analysis are in Table 2. 

 

Main Effect of Subspecies on the Lipid Profile of Embryos 

Subspecies mainly affected three lipid ions m/z 732.5, 758.6, 760.6, corresponding to 

protonated PC (32:1), PC (34:2) and PC (34:1), respectively. PC (32:1) and PC (34:1) 

presented higher abundance (P<0.05) in Nellore embryos, while PC (34:2) abundance was 

higher (P<0.05) in Simmental embryos (Fig. 5A). The abundance of ion m/z 802.6 was not 

different (P>0.05) between Nellore and Simmental embryos. 

 

Main Effect of Origin in the Lipid Profile of Embryos 

Origin also affected three lipid species, detected via the ions m/z 732.5, 758.6 and 

802.6, and corresponding to protonated PC (32:1), PC (34:2) and sodiated PC (36:5). The 

abundance of these three lipid ions was elevated (P<0.05) in ET-derived embryos when 

compared with the IVP group (Fig. 5B). 

 

Interaction Effect Between Subspecies and Origin in the Lipid Profile of Embryos 

Interactions between the subspecies and origin affected the lipid profile of the four 

experimental groups in different ways. Lipid ions of m/z 703.5, 734.6, and 786.6 (Fig. 6), 

which were attributed to protonated SM (16:0), PC (32:0) and PC (36:2), respectively, were 

different when comparing IVP and ET embryos in both Simmental and Nellore breeds. The 

SM (16:0) and PC (36:2) ion abundances were increased (P<0.05) in Simmental ET embryos, 

while PC (32:0) was significantly higher in the IVP embryos of both breeds. 

The lipid ions of m/z 782.6 [PC (34:6) + H]+ and/or [PC (34:1) + Na+] and 810.6 [PC 

(38:4) + H]+ and/or [PC (36:1) + Na]+ were less abundant (P<0.05) in Nellore ET embryos 

compared with the other three groups (Fig. 6). Similarly, abundance of SM (16:0) and PC 
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(34:0) ions was higher (P<0.05) in Simmental ET embryos when compared with IVP. Nellore 

ET embryos also had a low abundance of SM (16:0) compared with Simmental IVP (Fig. 6). 

Nellore ET-derived embryos had the highest abundance (P<0.05) of protonated PC 

(36:1) (m/z 788.6). This lipid ion level was also significantly higher in Nellore IVP than in 

Simmental IVP embryos (Fig. 6). 

 

MS/MS Characterization of Phospholipids in the Embryos 

To substantiate lipid attributions based on literature and database search, lipid ions were 

subjected to MS/MS via the LIFT-MS technique [24]. Fragmentation patterns of lipid ions 

are known to provide class structural attribution confirmation [18, 25-27], and those observed 

were compatible with both PC and SM. The loss of a neutral (NL) of 59 Da is due to neutral 

trimethylamine [(N(CH3)3], whereas loss of 124 Da is related to the cyclophosphane ring 

(C2H5O4P). The fragment ion m/z 147 corresponds to sodiated cyclophosphane, and that of 

m/z 184 to monoprotonated dihydrogenphosphate choline (C5H15PO4N) (Fig. 7).  

 

DISCUSSION 

In the present work we have associated the cytoplasmic lipid content of bovine 

blastocysts with the chemical structure of their membrane lipids, discriminating between Bos 

taurus indicus and Bos taurus taurus (represented by Nellore and Simmental breeds, 

respectively) and also between IVP- and ET-derived embryos.  

Lipids play a significant role in energy storage, cell structure, modification of physical 

properties and function of biological membranes; they also have potent effects on cell-cell 

interactions, cell proliferation and intra- and inter-cellular transport [28, 29]. A series of 

studies on lipid composition in bovine embryos has examined fatty acid triglyceride and lipid 

content composition [4-6, 11, 30]. Lower post-cryopreservation embryo survival has also 

frequently been associated with high embryo lipid content [4, 9, 10].  

It is still not clear why cytoplasmic lipid accumulation affects embryonic cryotolerance; 

controversy persists in the literature. In an ultrastructural descriptive study, while ET taurine 

(Bos taurus taurus) embryos presented greater cytoplasmic lipid accumulation than zebuine 

embryos, the former showed higher cryotolerance [31]. Arreseigor et al. [32] reported that 
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taurine frozen ET embryos resulted in a higher pregnancy rate than zebuine. In a previous 

study by our group, embryo quality represented by apoptosis better predicted embryo survival 

after vitrification than did lipid content [3, 33]. These results suggest that study of the actual 

influence of embryo lipid content on cryotolerance should be expanded to study membrane 

lipid composition, which is crucial for cryopreservation success. 

Preliminary data showed that Simmental embryos had higher post-vitrification survival 

when compared with Nellore embryos (34.6 vs. 20.2 % of hatching/hatched; P= 0.04; 

respectively), and ET embryos had higher survival rate after vitrification than IVP (38.5 vs. 

18.1% of hatching/hatched; P= 0.004; respectively) [34]. These data can be correlated with 

our Sudan black B staining data, which corroborates previous work [3, 5, 11, 31] indicating 

that Bos taurus taurus embryos have higher lipid content than Bos taurus indicus and that 

IVP (which involves in vitro culture) leads to more cytoplasmic lipid than ET methods. In 

summary, the origin effect (IVP versus ET) on lipid content can be correlated with a 

reduction in cryotolerance, but the subspecies effect contradicts the hypothesis that 

cytoplasmic lipid accumulation is prejudicial to cryopreservation.  

Somatic cells take up fatty acids that are esterified and stored as lipid droplets [14]. A 

major biological function of these lipids is to serve as a storage form of metabolic energy [6, 

35, 36]. In the present experiment, the majority of lipid droplets in ET blastocysts occurred in 

the ICM, not trophoblast cells (Fig. 2). The lipid droplet level decreases during embryo 

development [37-39] because lipids may be released from droplets during blastocyst formation. 

Lipid droplets are now envisaged as metabolically active organelles that serve as an important 

endogenous energy source. The decrease in overall fat content during blastocyst formation may 

be explained by their utilization, mainly by trophoblastic cells, via β-oxidation [40], during 

blastocyst formation, expansion of the blastocoele and hatching [35]. In IVP embryos, the 

increase in lipid droplets observed, and the even distribution of this organelle in trophoblasts and 

ICM may indicate an imbalance in mitochondrial metabolism, with less utilization of the fat 

reservoir. However, the higher lipid content of Simmental embryo cytoplasm is difficult to 

explain. 

It has already been reported that the cytoplasmic membrane is extremely sensitive to low 

temperature [41, 42] and that lipid composition influences its physical properties [29], 
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particularly membrane fluidity. Understanding the membrane lipid profile is fundamental to 

address the difficulties of post-cryopreservation embryo survival. Changes in the lipid structural 

composition of the membranes, which are difficult to detect using staining procedures, are 

readily detected by mass spectrometry. These changes are associated with the impact of in 

vitro culture conditions, and especially with FCS supplementation in the culture media, and 

result in negative effects on embryo survival after cryopreservation that have previously been 

reported [3, 4, 6, 10, 33]. 

