
 

 

 

Entesar Saleh Moh Shuaib B.V.M, M. Med. Sci . 

 

School of Animal and Veterinary Science 

Faculty of Science 

The University of Adelaide 

Adelaide, South Australia 

Australia 

Thesis submitted in fulfilment of the requirements for the degree of 

Doctor of Philosophy in Veterinary Science August 2020 

  

Clinico-Chemical Parameters of Fetal Fluids and Maternal 

Blood in the Bovine Model: Effects of Genetics and Sex and 

Relationships with Feto-Placental Phenotype 

 



ii 

Table of contents 

  

Table of contents ....................................................................................................................... ii 

List of figures ......................................................................................................................... viii 

List of tables ............................................................................................................................. xi 

List of supplementary tables .................................................................................................. xii 

List of appendices.................................................................................................................. xiii 

Declaration ............................................................................................................................. xiv 

Poster presentations ................................................................................................................ xv 

Acknowledgements ................................................................................................................ xvi 

Thesis abstract..................................................................................................................... xviii 

1. Chapter 1 Introduction and literature review ................................................................ 1 

 Introduction .................................................................................................................. 2 

 Literature review .......................................................................................................... 5 

1.2.1 The placenta and fetal membranes .................................................................................. 5 

1.2.1.1 Anatomy of the placenta and fetal membranes ....................................................................... 5 

1.2.1.2 Development of the placenta and fetal membranes ................................................................ 7 

1.2.1.3 The role of the placenta and fetal membranes in fetal growth ................................................ 8 

1.2.1.4 Effects of genetics on the bovine placenta ........................................................................... 11 

1.2.2 Bovine fetal fluids ......................................................................................................... 12 

1.2.2.1 Fetal fluid dynamics ............................................................................................................. 12 

1.2.2.2 Fetal fluid volume ................................................................................................................ 19 

1.2.2.3 Fetal fluid composition ......................................................................................................... 20 

1.2.2.4 Fetal fluids and fetal growth and development ..................................................................... 26 

1.2.2.5 Effects of genetics and parental genomes on fetal fluids ...................................................... 29 

1.2.2.6 Effects of fetal sex on fetal fluids ......................................................................................... 31 

1.2.2.7 Non-genetic maternal factor effects on fetal fluids .............................................................. 33 

1.2.3 Maternal blood .............................................................................................................. 34 

1.2.3.1 Maternal blood volume......................................................................................................... 34 

1.2.3.2 Maternal adaptations and blood composition during pregnancy .......................................... 35 



iii 
1.2.3.3 Maternal physiological adaptations and fetal growth ........................................................... 36 

1.2.3.4 Effects of maternal genetics on maternal physiology and blood .......................................... 37 

1.2.3.5 Interactions between fetal and maternal systems .................................................................. 38 

1.2.4 Significance of Bos taurus and Bos indicus bovine model: from breeding to 

(epi)genetics .......................................................................................................................... 40 

 Hypothesis and research aims .................................................................................... 43 

1.3.1 Hypotheses .................................................................................................................... 43 

1.3.2 Research aims ............................................................................................................... 44 

 Literature cited ........................................................................................................... 45 

 CHAPTER 2 General materials and methods .............................................................. 63 

 Animals and experimental design .............................................................................. 64 

 Concepti and samples ................................................................................................. 65 

 Analysis of clinico-chemical parameters of maternal serum ..................................... 66 

 Analysis of clinico-chemical parameters of allantoic and amniotic fluids ................ 67 

 Analysis of maternal insulin-like growth factors and total IGF binding proteins in 

maternal plasma .................................................................................................................... 68 

 Analysis of maternal thyroid hormones ..................................................................... 69 

 Statistical analyses ..................................................................................................... 70 

 Literature cited ........................................................................................................... 73 

 Chapter 3 Clinico-chemical parameters of maternal serum and relationships with 

feto-placental weights in early and midgestation in Bos taurus taurus and Bos taurus 

indicus cattle ............................................................................................................................ 75 

 Introduction ................................................................................................................ 80 

 Materials and methods ............................................................................................... 82 

3.2.1 Animals and experimental design ................................................................................. 82 

3.2.2 Concepti and samples ................................................................................................... 82 



iv 

3.2.3 Analyses of clinico-chemical parameters of maternal serum ....................................... 82 

3.2.4 Statistical analysis ......................................................................................................... 83 

 Results ........................................................................................................................ 83 

3.3.1 Breed effects on clinico-chemical parameters of maternal serum ................................ 85 

3.3.2 Relationships between maternal serum parameters and embryo/feto-placental 

weights .................................................................................................................................. 87 

 Discussion .................................................................................................................. 91 

 Literature cited ........................................................................................................... 99 

 Chapter 4 Differences in clinico-chemical parameters of allantoic and amniotic 

fluids of Bos taurus taurus and Bos taurus indicus concepti in early and midgestation . 105 

 Introduction .............................................................................................................. 111 

 Materials and methods ............................................................................................. 112 

4.2.1 Animals and experimental design ............................................................................... 112 

4.2.2 Samples ....................................................................................................................... 113 

4.2.3 Analyses of clinico-chemical parameters of fetal fluids ............................................. 113 

4.2.4 Statistical analysis ....................................................................................................... 114 

 Results ...................................................................................................................... 114 

4.3.1 Differences in fetal fluid electrolytes of Bos taurus and Bos indicus concepti in early 

and midgestation ................................................................................................................. 115 

4.3.2 Differences in fetal fluid metabolites in Bos taurus and Bos indicus concepti in early 

and midgestation ................................................................................................................. 119 

4.3.3 Differences in fetal fluid enzymes of Bos taurus and Bos indicus concepti in early 

and midgestation ................................................................................................................. 120 

 Discussion ................................................................................................................ 121 

 Literature cited ......................................................................................................... 131 



v 

 Chapter 5 Clinico-chemical parameters of bovine fetal fluids: Effects of maternal 

and paternal genomes and relationships with conceptus phenotype in early and 

midgestation .......................................................................................................................... 136 

 Introduction .............................................................................................................. 141 

 Materials and Methods ............................................................................................. 143 

5.2.1 Ethics statement .......................................................................................................... 143 

5.2.2 Experimental design and animals ............................................................................... 143 