MALDI-MS has proven to be a powerful tool in lipidomics [43], generating PL (mainly PC 

and SM in the positive ion mode) and TAG profiles with simple interpretation. Previously work 

by our group described a practical and novel approach for direct analysis of single intact embryos 

from various species, using MALDI-MS in a procedure involving no extraction, chemical 

manipulation or preparation. We have also detected PC profile changes in blastocysts cultured 

under different protein supplementation (BSA versus FCS) and atmospheric pressure (5% versus 

20%) conditions [18]. 

In the present work, MALDI-MS fingerprinting data of membrane lipids were analyzed 

by PCA, an established method [18, 44, 45], and representative spectra of each experimental 

group were identified. As expected, there was some overlap between Simmental and Nellore 

IVP-derived embryos (Fig. 4A), possibly due to the impact of in vitro culture on lipid 

metabolism, which alters cell membrane properties and stability [46]. Confirming the 

hypothesis of membrane lipid differences, the number of carbons and fatty acid saturation are 

actively changing (Fig. 3). Despite the SM species had a low relevance for embryo post-

cryopreservation survival at the present work, this PL play an important role in the heat-

shock-induced apoptosis through sphingomyelin pathway associated with the generation of 

ceramide [47]. However, higher membrane fluidity was expected with higher unsaturated 

lipid content favoring post-cryopreservation survival and was observed in the Simmental and 

ET embryos (Figs. 5 and 8). Several studies have shown the benefits of unsaturated fatty 

acids for oocyte and embryo developmental competence and especially for post-

cryopreservation survival [7, 14, 48-52].   

Simmental embryos favor PC containing linoleic (18:2) acid [PC (34:2)], whereas 

Nellore embryos favor PC containing palmitic (16:0) and stearic (18:0) acids [PC (32:1) and 
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PC (34:1), respectively]. ET embryos favor PC containing oleic (18:1), linoleic (18:2) and 

linolenic (18:3) acids [PC (32:1), PC (34:2) and PC (36:5), respectively], while IVP embryos 

favor PC containing palmitic (16:0) and stearic (18:0) acids [PC (32:0) and PC (34:1), 

respectively]. 

Membrane fluidity is determined by phospholipid composition, length of fatty acyl 

residues, number and position of the double bounds within phospholipids, the ratio of 

saturated to unsaturated fatty acid total content, cholesterol level, and the protein content [28, 

53-55]. The change or the imbalance of one or more of these factors could lead to different 

rates of cryopreservation success. In the present work, we have observed variations of 

unsaturation degree of phospholipids fatty acyl residues and also differences in phospholipid 

class composition. These results indicate how specific lipid species can affect the ability of 

embryos to survive after cryopreservation (Fig. 8). 

In agreement with the influence of lipid composition on the cryoresponse, an increase 

in the degree of membrane lipid unsaturation during cold acclimation in plants [56], bacteria 

[57] fish [58], and mammals [28] has already been described. Additional double bounds in 

the membrane lipids increase membrane fluidity in lower ambient temperatures. The fact that 

Bos taurus taurus have been naturally selected in Europe under cold temperatures might have 

determined the higher degree of unsaturated phospholipid present in Simmental blastocysts.  

In conclusion, a semi-quantitative analysis of cytoplasmic lipids using Sudan black B 

staining showed that Simmental embryos had a higher cytoplasmic lipid content than Nellore 

embryos, and IVP-derived embryos have more cytoplasmic lipids than ET embryos. The 

PCA of MALDI-MS lipid profiles allowed clustering of the four experimental groups 

according to the membrane lipids (PC and SM species). In summary, the most significant 

lipids PC (32:0), PC (34:1), PC (34:2), and PC (36:5) seem to function as prospective 

biomarkers for cryopreservation success with regard to subspecies, origin and interactions 

between these factors (Fig. 8). The present data suggest that the assessment of lipid chemical 

composition may be a valuable tool for the development of in vitro culture systems that allow 

higher post-cryopreservation survival of bovine blastocysts. 
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FIG. 1. Optical view of an embryo stained with Sudan black B (A) and gray-scale conversion 

for semiquantitative lipid content assay (B). Original magnification x 600. 
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FIG. 2. Light micrographs of Nellore and Simmental ET and IVP embryos stained with 

Sudan black B. Black areas indicate sudanophilic cytoplasmic lipid droplets. Original 

magnification x 600; bar = 50 μm. 
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FIG. 3. Representative MALDI-MS in the positive-ion mode for Nellore and Simmental ET 

and IVP individual embryos. A) Nellore ET embryo. B) Nellore IVP embryo. C) Simmental 

ET embryo. D) Simmental IVP embryo. 

 

 



 41 

 

FIG. 4. Two-dimensional (A) and three-dimensional (B) PCA plots for MALDI-MS data of 

Nellore and Simmental ET and IVP embryos (n = 8 per group). 

 

 

FIG. 5. Subspecies (A) and origin (B) effects on the relative intensity of lipid ions presented 

in the Nellore and Simmental IVP and ET embryos (leastsquares mean ± SEM). Asterisk 

indicates differences between pairs of dark and light bars (P < 0.05, n = 16 per group). 
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FIG. 6. Relative abundance of lipid ions present in Nellore and Simmental IVP and ET 

embryos. Values without common lowercase letters differ significantly (P < 0.05, n = 8 per 

group). 
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FIG. 7. MALDI-MS/MS for m/z 725.5 [SM (16:0) + Na]+ (A) and m/z 734.6 [PC (32:0) + 

H]+ (B). Both spectra display characteristic neutral loss (NL) of 59 Da (trimethylamine) and 

of 124 Da (cyclophosphane ring). Sodiated cyclophosphane (m/z 147.0) and choline polar 

head group (m/z 184.0) ions are also diagnostic. 
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FIG. 8. MALDI-MS analysis of lipids complements lipid staining data. By comparing 

Simmental and Nellore IVP and ET embryos, we observed consistent changes in membrane 

lipids that can be used as biomarkers to predict cryopreservation outcomes. 
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TABLE 2. Significant PC and SM indicated in PCA via MALDI-MS of individual 

Nellore and Simmental IVP and ET embryos.* 

m/z Lipid Ion (carbons:unsaturation) 

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

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

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

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

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

760.6 [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 based on LIFT data, our earlier results [18], and two lipid databases 
(http://lipidsearch.jp and http://www.lipidmaps.org). 
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Short title 

Cryotolerance of Nellore and Simmental blastocysts  

 

Abstract 

Embryo quality, in vitro culture conditions and lipid composition are known to 

influence the embryo postcryopreservation survival. Limited information is available 

about the relationship between embryo gene expression, lipid 

metabolism/composition and cryotolerance. In this study, we assessed the 

cryotolerance and global gene expression patterns in Nellore (Bos taurus indicus) and 

Simmental (Bos taurus taurus) blastocysts produced in vitro (IVP) and in vivo (ET). 

Blastocyst production was higher in Nellore than in Simmental cows. The total 
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numbers of ova/embryos recovered and transferable embryos were not different 

between the breeds. Simmental and ET (34.6% and 38.5%, N= 75 and 70) blastocysts 

had higher survival rates after cryopreservation compared to Nellore and IVP (20.2% 

and 18.1%, N= 89 and 94) embryos, respectively. Differences between transcriptomes 

were addressed by principal component analysis, which indicated that gene 

expression was affected by subspecies (158 genes), origin (532 genes), and interaction 

between both subspecies and origin (53 genes). Differentially expressed genes 

involved in the free radical scavenging, lipid and acid nucleic metabolism, and cell 

death and survival were identified. The up-regulation of AUH and ELOVL6 in 

Simmental and of ACSL3 and ACSL6 in IVP embryos could explain different lipid 

compositions and postcryopreservation survival capacities. The expression profiles of 

genes related to mitochondrial metabolism (ATP5B), oxidative stress (GPX4), 

apoptosis (DAD1, DAP, PRDX2), heat shock (HSPA5), pregnancy (IFNT2, PAG2), 

and cell differentiation (KRT18) differed between subspecies and origin and could 

elucidate the different levels of embryo viability and cryotolerance.  

 

Introduction 

The in vitro production of B. taurus indicus (Zebu breeds) embryos is 

performed commercially at a large scale due to the higher number of oocytes obtained 

by ultrasound-guided follicular aspiration in these breeds (Pontes, et al. 2011). The 

cryopreservation of bovine embryos is important for overcoming the logistical 

challenges inherent in the transfer of large numbers of fresh embryos and for 

expanding the commercialization of embryos between countries. Embryos produced 

in vitro are more sensitive to cryopreservation than those produced in vivo after 

ovarian superstimulation. Despite the advances achieved over the last two decades, 

cryopreservation is still one of the most challenging areas in embryo technology 

(Saragusty and Arav 2011, Sudano, et al. 2011b) and could be an interesting model 

for researching embryo biology after exposures to supraphysiologic stress (Sudano, et 

al. 2012a). 

The large amount of cytoplasmic lipid droplets observed in IVP embryos has 

been suggested to be the major cause of reduced postcryopreservation survival (Abe, 

et al. 2002). Triglycerides are the predominant lipid in the cytoplasm of mammalian 

cells, which is where they form lipid droplets (McKeegan and Sturmey 2011). These 

stored lipids constitute an important source of energy for oocytes and embryos 
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(Sturmey, et al. 2009). On the other hand, phospholipids (PL) are the most abundant 

lipid in eukaryotic cell membranes, and their role in successful cryopreservation 

remains poorly understood (van Meer, et al. 2008). Phospholipids, particularly 

phosphatidylcholines (PC) and sphingomyelins (SM), are structural units of functional 

membranes, and their composition determines the physicochemical properties of cell 

membranes, including fluidity, permeability, and thermal phase behavior (Edidin 

2003). We have recently reported that the PL profiles of bovine embryos vary 

between subspecies (B. taurus indicus vs. B. taurus taurus) and origin (IVP vs. ET) 

and that lipid species can potentially be used as biomarkers of embryonic 

postcryopreservation survival. Our previous results have indicated that not only the 

lipid amount but also the lipid composition accounts for embryo survival after 

cryopreservation (Sudano, et al. 2012b). 

Several studies have proposed that the mRNA expression levels of a variety of 

genes can be used as markers of the embryo quality, the effectiveness of the culture 

media, and the capacity to sustain a successful pregnancy (Kuzmany, et al. 2011, 

Stinshoff, et al. 2011). In fact, defects in a single gene have already been associated 

with embryonic implantation failure (Copp 1995). However, while analyses of global 

gene expression have proven valuable for improving embryo technologies, specific 

information on gene markers associated with embryo survival after cryopreservation 

is still lacking (Gad, et al. 2012, Sudano, et al. 2012a, Sudano, et al. 2012b). 

In this study, we first compared the postcryopreservation survival of two 

different bovine subspecies and two embryo origins. Then, aiming to identify genes 

associated with embryo viability, lipid metabolism, and cryotolerance, we compared 

the global gene expression patterns of Nellore (B. taurus indicus) and Simmental (B. 

taurus taurus) blastocysts produced in vitro (IVP) and in vivo (ET). Considering our 

recent findings on different lipid profiles associated with subspecies and origin, we 

tested the hypothesis that cryotolerance and the expression levels of genes regulating 

lipid metabolism/composition, and embryo viability would be different between these 

groups. 

 

Material and Methods 

Experimental design 

A 2 × 2 factorial experiment design was used to test the effect of two 

subspecies—B. taurus indicus (Nellore) and B. taurus taurus (Simmental)—and two 
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embryo origins—IVP and ET—on cryotolerance and global gene expression patterns. 

Single bovine embryos were used as the experimental unit in 8-94 replications. 

 

Reagents used 

All materials were acquired from Sigma (Sigma-Aldrich Corp., St. Louis, MO, 

USA), except when otherwise specified. 

 

Weather, animals and feed 

The local weather is tropical (CwA Köppen's classification), characterized by a 

rainy, hot summer and a dry winter. Nonlactating Nellore (B. taurus indicus; n = 21; 

age, 4–10 yr; body wt, 446 ± 18 kg, values are least squares mean ± SD) and 

Simmental (B. taurus taurus; n = 22; age, 3–6 yr; body wt, 498 ± 21 kg, values are 

least squares mean ± SD) cows were used. All animals were considered sound after 

gynecological examination. The cows were managed under an intensive rotational 

grazing system based on highly productive artificially fertilized tropical pastures with 

free access to mineral supplements and water. The care and use of animal samples 

was approved by the Institutional Committee for Ethics in Animal Research of the 

São Paulo State University under protocol number 57/2010-CEUA. 

 

In vitro production of Nellore and Simmental blastocysts by ultrasound-guided 

follicular aspiration  

Ovum pick-up (OPU) procedures (N= 4 sessions) were performed on visible 

follicles ≥ 2 mm in diameter of Nellore (N = 14) and Simmental (N = 14) cows using 

a B-mode ultrasound scanner (Mindray® Bio-medical Electronics Co, Ltd., Shenzhen, 

China) equipped with a 7.5 MHz convex array transducer fitted into a proper 

intravaginal device (WTA Watanabe Tecnologia Aplicada®, Ltda., Cravinhos, SP, 

Brazil) and a stainless steel guide. Follicular puncture was performed using a 

disposable 19 gauge × 3 1/2-inch hypodermic needle (Becton® Dickinson, Curitiba, 

PR, Brazil) connected to a 50 mL conical tube (Corning®, Acton, MA, USA) via a 

silicon tube. Aspiration was performed using a vacuum pump (Watanabe, Ltda.) with 

a negative pressure of 10–12 mL water/min. The collection medium was phosphate-

buffered saline solution (PBS, Nutricell, Campinas, SP, Brazil) supplemented with 1 

mL/L heparin (Hemofol®, Cristália, Belo Horizonte, BH, Brazil). 
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In vitro maturation 

The aspirated content was immediately filtered, and the oocytes were washed 

three times in TCM 199 with Earle’s salts (Gibco®, Invitrogen Co., Grand Island, NY, 

USA) supplemented with 25 mM HEPES, 10% FCS (v/v), 100 µg/mL of 

streptomycin sulfate, and 100 IU/mL of penicillin (Gibco®, Invitrogen Co., Grand 

Island, NY, USA). Only oocytes with three or more compact layers of cumulus cells 

and homogeneous cytoplasm were used in the experiments. Selected oocytes were in 

vitro matured by incubation at 38.5ºC in 5% CO2 in air with saturated humidity for 24 

h. Drops containing 90 µL of TCM 199 with Earle’s salts and L-glutamine (Gibco®, 

Invitrogen Co., Grand Island, NY, USA) supplemented with 5 mg/mL BSA (fatty 

acid-free), 0.2 mM sodium pyruvate, 5 mg/mL LH (Lutropin-V®, Bioniche Co., 

Belleville, ON, Canada), 1 mg/mL FSH (Folltropin®, Bioniche Co., Belleville, ON, 

Canada), 100 µg/mL of streptomycin sulfate, and 100 IU/mL of penicillin (Gibco®, 

Invitrogen Co.) and containing 20–30 oocytes each were placed in Petri dishes and 

covered with mineral oil. 