5.2.3 Conceptus recovery and samples ................................................................................ 144 

5.2.4 Analysis of clinico-chemical parameters of allantoic and amniotic fluids ................. 144 

5.2.5 Statistical analysis ....................................................................................................... 145 

 Results ...................................................................................................................... 145 

5.3.1 Proportion of variation explained by parental genomes, conceptus sex and non-

genetic maternal effects in early gestation and midgestation.............................................. 147 

5.3.2 Specific effects of maternal and paternal genomes and conceptus sex on clinico-

chemical parameters of fetal fluids in early gestation and midgestation ............................ 153 

5.3.3 Effects of non-genetic maternal factors on clinico-chemical parameters of fetal fluids 

in early gestation and midgestation ..................................................................................... 170 

5.3.4 Relationships between fetal fluid parameters and conceptus phenotype .................... 172 

 Discussion ................................................................................................................ 177 

 Literature cited ......................................................................................................... 195 

 Chapter 6 Effects of conceptus sex and genetics on maternal clinico-chemical and 

endocrine parameters in bovine pregnancy depend on maternal genetics ..................... 204 

 Introduction .............................................................................................................. 209 

 Materials and methods ............................................................................................. 212 

6.2.1 Animals and experimental design ............................................................................... 212 

6.2.2 Samples ....................................................................................................................... 212 

6.2.3 Analysis of maternal clinico-chemical parameters ..................................................... 213 



vi 

6.2.4 Analysis of maternal insulin-like growth factors and total IGF binding proteins in 

maternal plasma .................................................................................................................. 213 

6.2.5 Analysis of maternal thyroid hormones ...................................................................... 214 

6.2.6 Statistical analyses ...................................................................................................... 215 

 Results ...................................................................................................................... 216 

6.3.1 Effects of conceptus sex and genetics on conceptus phenotype at midgestation ....... 219 

6.3.2 Effects of conceptus sex on maternal clinico-chemical parameters and hormones .... 221 

6.3.3 Effects of conceptus genetics and genetic by sex interactions on maternal clinico-

chemical parameters and hormones .................................................................................... 223 

 Discussion ................................................................................................................ 225 

 Literature cited ......................................................................................................... 235 

 Chapter 7 General discussion ....................................................................................... 242 

 The importance of proper index references during pregnancy ................................ 243 

 Clinico-chemical parameters of fetal fluids: Stage- and genetic-specific 

differences ........................................................................................................................... 245 

 The missing link: the significant role of fetal fluids in bovine prenatal growth ...... 246 

 Effects of parental genome, fetal sex and non-genetic maternal factors on clinico-

chemical parameters of fetal fluids in early and midgestation ............................................ 252 

7.4.1 Maternal genome effects ......................................................................................... 252 

7.4.2 Paternal genome effects .......................................................................................... 253 

7.4.3 Interaction effects of parental genomes .................................................................. 255 

7.4.4 Conceptus sex effects and parental genome by conceptus sex interactions effects 256 

7.4.5 Non-genetic maternal effects and their interactions with paternal genome and 

conceptus sex effects ........................................................................................................... 256 

 Sex-and genetic-specific feto-maternal bidirectional dialogue in bovine 

pregnancy ............................................................................................................................ 258 



vii 

 General conclusion ................................................................................................... 261 

 Literature cited ......................................................................................................... 263 



viii 

List of figures 

Figure 1.1 Schematic showing relationships between fetal membranes and maternal and fetal 

compartments in the epitheliochorial placenta.(taken from Gilbert 1993). ................................ 7 

Figure 1.2 Bovine conceptus at Day 60. ................................................................................... 12 

Figure 1.3 Amniotic fluid pathways. ........................................................................................ 13 

Figure 1.4 Changes in bovine fetal fluid volume throughout gestation. ................................... 19 

Figure 3.1 Maternal serum electrolytes of Bos taurus taurus (Angus, Bt) and Bos taurus 

indicus (Brahman, Bi) at early gestation (Day 48) and midgestation (Day 153). .................... 85 

Figure 3.2 Maternal serum metabolites of Bos taurus taurus (Angus, Bt) and Bos taurus 

indicus (Brahman, Bi) at early gestation (Day 48) and midgestation (Day 153). .................... 86 

Figure 3.3 Maternal serum enzyme activity of Bos taurus taurus (Angus, Bt) and Bos taurus 

indicus (Brahman, Bi) at early gestation (Day 48) and midgestation (Day 153). .................... 87 

Figure 3.4 Relationships of maternal electrolytes with placental and embryo/fetal weights in 

Bos taurus taurus (Angus) (black) and Bos taurus indicus (Brahman) (white) concepti. ........ 89 

Figure 3.5 Relationships of maternal metabolites with placental and embryo/fetal weights in 

Bos taurus taurus (Angus) (black) and Bos taurus indicus (Brahman) (white) concepti. ........ 90 

Figure 3.6 Relationship of maternal alkaline phosphatase (ALP) and placental and 

embryo/fetal weights in Bos taurus taurus (Angus) (black) and Bos taurus indicus (Brahman) 

(white) concepti. ....................................................................................................................... 91 

Figure 4.1 Differences in allantoic fluid (ALF) and amniotic fluid (AMF) electrolytes in Bos 

taurus taurus (Angus, Bt) and Bos taurus indicus (Brahman, Bi) concepti in early gestation 

(Day 48) and midgestation (Day 153). ................................................................................... 118 

Figure 4.2 Differences in allantoic fluid (ALF) and amniotic fluid (AMF) metabolites in Bos 

taurus taurus (Angus, Bt) and Bos taurus indicus (Brahman, Bi) concepti in early gestation 

(Day 48) and midgestation (Day 153). ................................................................................... 119 



ix 

Figure 4.3 Differences in allantoic fluid (ALF) and amniotic fluid (AMF) enzymes in Bos 

taurus taurus (Angus, Bt) and Bos taurus indicus (Brahman, Bi) concepti in early gestation 

(Day 48) and midgestation (Day 153). ................................................................................... 121 

Figure 5.1 Relative contributions of genetics and non-genetic factors to explained variation in 

allantoic fluid parameters in early gestation (Day 48 of gestation). ....................................... 148 