 

In vitro fertilization  

At the end of the maturation period, groups of 20–30 oocytes were transferred 

to drops containing 90 µL of fertilization media and covered with mineral oil. Nellore 

and Simmental oocytes were subjected to in vitro fertilization (IVF) with frozen 

semen from a single sample of each bull breed with proven fertility. Spermatozoa 

were selected using the Percoll method (Parrish, et al. 1995), and the concentration 

was adjusted to 2 × 106 sperm cells / mL. Fertilization occurred in human tubal fluid 

(HTF; Irvine Scientific Co., Santa Ana, CA, USA) supplemented with 5 mg/mL BSA 

(fatty acid-free), 0.2 mM pyruvate, 30 µg/mL heparin, 18 µM penicilamine, 10 µM 

hypotaurine, 1.8 µM epinephrine, 100 µg/mL streptomycin sulfate, and 100 IU/mL 

penicillin (Gibco®, Invitrogen Co.). Oocytes and sperm were incubated under the 

same conditions as the IVM procedure for approximately 18 h. The day of 

fertilization was defined as Day 0. 

 

In vitro culture 

Eighteen hours post-IVF, presumptive zygotes were denuded by repeated 

pipetting and transferred to culture plates in drops containing 90 µL of culture media 

(20–30 structures per drop), covered with mineral oil, and cultured in a humidified 
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atmosphere of 5% CO2 and 5% O2 with the balance N2. The culture medium used was 

SOFaa (Holm, et al. 1999) supplemented with 2.7 mM myo-inosytol, 0.2 mM 

pyruvate, 2.5% FCS (v/v), 5 mg/mL BSA (fatty acid-free), 100 µg/mL streptomycin 

sulfate, and 100 IU/mL of penicillin (Gibco®, Invitrogen Co.). After 60 h of culture, 

cleavage was checked, and structures that were not cleaved were discarded. Embryos 

were transferred to 90 µL of the aforementioned culture media. The embryos 

remained in this condition until Day 7 when blastocyst production was evaluated. 

Blastocysts were vitrified (N = 94) or washed five times with PBS solution and stored 

at -80ºC in small volumes of PBS in 1.5 mL tubes until RNA extraction, which 

preceded the transcriptome analysis (a single blastocyst was used for each sample). 

 

In vivo production of nellore and simmental blastocysts 

Nellore (B. taurus indicus, N = 7) and Simmental (B. taurus taurus, N = 8) 

cows were submitted to the ovarian superstimulation protocol (N= 3 and 4 sessions, 

respectively, with 35 days apart) based on the procedure described by Barros and 

Nogueira (Barros and Nogueira 2001). On Day 0 (regardless of the stage of the 

estrous cycle), the cows received an intra-vaginal device containing 1.9 g 

progesterone (CIDR®, Pfizer Animal Health, São Paulo, SP, Brazil) and 2 mg of 

estradiol benzoate i.m. (Estrogin®, Farmavet Co., São Paulo, SP, Brazil). Starting on 

Day 4, the cows received 200 mg of porcine FSH (Folltropin-V®, Bioniche Co.) i.m. 

twice a day (equal concentration) in decreasing doses (40%, 30%, 20%, and 10%). On 

Day 6, two doses of 150 µg of sodium cloprostenol (Ciosin®, Intervet/Schering-

Plough Animal Health Co.) were provided i.m. 12 h apart. The CIDR was removed 36 

h after the first application of cloprostenol, and 12.5 mg of porcine LH (Lutropin-V®, 

Bioniche Co.) was given i.m. 48 h after the first dose of cloprostenol. Nellore and 

Simmental cows were artificially inseminated (12 and 24 h after LH injection) with 

frozen semen of proven fertility from the same Nellore and Simmental bulls used for 

IVF in the in vitro experimental groups. Embryo recovery (N = 80 and N = 74, 

respectively, for the Nellore and Simmental cows) was performed through uterine 

flushing with PBS on day 7.5 after the first AI, as previously described (Sudano, et al. 

2011a). Recovered blastocysts were vitrified (N = 70) or subjected to the 

transcriptome analysis (a single blastocyst was used for each sample). 

 

Vitrification 
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A two-step technique was used for blastocyst vitrification (N = 164), as 

previously described (Campos-Chillòn, et al. 2006). Briefly, blastocysts (grades 1 and 

2) were washed in holding solution (HS; Vigro®, Bioniche Co.) and transferred to 500 

µL of vitrification solution VS1 (5 M of ethylene glycol in HS) for 3 min. The 

embryos were then moved into 10 µL of vitrification solution VS2 (7 M ethylene 

glycol in HS + 0.5 M galactose + 18% (w/v) of Ficoll 70) for 45 s. A 0.25 mL straw 

containing 1 cm galactose solution (GS) (1 M of galactose in HS) + 0.5 cm air + 7 cm 

GS + 0.5 cm air + the drop of SV2 with the embryos + 0.5 cm air + GS (until the 

straw was full) was immediately mounted. Straws remained in liquid N2 vapor for 1 

min before being immersed in the liquid N2. 

 

Warming and subsequent culture of embryos  

Vitrified straws were withdrawn from the liquid N2 and kept in air at room 

temperature for 10 s, followed by 15 s in a 35–37°C water bath. The straws were 

slightly agitated to mix the columns of vitrification media. After 4 min, the embryos 

were washed and cultured in drops of SOFaa supplemented with 10% FCS (v/v), 2.7 

mM myo-inositol, 0.2 mM pyruvate, 5 mg/mL BSA, 100 µg/mL streptomycin sulfate, 

and 100 iu/mL penicillin, which were covered with mineral oil.  The embryos were 

kept in a humidified atmosphere of 5% CO2 and 5% O2 with the balance N2 for 24 h 

to allow embryo re-expansion and hatching. Thereafter, the embryos were evaluated 

for their re-expansion (12 h under culture) and hatching/hatched (24 h under culture) 

rates. Embryo survival after vitrification/warming was defined as re-expansion 

followed by hatching of the blastocoele. 

 

RNA extraction, amplification and microarray hybridization 

Total RNA extraction from a single blastocyst per sample was performed using 

a PicoPure RNA isolation kit (Applied Biosystems, Foster City, CA, USA) according 

to the manufacturer's instructions. Genomic DNA contamination was removed by 

performing an on-column DNA digestion using RNase-free DNase (Qiagen, 

Mississauga, ON, Canada). RNA was eluted in 11 µl of elution buffer, and the quality 

of the extracted RNA was determined using a 2100 Bioanalyzer (Agilent 

Technologies Inc, Santa Clara, CA, USA). Purified RNA was amplified by in vitro 

transcription with T7 RNA amplification in a two-round amplification protocol using 

a RiboAmp HS RNA amplification kit (Applied Biosystems). The concentration of 



 

 

59 

amplified RNA (aRNA) was determined using a Nanodrop ND-1000 (NanoDrop 

Technologies, Wilmington, DE, USA).  