Figure 5.2 Relative contributions of genetics and non-genetic factors to explained variation in 

amniotic fluid parameters in early gestation (Day 48 of gestation). ....................................... 149 

Figure 5.3 Relative contributions of genetics and non-genetic factors to explained variation in 

allantoic fluid parameters in midgestation (Day 153 of gestation). ........................................ 151 

Figure 5.4 Relative contributions of genetic and non-genetic factors to explained variation in 

amniotic fluid parameters in midgestation (Day 153 of gestation). ....................................... 152 

Figure 5.5 Effects of maternal and paternal genome on allantoic fluid electrolytes in early 

gestation (Day 48 of gestation). .............................................................................................. 154 

Figure 5.6 Effects of maternal and paternal genome and fetal sex on amniotic fluid 

electrolytes in early gestation (Day 48 of gestation). ............................................................. 155 

Figure 5.7 Effects of interactions of conceptus sex and nested final maternal weight on 

amniotic fluid phosphorus in early gestation (Day 48 of gestation). ...................................... 156 

Figure 5.8 Effects of maternal and paternal genome and fetal sex on allantoic and amniotic 

fluid metabolites in early gestation (Day 48 of gestation). ..................................................... 157 

Figure 5.9 Effects of interactions of conceptus sex and nested final maternal weight on 

amniotic fluid total protein in early gestation (Day 48 of gestation). ..................................... 158 

Figure 5.10 Effects of maternal and paternal genome and fetal sex on allantoic and amniotic 

fluid enzyme activity in early gestation (Day 48 of gestation). .............................................. 159 

Figure 5.11 Effects of maternal and paternal genome on allantoic fluid electrolytes in 

midgestation (Day 153 of gestation). ...................................................................................... 161 

Figure 5.12 Effects of maternal and paternal genome and conceptus sex on amniotic fluid 

electrolytes in midgestation (Day 153 of gestation). .............................................................. 162 



x 

Figure 5.13 Effects of interactions of paternal genome and nested final maternal weight on 

amniotic fluid electrolytes in midgestation (Day 153 of gestation)........................................ 163 

Figure 5.14 Effects of maternal and paternal genome and fetal sex on allantoic and amniotic 

fluid metabolites in midgestation (Day 153 of gestation). ...................................................... 165 

Figure 5.15 Effects of interactions of paternal genome and nested final maternal weight on 

fetal fluid metabolites in midgestation (Day 153 of gestation). ............................................. 166 

Figure 5.16 Effects of interactions of conceptus sex and nested final maternal weight on fetal 

fluid metabolites in midgestation (Day 153 of gestation). ...................................................... 167 

Figure 5.17 Effects of maternal and paternal genome and conceptus sex on allantoic and 

amniotic fluid enzyme activity in midgestation (Day 153 of gestation)................................. 169 

Figure 5.18 Effects of interactions of conceptus sex and nested final maternal weight on 

allantoic fluid enzymes in midgestation (Day 153 of gestation). ........................................... 170 

Figure 5.19 Effects of final maternal weight nested within maternal genomes on allantoic and 

amniotic fluid parameters in early gestation (Day 48 of gestation). ....................................... 171 

Figure 5.20 Effects of final maternal weight nested within maternal genomes on allantoic and 

amniotic fluid electrolytes in midgestation (Day 153 of gestation)........................................ 172 

Figure 5.21 Relationships of selected electrolytes and metabolites in allantoic and amniotic 

fluids with conceptus phenotype in early gestation (Day 48 of gestation). ............................ 173 

Figure 5.22 Relationships of selected fetal fluid electrolytes with conceptus phenotype in 

midgestation (Day 153 of gestation). ...................................................................................... 175 

Figure 5.23 Relationships of selected fetal fluid metabolites and amniotic aspartate transferase 

activity with conceptus phenotype in midgestation (Day 153 of gestation). .......................... 176 

Figure 6.1 Key parameters of Bos taurus taurus and Bos taurus indicus conceptus phenotype 

at Day 153 of gestation. .......................................................................................................... 220 

Figure 6.2 Effects of conceptus sex on circulating maternal parameters. .............................. 222 

Figure 6.3 Effects of conceptus genetics and genetic by sex interactions on maternal 

circulating parameters. ............................................................................................................ 224 



xi 

List of tables 

Table 1.1 Daily amniotic volume flows through inflow and outflow pathways. ..................... 14 

Table 1.2 Electrolyte concentrations in bovine allantoic fluid throughout gestation. .............. 21 

Table 1.3 Electrolyte concentrations in bovine amniotic fluid throughout gestation. .............. 22 

Table 1.4 Metabolite concentrations in bovine allantoic fluid throughout gestation. .............. 23 

Table 1.5 Metabolite concentrations in bovine amniotic fluid throughout gestation. .............. 24 

Table 1.6 Enzyme concentrations in bovine allantoic fluid throughout gestation.................... 25 

Table 1.7 Enzyme concentrations in bovine amniotic fluid throughout gestation. .................. 26 

Table 2.1 Genetics and sex of concepti analysed for fetal fluids and maternal blood 

parameters in early gestation (Day 48) and midgestation (Day 153). ...................................... 65 

Table 3.1 Clinico-chemical parameters of maternal serum of Bos taurus taurus (Angus, Bt) 

and Bos taurus indicus (Brahman, Bi) heifers in early and midgestation. ............................... 84 

Table 3.2 Conceptus phenotypes of Bos taurus taurus (Angus, Bt) and Bos taurus indicus 

(Brahman, Bi) at early gestation (Day 48) and midgestation (Day 153). ................................. 88 

Table 4.1 Clinico-chemical parameters of allantoic fluid in Bos taurus taurus (Angus, Bt) and 

Bos taurus indicus (Brahman, Bi) concepti in early and midgestation. ................................. 116 

Table 4.2 Clinico-chemical parameters of amniotic fluid in Bos taurus taurus (Angus, Bt) and 

Bos taurus indicus (Brahman, Bi) concepti in early and midgestation. ................................. 117 

Table 6.1 R-squared values and significance (P-value) of linear models, factors and covariates 

for Bos taurus taurus (Angus) conceptus phenotype and maternal circulating electrolytes, 

metabolites, enzymes and hormones at Day 153 of gestation ................................................ 216 