Biotin-labeled and fragmented cRNA were obtained using a 3’IVT Express kit 

(Affymetrix, Santa Clara, CA, USA) to perform hybridizations (N = 3–8) using a 

GeneChip Bovine Genome Array (Affymetrix) according to the manufacturer's 

instructions (Nellore IVP N= 4; Nellore ET N=4; Simmental IVP N=3; Simmental ET 

N=3). GeneChips were scanned using a GeneChip Scanner 3000 7G (Affymetrix), 

and the features extraction was performed using a Comand Console 3.2 (Affmetrix). 

Microarray data analysis was performed using FlexArray 1.6.1.1 (Michal Blazejczyk, 

Mathieu Miron, Robert Nadon (2007). FlexArray: A statistical data analysis software 

for gene expression microarrays. Genome Quebec, Montreal, Canada, URL 

http://genomequebec.mcgill.ca/FlexArray). Data were subjected to a simple 

background correction, normalized within and between each array, and statistically 

analyzed through the use of linear models for microarray data analysis (LIMMA) 

(Smyth 2005). Genes with a fold-change of at least 1.5 and a probability of P < 0.05 

were considered differentially expressed. Principal component analysis (PCA) was 

also performed using FlexArray 1.6.1.1 software. 

 

Functional analysis, pathway analysis and network generation 

Differentially expressed genes predominantly affected by subspecies, origin and 

interaction between both subspecies and origin were uploaded into the Ingenuity 

Pathways Analysis (IPA - Ingenuity Systems, www.ingenuity.com) and DAVID 

software (Huang, et al. 2009) to group overrepresented functions into clusters, to 

identify relationships between genes and to reveal common processes. The IPA 

functional analysis tool was used to identify the biological functions that were most 

significant in the data set. Canonical pathway analysis was also used to identify 

pathways from the IPA library that were most significant. For the network generation, 

a data set containing gene identifiers and corresponding expression values was 

uploaded into IPA. Networks were algorithmically generated based on information 

from the Ingenuity knowledge base. Genes are represented as nodes, and a biological 

relationship between two nodes is represented as edges (line). 

 

Validation of microarray results using quantitative real-time PCR 

The validation of microarray results was performed using quantitative real-time 
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PCR (qPCR). Amplified RNA from the samples submitted to microarray and 

independent additional samples (a single blastocysts per sample, totalizing n = 8 / 

group) were reverse transcribed using Oligo-dT primer and SuperScript III (Applied 

Biosystems), followed by qPCR, which was performed using TaqMan Universal 

Master Mix II (Applied Biosystems) and ABI 7500 (Applied Biosystems). As a 

control (to validate the RNA amplification), the extracted RNA from a pool of 200 

IVP blastocysts was amplified or non-amplified and submitted to reverse transcription 

and qPCR of 17 genes (target and housekeeping genes described below) to perform 

Pearson’s correlation analysis of mRNA abundances. Fourteen differentially 

expressed genes (Supplementary Table 1), regarding the main effects of subspecies, 

origin and interaction between subspecies and origin, were selected (target genes) for 

validation using qPCR, based on the functional and pathway analysis using IPA and 

DAVID software and the results of previous functional experiments from 

cryotolerance, lipid content and lipid composition (Sudano, et al. 2012b). The 

reference gene level was the geometric mean of the cycle threshold (Ct) values of 

GAPDH, ACTB, and PPIA. The relative expression of each gene was calculated using 

the ∆∆Ct method (Pfaffl 2001). Inventoried and made to order TaqMan gene 

expression assay primers were used to customize qPCR plates using the Custom Plate 

Service from Applied Biosystems (primer information is provided in Supplementary 

Table 1). Chilibot software was also used for network generation and to study the 

relationship between genes and related functions (Chen and Sharp 2004). 

 

Statistical analysis 

For in vitro and in vivo embryo production, the data were analyzed using the 

generalized linear mixed model (GLIMMIX) procedure with the SAS statistical 

software package (Version 9.2, SAS Inst. Inc., Cary, NC, USA). Sources of variation 

in the model included subspecies (B. taurus indicus - Nellore vs. B. taurus taurus - 

Simmental) and replicate were considered fixed and random effects, respectively. If 

necessary, the arcsine transformation was applied to percentage data to fit them into a 

normal distribution. The data are reported as untransformed least-squares means ± 

SEM. 

Embryo re-expansion and hatching/hatched data were analyzed using the 

logistic regression (PROC LOGISTIC) in SAS. Sources of variation in the model 

included subspecies (B. taurus indicus - Nellore vs. B. taurus taurus - Simmental), 
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origin (IVP vs. ET), replicate and first order interactions. All factors, except replicate, 

were considered fixed effects. In the absence of significant interactions, only main 

effects are presented. Data are reported as percentages. 

 For the qPCR analysis, the data were analyzed with ANOVA using the 

generalized linear mixed model (GLIMMIX) procedure with SAS. Sources of 

variation in the model included subspecies (B. taurus indicus - Nellore vs. B. taurus 

taurus - Simmental), origin (IVP vs. ET), replicate and first-order interactions. All 

factors except replicate were considered fixed effects. If necessary, logarithmic 

transformation was applied to obtain a normal distribution of the data. In the absence 

of significant interactions, only main effects means are presented. The data are 

reported as untransformed least-squares means ± SEM. In addition, Pearson’s 

correlation was calculated (PROC CORR in SAS) between amplified and non-

amplified mRNA abundances. For all analyses, P < 0.05 was considered significant. 

 

Results 

Embryo production 

There was no difference (P > 0.05) in the cleavage rates between the in vitro-

produced Simmental and Nellore embryos (Table 1). However, the blastocyst per 

oocyte and blastocyst per cleaved embryo rates were higher (P < 0.05) in the Nellore 

embryos (Table 1). In the in vivo embryo production system, the total numbers of 

ova/embryos recovered and transferable embryos were not different (P > 0.05) 

between the Nellore and Simmental cows (Table 1). 

 

Cryotolerance 

The Simmental blastocysts had higher (P < 0.05) re-expansion and 

hatching/hatched rates than the Nellore embryos (Table 2), while the IVP embryos 

had lower (P < 0.05) postcryopreservation survival rates than the ET-produced 

embryos (Table 2). 

 

Transcriptome analysis 

A principal component analysis demonstrated that the four experimental groups 

could be resolved via their transcriptomic profiles. In the three-dimensional PCA-plot 

cluster, samples corresponding to different breeds (Nellore vs. Simmental) and origin 
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(IVP vs. ET) were clearly separated with a pronounced group individualization (Fig. 

1). 

Microarray analysis identified 158 differentially expressed genes (P < 0.05) 

between subspecies, with 152 and 6 genes up- and down-regulated, respectively, in 

the Simmental compared with the Nellore blastocysts (Supplementary Table 2 and 

Fig. 2). Moreover, 532 genes were differentially expressed (P < 0.05) between origin, 

with 516 and 16 genes down- and up-regulated, respectively, in the ET compared with 

the IVP embryos (Supplementary Table 3 and Fig. 2). With regards to the interaction 

effect between subspecies and origin, 53 genes were differentially expressed 

(Supplementary Table 4 and Fig. 2). A Venn diagram allows for a visualization of the 

distribution of the differentially expressed genes in relation to the main effects 

(subspecies and origin) and interaction between subspecies and origin (Fig. 2). 