Table 6.2 R-squared values and significance (P-value) of linear models, factors and covariates 

for Bos taurus indicus (Brahman) conceptus phenotype and maternal circulating electrolytes, 

metabolites, enzymes and hormones at Day 153 of gestation ................................................ 218 

  



xii 

List of supplementary tables 

Supplementary Table 4.1 Estimated means and SEM are shown with R-squared values of 

general linear models (Type III sums of squares) and significance (P-value) of models and 

effects of genetics and sex. ..................................................................................................... 270 

Supplementary Table 4. 2 Clinico-chemical parameters of allantoic fluid of Bos taurus taurus 

(Angus, Bt) and Bos taurus indicus (Brahman, Bi) concepti in early and midgestation.. ...... 271 

Supplementary Table 4. 3 Clinico-chemical parameters of amniotic fluid of Bos taurus taurus 

(Angus, Bt) and Bos taurus indicus (Brahman, Bi) concepti in early and midgestation. ....... 272 

Supplementary Table 5. 1 Conceptus phenotypes in early gestation (Day 48) and midgestation 

(Day 153).. .............................................................................................................................. 273 

Supplementary Table 5. 2 Effects of maternal and paternal genomes and conceptus sex on 

allantoic fluid parameters in early gestation (Day 48). ........................................................... 274 

Supplementary Table 5. 3 Effects of maternal and paternal genomes and conceptus sex on 

amniotic fluid parameters in early gestation (Day 48). .......................................................... 275 

Supplementary Table 5. 4 Effects of maternal and paternal genomes and conceptus sex on 

allantoic fluid parameters in midgestation (Day 153). ........................................................... 276 

Supplementary Table 5. 5 Effects of maternal and paternal genomes and conceptus sex on 

amnioticc fluid parameters in midgestation (Day 153). ......................................................... 277 

  



xiii 

List of appendices 

Appendix 1 ............................................................................................................................. 278 

Reactions and Reagents involved with the use of Beckman-Coulter AU480 Clinical 

Chemistry and Radiometer ABL 700 series analysers ........................................................ 278 

Appendix 2 ............................................................................................................................. 284 

Calibration and quality controls protocols involved with the use of Beckman-Coulter 

AU480 Clinical Chemistry and Radiometer ABL 700 series analysers ............................. 284 

Appendix 3 ............................................................................................................................. 289 

Appendix 3.1. Effects of fetal genetics and sex on allantoic fluid clinico-chemical 

parameters in early gestation (Day 48) and midgestation (Day 153).................................. 289 

Appendix 3.2. Effects of fetal genetics and sex on amniotic fluid clinico-chemical 

parameters in early gestation (Day 48) and midgestation (Day 153).................................. 290 

Appendix 4 ............................................................................................................................. 291 

Appendix 4.1. Correlation between maternal serum and allantoic and amniotic fluid 

electrolytes. ......................................................................................................................... 291 

Appendix 4.2. Correlation between maternal serum and allantoic and amniotic fluid 

metabolites. ......................................................................................................................... 292 

Appendix 4.3. Correlation between maternal serum and allantoic and amniotic fluid 

enzyme activities. ................................................................................................................ 292 

 

  



xiv 

Declaration 

I certify that this work contains no material which has been accepted for the award of any 

other degree or diploma in my name, in any university or other tertiary institution and, to the 

best of my knowledge and belief, contains no material previously published or written by 

another person, except where due reference has been made in the text. In addition, I certify 

that no part of this work will, in the future, be used in a submission in my name, for any other 

degree or diploma in any university or other tertiary institution without the prior approval of 

the University of Adelaide and where applicable, any partner institution responsible for the 

joint-award of this degree. 

I give permission for the digital version of my thesis to be made available on the web, via the 

University’s digital research repository, the Library Search and through web search engines, 

unless permission has been granted by the University to restrict access for a period of time. 

 

Entesar Saleh Moh. Shuaib 

     

  



xv 

Poster presentations 

1.1. Entesar S. Shuaib, Karen Kind, Milton McAllister, Ian Beckman and Stefan 

Hiendleder. November 2016. Maternal and Paternal Genome Effects on clinico-

chemical parameters of amniotic fluid at midgestation and relationships with 

placental-fetal phenotype. Poster presented at the annual symposium for Robinson 

Research Institute, Adelaide, Australia. 

1.2. Entesar Shuaib, Karen Kind, Ian Beckman, Milton McAllister, E. Ebrahimie, Julie 

Owens, David Kennaway, Kathy Gatford and Stefan Hiendleder. November 2017. 

Effects of conceptus sex and genetics on maternal clinico-chemical and endocrine 

parameters at midgestation depend on maternal genetic background. Poster presented 

at the annual symposium for Robinson Research Institute, Adelaide, Australia. 

1.3. Stefan Hiendleder, Entesar Shuaib, Julie A Owens, David J Kennaway, Kathryn L 

Gatford, Karen L Kind. 2018. Effects of conceptus sex and genetics on circulating 

thyroid hormones and IGFs in heifers at mid gestation depend on maternal genetic 

background. Proceedings of the World Congress on Genetics Applied to Livestock 

Production. Biology - Reproduction 1: 979. 

  



xvi 

Acknowledgements 

In the name of God, Most Gracious, Most Merciful 

Here, is a small tribute to all those wonderful people who contributed directly or indirectly in 

shaping my academic learning experience and finishing my PhD study.  

I would like to thank my principle supervisor Professor Stefan Hiendleder, who conceived 

this project, for his advice, wonderful guidance and encouragement, which made it possible 

for me to finish this study. I am also thankful to him for providing me with the samples and 

the phenotypic data which added a comfort and great depth to my project. I am thankful to my 

co-supervisor Doctor Karen Kind, without her this thesis would not come to light. I am 

extremely grateful for her continues support and her ‘critically critical’ comments which have 

shaped up my academic thinking and writing ‘forever’. I would also like to thank my co-

supervisor Associate Professor Milton McAllister for his valuable guidance and 

encouragement. His beautiful comments on my final thesis draft helped me to see the light at 

the end of my ‘PhD tunnel’. My special thanks to Doctor Ian Beckman for carrying out the 

biochemical analyses as well as his guidance and support. It was a great pleasure and 

wonderful experience to work with him in the lab. Special thanks to Doctor Dana Thomsen 

for her friendship and critical proofreading and editing assistance. My thanks to David Rutley 

for his statistical assistance. I would like to express my deepest appreciation to all my 

committee members; Professor Gordon Howarth, Doctor Cynthia Bottema and Doctor Kathy 

Gatford. I am grateful for their assistance and suggestion throughout my study. I am thankful 

to JS Davies Bequest for financial support, and The University of Adelaide and the Libyan 

Ministry of Higher Education and Scientific Research for the Scholarship PhD Program. 