 

Functional classification and pathway analyses 

The ontological classification of differentially expressed genes in the IPA 

software showed that nucleic acid metabolism (e.g., ATP5B and ELOVL6), cell-to-cell 

signaling and interaction (GRP and CD46), cell cycle (CKS2 and TPX2), lipid 

metabolism (AUH, ELOVL6 and CYCS), carbohydrate metabolism (UGP2 and 

ALDOA) and cell death and survival (CD59 and KRT19) were important functional 

processes that differed (P < 0.05) between the Simmental and Nellore blastocysts 

(Fig. 3). Free radical scavenging (e.g., CAT, GPX4, PRDX1 and SOD2), cell cycle 

(CAT, SOD2 and KRT18), cell death and survival (HSPA5, KRT18, CAT, GPX4, 

HSPA4, DNAJB1 and DAP), lipid metabolism (ACSL3, ACSL6, CAT, GPX4 and 

SCD), cellular function and maintenance (HSPA4, HSPA5, KRT18, CAT and GPX4), 

and cellular development (KRT19, KRT8, CAT, SOD1, SOD2 and HSPA5) were the 

major biological functions that differed (P < 0.05) between the IVP and ET 

blastocysts (Fig. 3). In addition, energy production (e.g., CPT1A and FABP3), lipid 

metabolism (CPT1A, FABP3, PRDX2, CYP3A5 and HSD17B10), gene expression 

(EIF2S3 and EIF3G), protein synthesis (EIF2S3, EIF3G and RPS27L), and amino 

acid (ENPEP) and carbohydrate metabolism (CPT1A, FABP3 and NUCB2) were the 

significant biological functions/processes affected (P < 0.05) by the interaction 

between subspecies and origin (Fig. 3). The gene names are described in 

Supplementary Tables 2, 3 and 4. Several pathways were generated for each effect 

based on differentially expressed genes. The lipid metabolism and cell death and 
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survival shared pathways of the differentially expressed genes between IVP and ET 

generated by IPA are presented in Fig. 4. 

 

Quantitative real-time PCR 

To validate the RNA amplification, the amplified and non-amplified RNAs 

from a pool of 200 blastocysts were reversed transcribed and submitted to qPCR to 

quantify the mRNA abundances of 17 genes. The messenger RNA abundances of the 

amplified and non-amplified RNAs had a high correlation (r = 0.89, P < 0.01). Genes 

related to lipid metabolism (ACSL3, ACSL6, AUH, and ELOVL6), mitochondrial 

metabolism (ATP5B), oxidative stress (CAT and GPX4), heat shock (HSPA5), 

maternal recognition of pregnancy and pregnancy (IFNT2 and PAG2), cell 

differentiation (KRT18) and apoptosis (DAD1, DAP and PRDX2) were selected (as 

previously described) for the validation of the microarray data (genes are listed in 

Supplementary Table 1). The qPCR validation confirmed differential expression 

levels for 85.7% of the selected genes (12/14). The expression levels of AUH, 

ELOVL6, ATP5B and DAD1 were up-regulated (P < 0.05) in the Simmental compared 

with the Nellore blastocysts (Fig. 5), whereas GPX4 was up-regulated (P < 0.05) in 

the Nellore blastocysts (Fig. 5). The expression levels of ACSL3, ACSL6, HSPA5, 

IFNT2, KRT18 and DAP were up-regulated (P < 0.05) in the IVP compared with the 

ET blastocysts (Fig. 5). The interaction of subspecies and origin affected the mRNA 

abundance levels of PAG2 and PRDX2, which were up-regulated (P < 0.05) in the 

Nellore IVP and Simmental ET blastocysts, respectively (Fig. 6). Moreover, the 

PAG2 mRNA level was also up-regulated in the Nellore ET compared with the 

Simmental ET blastocysts. The relationship between validated genes and functional 

processes was obtained using a Chilibot interaction analysis, which is presented in 

Fig. 7. 

 

Discussion 

In the present study, we demonstrate that the cryotolerance and global gene 

expression patterns of B. taurus indicus (Nellore) and B. taurus taurus (Simmental) in 

vitro- and in vivo-produced blastocysts are different. In addition, we show that genes 

regulating lipid metabolism/composition and embryo viability are differentially 

expressed between groups. 
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Cryopreservation is a biotechnology that allows for the preservation of embryos 

for a prolonged period of time. Survival after cryopreservation is lower for embryos 

produced in vitro compared with those produced in vivo (Sudano, et al. 2011b), which 

has been attributed, at least in part, to the large amount of lipid droplets in the 

cytoplasm of IVP embryos (Abe, et al. 2002, Sudano, et al. 2011b). However, in 

addition to the amount of lipid droplets, lipid composition also affects embryo 

postcryopreservation survival (Sudano, et al. 2012b). 

There are many differences in the reproductive physiology between B. taurus 

indicus and B. taurus taurus, including the number of oocytes recovered from OPU 

(Pontes, et al. 2011, Viana, et al. 2000) and their potential for in vitro embryo 

development (Pontes, et al. 2010). Indeed, more in vitro-produced blastocysts were 

achieved in the Nellore than in the Simmental cows (Table 1). However, this 

difference was not observed for ET embryos (Table 1), which is corroborated by a 

previous report (Wohlres-Viana, et al. 2011).  

Information on differences between B. taurus indicus and B. taurus taurus 

embryos with regard to survival after cryopreservation and lipid content and/or 

composition is limited. Embryos produced in vivo from B. taurus taurus present a 

greater accumulation of cytoplasmic lipid droplets than those from B. taurus indicus, 

despite the fact that B. taurus taurus embryos have a higher cryotolerance (Visintin, et 

al. 2002). Arreseigor et al. (Arreseigor 1998) reported higher pregnancy rates for 

frozen B. taurus taurus ET embryos compared with those of B. taurus indicus. 

Previous results from our laboratory also indicate a higher lipid content in Simmental 

embryos compared with Nellore, which points to differences in the membrane 

phospholipid composition between these breeds and between embryos produced in 

vitro or in vivo (Sudano, et al. 2012b). These observations are likely related to a 

higher embryo cryotolerance for Simmental and ET embryos in comparison with 

Nellore and IVP embryos, as observed in the present study (Table 2).  

A variety of genes was recently found to be differentially expressed in fresh or 

vitrified embryos produced in vivo vs. in vitro (Aksu, et al. 2012). Differences in the 

global gene expression patterns between IVP and ET and also between Nellore and 

Simmental were addressed by PCA analysis in the present study (Fig. 1), and a large 

number of differentially expressed genes between subspecies and origin were 

identified by transcriptome analysis (Fig. 2, and Supplementary Tables 2, 3 and 4). 

Functional and pathway analyses revealed that several ontological processes were 
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associated with differentially expressed genes (Figs. 3 and 4). Pathways controlling 

free radical scavenging, cell death and survival, cell cycle and lipid and carbohydrate 

metabolism could be promptly identified and were compatible with previous data on 

lipid content and composition (Sudano, et al. 2012b) and also could be related with 

postcryopreservation survival (Table 2).  