Special thanks to all friends, colleagues and the staff at Roseworthy campus for their great 

compassion company during all those years.  



xvii 

Finally thanks to my family, to MUM and DAD for their loyal prayers. A special thanks to my 

husband JAMAL and my children; my young-man MOHAMED, my sweetheart MARAM and 

my son-shine ABDO for their great love. I dedicate this thesis to you.  



xviii 

Thesis abstract 

Prenatal growth is influenced by bidirectional exchange between the fetal and maternal 

systems that programme birth weight and postnatal phenotype. Fetal fluids are essential but 

unexplored areas for prenatal growth. This study examined allantoic and amniotic fluids and 

maternal blood in a Bos taurus, Bos indicus bovine model to provide fundamental information 

that is lacking regarding (i) changes in clinico-chemical parameters of maternal blood in early 

and midgestation and their relationships with placental-embryo/fetal weights (ii) differences 

in clinico-chemical parameters of allantoic and amniotic fluids of bovine concepti in early and 

midgestation, (iii) effects of genetics and sex on clinico-chemical parameters of fetal fluids 

and their relationships with feto-placental phenotype, and (iv) the effects of conceptus sex and 

genetics on maternal blood parameters. 

Purebred and reciprocal cross Bos taurus, (Bt) and Bos taurus indicus, (Bi) concepti 

were recovered in early gestation (Day 48, n = 60), and midgestation (Day 153, n = 72), (term 

~ 280 days). Fetal fluids and maternal blood were sampled and analysed for clinico-chemical 

parameters. Insulin-like growth factors and thyroid hormones were assessed in maternal 

blood. Effects of genetics and sex on the measured parameters were determined using general 

linear models, and relationships with feto-placental phenotype assessed by linear regression. 

Breed effects on maternal electrolytes, metabolites and enzymes and their 

relationships with placental-embryo/fetal weights provide evidence of differences in maternal 

mineral metabolism, liver and kidney functions that influence conceptus growth. Stage- and 

genetic-specific differences were seen in clinico-chemical parameters of fetal fluids, which 

likely reflect differences in feto-placental phenotype. Greater maternal genome effects on 

fetal fluid in early gestation reflect the significance of placenta and maternal environment and 

represent maternal-offspring coadaptation. Paternal genome and maternal by paternal genome 

interactions exert stronger effects on amniotic fluid suggesting greater fetal influence and 

(epi)genetic regulation in line with the conflict-of-interest hypothesis. Conceptus sex had 



xix 

strong effects on fetal fluid metabolites in early gestation, while parental genome by sex 

effects influence amniotic fluid parameters at both stages. Furthermore, paternal genome and 

sex interacted with non-genetic maternal effects to affect fetal fluid parameters at both stages. 

Significant relationships between maternally controlled allantoic fluid parameters and 

embryo-placental weights suggest a critical role of allantoic fluid for embryonic development. 

In midgestation, paternally controlled amniotic fluid Na/K ratio showed significant 

relationships with fetal weight and fetal fluid volume, suggesting a paternal influence on 

amniotic fluid water and nutrient transfer. Conceptus sex and genetics affected maternal 

physiology in a maternal genetics dependent manner by influencing key parameters of 

maternal mineral metabolism, liver function and thyroid status. 

In conclusion, this study provides reference values for clinico-chemical parameters of 

fetal fluids and maternal serum in Bt and Bi concepti in early and midgestation. Results 

support the hypothesis that fetal fluid parameters are affected by genetics and sex, and are 

related to feto-placental phenotype, demonstrating their critical role in prenatal growth. This 

study highlights the importance of considering conceptus sex, genetics and maternal genetics 

as factors that impact maternal physiology and demonstrates the need for genetic background-

specific maternal assessment.



 

1. Chapter 1 Introduction and literature review  
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 Introduction 

Prenatal growth is an important determinant of birthweight, perinatal viability and postnatal 

phenotype. In beef production, obtaining an optimum birthweight is crucial, as low 

birthweight is linked to greater risk of neonatal mortality and morbidity, slow postnatal 

growth, increased fat deposition and reduced meat quality (Wu et al. 2006). Conversely, high 

birthweight increases the risk of calving difficulty, still birth and maternal death (Bellows et 

al. 1971). Similarly, in humans, several epidemiological studies have linked birthweight with 

incidence of adult diseases, such as cardiovascular diseases, type 2 diabetes and obesity 

(Barker 2004; Symonds et al. 2007). Therefore, understanding prenatal factors that influence 

fetal growth and contribute to differences in birthweight is of great importance with regard to 

neonatal and longer-term health and viability in mammals, including human. 

Fetal growth is a complex biological event influenced by (epi)genetic, environmental 

and maternal factors (Vaughan et al. 2011). Generally, factors affecting fetal growth fall into 

three categories; first, maternal factors including maternal size and weight, uterine size, 

uterine blood flow and maternal nutrition; second, placental factors such as placental size, 

placental vascular density, umbilical cord blood flow, placental metabolic activities and 

hormone synthesis; third, fetal factors which include fetal genome, fetal growth factors and 

hormones. These factors interact and influence the ability of the fetus to reach its genetic 

growth potential (Fowden 2001; Fowden, Ward & Forhead 2006), and ultimately, these 

interactions configure intrauterine programming that influences prenatal growth, birthweight 

and postnatal phenotype. 

Prenatal growth is directly related to nutrient availability, which is influenced by 

placental phenotype (Fowden et al. 2006). The placenta is the sole interface responsible for 

exchange between maternal and fetal systems (Wooding & Burton 2008), and a major 

determinant of fetal growth and birthweight (Fowden et al. 2008; Roland et al. 2012). 