Gene overexpression is characteristic of IVP compared with ET bovine embryos 

(Corcoran, et al. 2006, Côté, et al. 2011). This result was observed in the present 

study (Supplementary Table 2, Figs. 2 and 5B) and might be explained by an active 

unquiet metabolism (Côté, et al. 2011, Leese 2002). Leese et al. (Leese, et al. 2008) 

described that the metabolism of IVP embryos, which is defined as a “loss of 

quietness”, is up-regulated and determined by exposure to environmental stress, 

leading to the generation of reactive oxygen species (ROS) and oxidative stress. 

Indeed, free radical scavenging was the major biological function affected by the 

origin effect (Fig. 3), and the mRNA abundance levels of the genes HSPA5, IFNT2, 

KRT18 and DAP were also up-regulated in the IVP embryos (Fig. 5B), which could 

be associated with a reduced embryo viability followed by a reduction of the survival 

after cryopreservation.  

The expression of heat shock protein family genes is already known to be 

related to a stress response under unfavorable embryo conditions, including heat 

shock (Hansen 2009, Paula-Lopes and Hansen 2002) and the temporal sequence of 

cold-induced expression after a return to normal temperatures (Sonna, et al. 2002). 

The gene IFNT2 is frequently correlated with the maternal recognition of pregnancy 

and embryo viability (Rizos, et al. 2003); however, a higher abundance of mRNA 

encoding this gene is related to embryonic stress response under high oxygen tension 

(Rodina, et al. 2009) and after cryopreservation (Stinshoff, et al. 2011). DAP is an 

apoptosis-related gene, and its up-regulation is described in “DDK syndrome”, in 

which embryonic death occurs at the morula-blastocyst transition in mice (Hao, et al. 

2009). Another gene up-regulated in IVP blastocysts is KRT18, an embryonic 

trophectoderm cell differentiation marker (Ozawa, et al. 2012) associated with 

intermediate filaments of the cytoskeleton and blastocyst formation (Marceau, et al. 

2004). However, this gene appears to have a key function in the caspase regulation 

activity of cells responding to apoptotic stimuli (Marceau, et al. 2004) and could be 

connected with the overexpression of IFNT2. All of these genes could be associated 

with our findings (Fig. 5B and Table 2). 
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Lipid metabolism in embryonic cells is still not completely understood 

(McKeegan and Sturmey 2011). The long chain acyl-CoA synthetases (ACSLs – 

isoforms 1 to 6) are an integral initial step for virtually every metabolic pathway that 

degrades fatty acids and synthesizes complex lipids, including β-oxidation, 

desaturation and elongation reactions (Coleman, et al. 2002, de Jong, et al. 2007). In 

addition, the involvement of ACSLs in fatty acid uptake has been demonstrated in 

different types of cells (Dutta-Roy 2000, Johnsen, et al. 2009). The observed up-

regulation of the genes ACSL3 and ACSL6 in IVP embryos (Fig. 5B) could likely be 

linked with an uptake of lipids from the culture medium, resulting in higher amounts 

of lipids present in their cytoplasm and more saturated phospholipid species observed 

in the cellular membranes of these embryos (Sudano, et al. 2011b, Sudano, et al. 

2012b). In contrast, the lipid metabolism-related genes AUH and ELOVL6, which are 

more precisely associated with an enoyl-CoA hydratase activity of β-oxidation 

(Nakagawa, et al. 1995) and the elongation of unsaturated fatty acids (Jump 2009, 

Moon, et al. 2009), respectively, were up-regulated in the Simmental blastocysts (Fig. 

5A), which could be associated with an increased metabolization of fatty acids that 

culminates with more unsaturated phospholipids observed in the cellular membranes 

of these embryos (Sudano, et al. 2012b). Moreover, ATP5B, which is related to proton 

transport and ATP generation during oxidative phosphorylation, was also up-

regulated in the Simmental blastocysts (Fig. 5A), which is in agreement with the idea 

of an increased metabolization activity of these embryos.  

Furthermore, the Simmental blastocysts presented an increased DAD1 mRNA 

level (Fig. 5A), a gene that prevents apoptosis and cell death (Brewster, et al. 2000, 

Nishii, et al. 1999). Deletion of DAD1 in mice induces apoptosis-associated 

embryonic death (Brewster, et al. 2000), and its transgenic expression in 

Caenorhabditis elegans using a heat shock promoter revealed that heat-shocked 

transgenic animals exhibit a 40% decrease in programmed cell death during early 

embryonic development (Sugimoto, et al. 1995). On the other hand, the Nellore 

embryos displayed higher levels of GPX4 (Fig. 5A), indicating possible increased 

oxidative stress (Ufer and Wang 2011). These results could explain the higher 

susceptibly of Nellore blastocysts to cryopreservation in comparison with Simmental 

blastocysts (Table 2).  

PAG2 and PRDX2 were affected by an interaction between subspecies and 

origin (Fig. 6). PAG2 is a trophoblastic-specific transcript member of the large 
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pregnancy-associated glycoprotein gene family (Szafranska, et al. 2001). Several 

studies have described the use of pregnancy-associated glycoprotein blood plasma 

concentrations for early pregnancy diagnoses (Humblot, et al. 1988, Sousa, et al. 

2006). The expression of PAG2 genes in extraembryonic membranes, endometrial 

tissue and day 17 conceptus have already been described (Thompson, et al. 2012). 

There is currently no report in the literature on PAG2 expression in early 

developmental stage embryos. In the present trial, the PAG2 mRNA levels were 

higher in the Nellore IVP embryos than in the other groups, which was also true for 

the Nellore ET compared with the Simmental ET (Fig. 6). Higher levels of 

pregnancy-associated glycoprotein genes have also been observed in extraembryonic 

membranes, caruncular tissue and the plasma of pregnant cows bearing cloned 

embryos (Chavatte-Palmer, et al. 2006, Constant, et al. 2011). However, the 

functional role of the PAG2 gene in blastocysts remains undetermined. The PRDX2 

gene is a member of an antioxidant enzyme family that modulates H2O2 production 

and H2O2-mediated apoptosis (Kim, et al. 2000). Higher levels of PRDX2 expression 

have been associated with a greater viability of oocytes and embryos (Lee, et al. 2010, 

Leyens, et al. 2004). However, in the present study, the higher PRDX2 level observed 

in the Simmental ET embryos still required to be elucidated once no difference was 

observed with Nellore IVP blastocysts (Fig. 6). 

The Simmental and ET blastocysts had higher post-cryopreservation survival 

rates than the Nellore and IVP embryos, respectively. Differences of gene expression 

patterns involved in the free radical scavenging, lipid and acid nucleic metabolism, 

cell death and survival were identified. The genes AUH and ELOVL6, ACSL3 and 

ACSL6, which were up-regulated in Simmental and IVP blastocysts, respectively, 

could explain the different lipid compositions and postcryopreservation survival 

capacities (Fig. 7). Genes related to mitochondrial metabolism (ATP5B), oxidative 

stress (GPX4), apoptosis (DAD1, DAP, PRDX2), heat shock (HSPA5), pregnancy 

(IFNT2, PAG2), and cell differentiation (KRT18) could elucidate the different levels 

of embryo viability and cryotolerance (Fig. 7). In conclusion, the results generated in 

this study provide different transcriptomic signatures of a model with two bovine 

subspecies and two embryo origins that presented a characteristic lipid content, lipid 

profile and postcryopreservation survival. 
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Figure 1 

Three-dimensional PCA plot for the microarray data for the Nellore and Simmental IVP 

and ET blastocysts (n = 3–4 per group). 