Although the majority of this exchange takes place in cotyledons distributed over the surface 
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of the bovine conceptus, fetal membranes are large vascularized membranes and present 

another potential exchange surface between conceptus compartments (Mellor & Slater 1974). 

Fetal fluids are essential for fetal growth and an important medium for physiological 

exchanges between the fetus and mother (Kamath-Rayne et al. 2014). Composition of fetal 

fluids is affected by exchange across the placenta and fetal production of urine and fetal 

secretions from lung and salivary glands (Brace 1994), and to some extent depends on 

maternal nutrition (Kwon et al. 2004).  

Unlike human, in many species, such as bovine, there are two fluid filled sacs, the 

allantois and amnion that are essential for proper development of the fetus. Amniotic fluid 

contains nutrients and growth factors (Underwood, Gilbert & Sherman 2005), and amniotic 

fluid proteins and peptides possess potent effects on cellular growth and proliferation that 

modulate the process of fetal development (Tong et al. 2009). In humans, uptake of amniotic 

fluid by the fetus has been found to influence late gestation growth and birthweight (Bagci et 

al. 2016). In bovine, fetal weight is positively correlated with total fetal membrane and total 

fetal fluid weights (Anthony et al. 1986; Eley et al. 1978; Prior & Laster 1979). Significant 

alterations in fetal fluid volume and composition have been reported in in-vitro produced 

embryos or somatic cell nuclear transfer pregnancies with large offspring syndrome at early 

and midgestation (Bertolini et al. 2004; Li et al. 2005), indicating the significance of these 

fluids in bovine fetal growth. 

Pregnancy is associated with the onset of metabolic adjustments to ensure adequate 

fetal growth and to meet increased energy needs of the mother (Hadden & McLaughlin 2009). 

Fetal nutrient availability largely depends on maternal physiological adaptations (Donangelo 

& Bezerra 2016), which to some extent are determined by feto-placental influences (Clifton et 

al. 2012; Petry, Ong & Dunger 2007). The conflict-of-interest hypothesis, or Kinship theory, 

suggests that the fetal genome, acting via placental hormones subject to genomic imprinting, 

could manipulate the maternal metabolism to maximize the amount of maternal resources to 
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benefit fetal growth (Haig 1996). Recent data suggests that bidirectional feto-maternal 

interactions may enable fetal sex and genetics to affect maternal physiology (Glynn & 

Sandman 2011; Petry, Ong & Dunger 2007). The fetal sex hormone insulin-like peptide 3 

(INSL3) has been shown to reach the maternal circulation in bovine pregnancy, with the 

potential to influence both placental and maternal physiology (Anand-Ivell et al. 2011). In 

women, levels of INSL3 in amniocentesis samples taken at 12–14 weeks are predictive of 

subsequent risk of preeclampsia and/or birth weight (Ivell & Anand-Ivell 2009), suggesting a 

potential influence on maternal and fetal systems. There is evidence for substantial transfer of 

INSL3 between fetuses across fetal fluids in pig gestation and probably also across the 

placenta (Vernunft et al. 2016), emphasizing the potential significance of fetal fluids in 

maternal-fetal bidirectional dialog. Therefore, studying maternal blood and fetal fluid 

composition and identifying effects of genetics and sex on their parameters and their 

relationships with feto-placental phenotype can provide useful information about factors that 

influence prenatal growth. 

The domestic cow, Bos taurus, is an important agricultural species (Hiendleder, 

Lewalski & Janke 2008; Sequencing et al. 2009) and biomedical model (Adams, Singh & 

Baerwald 2012; Bahr & Wolf 2012; Carter 2007) that carries a singleton fetus with a 

comparable growth rate and gestation length as human (Ferrell 1989; Prentice et al. 1995). 

Previous studies reported significant differences between Bos taurus taurus and Bos taurus 

indicus genetics in fetal growth (Ferrell 1991a; Fontes et al. 2019; Mercadante et al. 2013) 

and feto-placental phenotype (Ferrell 1991a; Xiang, Estrella, et al. 2014; Xiang et al. 2013; 

Xiang, Lee, et al. 2014), where non-equivalence of maternal and paternal genome effects on 

development of the bovine concepti have been described. Significant variations in birthweight 

(Brown, Tharel, et al. 1993) and postnatal phenotype (Brown, Brown, et al. 1993) have also 

been reported within purebred and reciprocal crosses of Bt and Bi genetics, which make this a 

viable model to study factors that influence prenatal growth, birthweight and programming of 

postnatal phenotype. 
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This review describes bovine placenta and fetal membranes and highlights placental roles 

in regulating fetal growth and development as well as genetic factors that influence the 

placenta. It focuses on current understanding of fetal fluid formation and regulation of fetal 

fluid volume and composition with relevance to fetal growth and development, followed by 

effects of parental genomes and fetal sex and non-genetic maternal factors on fetal fluid 

volume and parameters. Further, it provides fundamental information regarding maternal 

blood composition and physiology, and evidence of effects of maternal genetics and fetal sex 

and genetics on maternal blood parameters as well as potential bidirectional interactions 

between fetal and the maternal systems. It also highlights the significance of the Bos taurus 

taurus and Bos taurus indicus bovine model. 

 Literature review 

1.2.1 The placenta and fetal membranes 

The bovine conceptus includes the fetus, the Placenta fetalis with associated fetal membranes 

and the Placenta materna. During early gestation in the bovine conceptus (0-76 days) (term 

277-283 days, mean 280 days) (Plasse et al. 1968; Sagebiel et al. 1973), placental growth 

precedes embryo/fetal growth (Eley et al. 1978). During this stage, several pivotal events take 

place including embryogenesis, implantation and placentation. Midgestation (76-164 days), 

precisely after 100 days of gestation and late gestation (164 days-term) are dominated by fetal 

growth (Eley et al. 1978; Prior & Laster 1979). During midgestation, the fetus enters the 

accelerating growth phase (Ferrell 1989), where fetal growth exceeds placental growth, 

reaching the maximum growth rate at about 230 days of gestation and declining thereafter 

(Prior & Laster 1979).  

1.2.1.1 Anatomy of the placenta and fetal membranes 

The bovine placenta is of the cotyledonary synepitheliochorial type (Wooding 1992), with 

three identifying characteristics: fetal trophectodermal binucleate cells, feto-maternal 

syncytium and placentomal chorioallantoic placental organization (Wooding 1992; Wooding 
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& Burton 2008). Cotyledons are tufts of chorionic villi that interdigitate with crypts of 

maternal caruncles to form placentomes (Schlafer, Fisher & Davies 2000; Wooding & Burton 

2008). Two placentome types are found in bovine, flat and convex, which vary in their 

proportion and cellular composition between gestational stages (Estrella et al. 2017). The size 

of placentomes also varies depending on their position, with the largest located in the uterine 

horn containing the developing fetus (Estrella et al. 2017; Schlafer, Fisher & Davies 2000). 

Placentomes are linked together by flat areas of chorioallantois that oppose the endometrium, 

and form the inter-cotyledonary area (Schlafer, Fisher & Davies 2000). Both placentomes and 

the inter-cotyledonary area are lined on the external surface by trophoblast cells. There are 

two morphologically and functionally distinct cells types: mononucleate trophoblast cells and 

binucleate trophoblast cells (Schlafer, Fisher & Davies 2000; Wooding & Burton 2008). 

Fetal membranes include the amnion, yolk sac, allantois and chorion. The amnion is a 

clear membrane that forms a fluid filled space surrounding the embryo (Figure 1.1). It is 

covered by the chorion to form the amniochorion, and is attached over much of its surface to 

chorioallantoic membranes (Schlafer, Fisher & Davies 2000; Wintour, Laurence & Lingwood 

1986). The yolk sac is well developed in early gestation and may be present up to Day 70 of 

gestation (Matsumoto et al. 2012). It arises from the ventral part of the embryo and is 

composed of a central part and two projections that are most evident on day 33 of gestation 

and regress thereafter (Assis Neto et al. 2010). The allantois consists of two sacs connected by 

a flattened isthmus and is covered by the chorion, forming the chorioallantois, which is 

covered by the uterine wall (Figure 1.1). Cotyledons are present on chorioallantoic 

membranes and fetal blood vessels supplying these cotyledons are located between the 

allantois and chorion. The allantois is connected to the fetal bladder by the urachus, which is a 

narrow tube located within the umbilical cord (Schlafer, Fisher & Davies 2000; Wintour, 

Laurence & Lingwood 1986) (Figure 1.1).  
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Figure 1.1 Schematic showing relationships between fetal membranes and 

maternal and fetal compartments in the epitheliochorial placenta.(taken from 

Gilbert 1993).  

 

1.2.1.2 Development of the placenta and fetal membranes  

The placenta and embryonic membranes develop at the same time as the embryo proper 

during the blastocyst stage (Betteridge 1988; Maddox-Hyttel et al. 2003). By Day 7, the 

embryo develops a fluid-filled central cavity, the blastocoel, which is surrounded by a single 

layer of trophectodermal cells, thereby forming the trophoblast (Maddox-Hyttel et al. 2003). 

By Day 12, the bovine blastocyst transforms from spherical to an ovoid form, a process, 

which marks the onset of trophectoderm elongation that occurred between Days 14 and 20 of 

gestation (Betteridge 1988; Maddox-Hyttel et al. 2003). After formation of the mesoderm, 

around Day 14, the extra embryonic mesoderm splits into somatic mesoderm and splanchnic 

mesoderm. The chorion is formed from the trophectoderm with the subjacent somatic 

mesoderm, while the splanchnic mesoderm covers the endoderm to form the wall of the yolk 

sac (Betteridge 1988). Shortly thereafter, at 16 days, the amnion is formed by folding of the 

developing chorion around the embryonic disc. Around Day 21, the allantois is formed as an 

outgrowth from the embryonic hindgut (Maddox-Hyttel et al. 2003). By Day 23, the chorion 

expands in full length inside the uterine horns, but the embryo with its surrounded amnion is 

located in the largest part of the chorion that marks the gravid horn (Assis Neto et al. 2009). 
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The allantoic membrane rapidly becomes vascularized and, as it expands to fill the 

extraembryonic coelom, the yolk sac regresses. Around Day 60 of gestation, the allantoic and 

amniotic membranes completely obliterate the coelom (Assis Neto et al. 2009; Tiedemann 

1982), and by Day 70 fusion between the allantois and opposing chorion is complete to form 

the chorioallantoic membranes (Assis Neto et al. 2010; Schlafer, Fisher & Davies 2000). The 

chorioallantois becomes irregular to form cotyledons, the fetal component of placentomes 

(Schlafer, Fisher & Davies 2000). 

Placental development starts with attachment of chorionic villi to uterine caruncles 

around Day 20 (Wathes & Wooding 1980; Wooding 1992). Placentomes are not 

macroscopically observable until Day 37, where a maximum of 20 placentomes are present 

(Assis Neto et al. 2009), and continue to increase in number up to Day 70 of gestation (Assis 

Neto et al. 2009). Expansion of the chorioallantois facilitates formation of the placentomes, 

where chorionic villi of the cotyledons become firmly attached to the endometrium (King, 

Adkinson & Robertson 1979). Placentomes are best developed on the zone near the embryo 

(Assis Neto et al. 2009; Estrella et al. 2017), with no evident placentome formation in the 

non-gravid horn up to Day 48 of gestation (Estrella et al. 2017). After establishment of the 

placentomes, mononuclear trophectoderm cells differentiate into trophoblast giant or 

binucleate cells that migrate, invade and fuse the uterine endometrium to form feto-maternal 

syncytia (Wooding 1992). However, profound tissue remodelling in placentome shape and 

cellular composition continues to occur throughout gestation (Estrella et al. 2017).  