 

 

Figure 2 

Venn diagram of genes differentially expressed between subspecies (green – 158 genes, 

with 152 and 6 genes up- and down-regulated, respectively, in Simmental compared 

with Nellore blastocysts), origin (blue – 532 genes, with 516 and 16 genes down- and 

up-regulated in ET- compared with IVP-derived blastocysts, respectively) and 

interactions between subspecies and origin (red – 53 genes). Intersections indicate 

common genes. 
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Figure 3 

Functional grouping of differentially expressed genes with regards to the main effects of 

subspecies, origin and the interaction between subspecies and origin (left to right, 

respectively) using Ingenuity Pathways Analysis software. The main significant 

functional groups (P < 0.05) are presented graphically. The bars represent the P-value 

on a logarithmic scale for each functional group. 
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Figure 4 

Ingenuity pathway interaction network analysis. Genes involved in lipid metabolism 

and the cell death and survival shared pathway, which were differentially expressed 

between the IVP- and ET-produced blastocysts, are presented. The network displays 

nodes (genes/gene products) and edges (the biological relationship between nodes). 

Gene node color intensity indicates increased (red) or decreased (green) fold changes in 

the ET compared with the IVP blastocysts. Relationships between molecules are 

indicated by solid (direct) or dashed (indirect) connecting lines, and the yellow color 

indicates shared nodes among the pathways. 
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Figure 5. 

Subspecies (A) and origin (B) effect in the mRNA abundance of differentially 

expressed genes in the Nellore and Simmental in vitro- (IVP) and in vivo- (ET) 

produced blastocysts (least-squares means ± SEM). *Different (P < 0.05). N = 16 per 

group. Gene names are described in Supplemental Table S1. 

 

 

Figure 6. 

Relative mRNA abundance of genes with interaction effect between subspecies and 

origin (PAG2 e PRDX2) from Nellore and Simmental in vitro- (IVP) and in vivo- (ET) 

produced blastocysts (least-squares means ± SEM). abcUncommon superscripts differ (P 

< 0.05). N = 8 per group. Gene names are described in Supplemental Table S1. 
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Figure 7 

Relationship between validated genes and associated functional processes obtained 

through a Chilibot interaction analysis. Lines connecting rectangular nodes indicate 

relationships between the genes and related functions. Each icon in the middle of a line 

represents the character of the relationship. Interactive relationships (circles) are neutral 

(gray), stimulatory (green), inhibitory (red) or both stimulatory/inhibitory (yellow). The 

number within each icon indicates the quantity of abstracts retrieved for documenting 

that relationship. Icons containing the equal sign ("=") represent "parallel relationships". 

Gray rhomboidal icons indicate that only a co-occurrence was detected. 
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4- CONCLUSÕES  
 

1- Os blastocistos Simental apresentaram maior sobrevivência após a vitrificação 

(34,6 vs 20,2%) e conteúdo lipídico (3,4±0,3 vs 2,4±0,3 gray intensity x 10-4 / 

μm3) do que os Nelore, respectivamente.  

 
2- Os blastocistos TE apresentaram maior sobrevivência após a vitrificação (38,5 

vs 18,1%) e menor conteúdo lipídico (2.1±0.3 vs 4.0±0.3 gray intensity x 10-4 / 

μm3) em relação aos PIV, respectivamente. 

 

3- O perfil dos lipídeos de membrana do tipo fosfocolinas (PC) e esfingomielinas 

(SM) foi característico para cada grupo; sugerindo marcadores positivos [PC (34:2) 

e PC (36:5)] e negativos [PC (32:0) e PC (34:1)] da criotolerância embrionária. 

 

4- O padrão de expressão gênica global foi característico para cada grupo 

experimental. 

 

5- Foi possível relacionar a composição lipídica e o padrão de expressão gênica 

global com a sobrevivência embrionária após a criopreservação. 

 

6- Genes relacionados ao metabolismo lipídico AUH e ELOVL6, ACSL3 e ACSL6, 

estavam upregulated, respectivamente nos embriões Simental e PIV, podendo 

estar associados aos perfis lipídico distintos e a capacidade de sobrevivência 

embrionária após a criopreservação. 

 

7- Genes relacionados ao metabolismo mitocondrial (ATP5B), estresse oxidativo 

(GPX4), anti- (DAD1) e pró- (DAP) apoptose, estresse térmico (HSPA5), prenhez 

(PAG2 e IFNT2) e diferenciação (KRT18) podem estar associados a qualidade e 

capacidade de sobrevivência embrionária após a criopreservação. 

 

8- Os dados gerados neste estudo forneceram diferentes assinaturas do 

trancriptoma de um modelo utilizando duas subespécies bovinas e duas origens 

embrionárias com conteúdo lipídico, perfil lipídico e capacidade de sobrevivência 

embrionária após a criopreservação específicos. 
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5- CONSIDERAÇÕES FINAIS 
A partir do uso de blastocistos oriundos de duas subespécies (Bos taurus 

taurus e Bos taurus indicus) e duas origens (PIV e TE), foi possível estabelecer 

um modelo experimental com alto e baixo conteúdo lipídico e criotolerância 

embrionária, sem mimetizar esta condição in vitro com o uso de aditivos e 

produtos químicos.  

Enquanto que no efeito de origem (PIV vs TE) foi observado que o 

elevado conteúdo lipídico dos embriões PIV afetou sua criotolerância 

embrionária comparado aos TE, concordando com a literatura. Quando foi 

incluído no modelo experimental o efeito de subespécies, o elevado conteúdo 

lipídico observado nos blastocistos Sementais não reduziu sua criotolerância 

comparado aos Nelores, sustentando a hipótese de que a capacidade do 

embrião sobreviver após a criopreservação é um evento multifatorial, e não 

dependente apenas do conteúdo lipídico.  

Aparentemente o conteúdo lipídico é uma consequência de uma série de 

eventos depreciativos da qualidade dos embriões PIV ao longo do cultivo in 

vitro, destacando-se a provável teoria do “unquiet metabolism”, ou seja, a 

ocorrência de um metabolismo exacerbado o que foi evidenciado pelo grande 

número de genes diferentemente expressos entre os embriões PIV e TE. 

Foi constatado que o perfil lipídico da membrana celular e o padrão de 

expressão gênica global afetam a criotolerância embrionária. Além disso, foi 

possível associar genes diferentemente expressos entre os diversos grupos 

experimentais potencialmente envolvidos no metabolismo dos fosfolipídeos de 

membrana que abriram a possibilidade do estudo da modulação enzimática 

envolvida em tal evento. 

Um grande número de dados foi gerado a partir das análises de 

lipidômica e transcriptômica que forneceu informações valiosas para condução 

de uma análise holística pela abordagem da Biologia de Sistemas com o 

objetivo de estabelecer assinaturas moleculares envolvidas no metabolismo 

lipídico, viabilidade embrionária e capacidade de sobrevivência após a 

criopreservação. Além disso, tais informações servirão de suporte para 

condução de experimentos funcionais futuros, envolvendo as moléculas 

identificadas, para desvendar os mecanismos envolvidos na criotolerância 

embrionária.   
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