1.2.1.3 The role of the placenta and fetal membranes in fetal growth 

Placental growth precedes fetal growth and its development is critical for optimal prenatal 

growth (Bazer, Spencer & Thatcher 2012; Ferrell 1989) due to its role in regulation of 

substrate supply to the fetus and production and transport of hormones that enter fetal and 

maternal systems (Ferrell 1989; Fowden et al. 2008). In bovine placenta, the placentomal 

region functions in haemotrophic exchange, while the inter-cotyledonary region is involved in 
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histotrophic transfer (Schlafer, Fisher & Davies 2000). Haemotrophic transfer across 

placentomes is the principal route of feto-maternal exchange of substances required for fetal 

growth and metabolism, including water, oxygen, carbohydrates, most amino acids, fatty 

acids, metals and ions (Igwebuike 2006; Wooding & Burton 2008). There are three main 

placental transport mechanisms: simple diffusion, transporter-mediated mechanisms and 

endocytosis/exocytosis (Burton, Fowden & Thornburg 2016). Simple diffusion is the passage 

of small hydrophobic molecules and respiratory gases across cell membranes, which mainly 

depends on a concentration gradient driving exchange. Transporter-mediated processes are 

dependent on expression of carrier proteins in cell membranes that facilitate passage of key 

nutrients, such as glucose, amino acids and lipids. Endocytosis/exocytosis mechanisms are 

involved in transportation of larger molecules, such as immunoglobulin and cholesterol 

(Burton, Fowden & Thornburg 2016). Placental capacity to transport nutrients to the fetus 

depends on several factors including placental size, morphology, uterine blood flow, 

abundance of transporter proteins, and rate of consumption and production of nutrients 

(Fowden 2001; Fowden et al. 2008).  

In addition to haemotrophic nutrition, histotrophic nutrition is important in the 

ruminant conceptus (Igwebuike 2006). Uterine glands secrete a complex mixture of proteins, 

growth factors, cytokines, enzymes and other substances that act as primary regulators of 

conceptus survival, pregnancy recognition, implantation and placentation (Igwebuike 2006; 

Koch, Ramadoss & Magness 2010). These glands are located in the inter-cotyledonary region, 

where unique placental structures, areolae, develop over the mouth of each gland as 

specialized areas for absorption and transport of uterine histotroph, mainly by phagocytic 

activities of trophoblast cells (Igwebuike 2006; Schlafer, Fisher & Davies 2000). The inter-

cotyledonary chorioallantois is a large vascularized membrane which receives the same 

proportion of fetal cardiac output as the fetal brain, heart and kidney, and therefore is another 

exchange surface (Mellor & Slater 1974).  



10 

The placenta has marked metabolic activities. In bovine, uteroplacental tissues utilize 

35-50% of oxygen and 60-70% of glucose taken up by the uterus (Reynolds, Ferrell & 

Robertson 1986), while placental consumption of amino acids is lower relative to fetal uptake. 

Placental metabolic activities include glycolysis, gluconeogenesis, glycogenesis, protein 

synthesis, amino acid inter-conversion and triglyceride synthesis (Bell & Ehrhardt 2000). 

Placental glucose metabolism has a major qualitative influence on carbohydrate delivery to 

the fetus. Placental production of lactate (~35%), fructose (~4%) and CO2 (~17%) account for 

about 56% of uteroplacental glucose consumption in pregnant ewes, whereas, the fate of the 

remaining 44% of uteroplacental glucose consumption accounts for synthesis of alanine and 

other non-essential amino acids (Bell & Ehrhardt 2000). Although fetal fluids are likely to be 

affected by exchange through the placenta, the potential influence of placental metabolic 

activities on fetal fluid composition is not fully understood. However, altered substrate 

availability and lactate and amino acid levels in bovine fetal fluids have been reported to be 

associated with abnormal placental phenotype in in-vitro produced embryos (IVP) (Bertolini 

et al. 2004) and somatic cell nuclear transfer (SCNT) pregnancies (Li et al. 2005; Zhou et al. 

2014), reflecting the contribution of placental tissues to fetal fluid composition. 

The placenta also synthesizes and secretes a number of steroid hormones, peptides, 

cytokines and growth factors, which enter the fetal and maternal circulation (Igwebuike 

2006). The bovine placenta possesses all enzymes and proteins required for synthesis of 

steroid hormones from early gestation (Verduzco et al. 2012). A functional role for local 

steroid production in bovine placenta has been demonstrated by the presence of both 

oestrogen and progesterone receptors in maternal caruncles (Hoffmann & Schule 2002). 

Further, the placenta produces hormones and peptides that are expressed by trophoblast cells, 

such as the prolactin (PRL)/growth hormone (GH) gene family, which is found in many 

species including mice, human, ovine and bovine (Soares 2004). In bovine, this family 

includes bovine placental lactogen (bPL) and several prolactin-related proteins (PRPs) that 

bind to GH receptors, PRL receptors and bPL receptors (Schuler & Kessler 1992; Schuler et 
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al. 1988; Takahashi 2006; Ushizawa & Hashizume 2006). Ruminant placental lactogen and 

PRPs affect corpus luteum function and development of uterine and mammary glands (Byatt 

et al. 1992; Carter 2012; Kessler, Duello & Schuler 1991). In bovine, migration and fusion of 

binucleate cells with the uterine endometrium are important mechanisms for delivering 

placental hormones to maternal circulation, which may play an important role in stimulating 

uterine glands during pregnancy (Igwebuike 2006). Further, release of placental lactogen and 

other placental growth factors into the maternal circulation can modulate fetal growth by 

regulating maternal metabolism and supporting fetal nutrient supply (Anthony et al. 1995). 

Bovine placental lactogen can stimulate nitrogen retention and secretion of IGF1 in non-

lactating dairy cows, whereas, infusion of ovine placental lactogen can cause changes in 

glucose and non-esterified fatty acids (NEFA) and insulin levels in ewes (Byatt et al. 1992). 

In humans, placental growth hormone induces insulin resistance in maternal peripheral tissues 

and IGF1 production by maternal liver, which enhances nutrient transfer and promotes 

placental blood flow (Newbern & Freemark 2011).  

1.2.1.4 Effects of genetics on the bovine placenta 

Maternal breed affects placental membrane weight, average placentome weight and hormonal 

traits in F1 Bt (Charolais, Jersey, Longhorn and Shorthorn) and Bi (Brahman) dams (Bellows 

et al. 1993). The effects of sire on placental characteristics were determined using two Bos 

taurus sires with different progeny birthweights, where fetuses with high growth potential had 

higher total placental weight, total and average placentome weights and placental fluid 

volume (Anthony et al. 1986). Recently, Estrella et al. (2017) described gross anatomy and 

histomorphology of placentae from Bt x Bi concepti and showed that fetal genetics affects 

placental parameters at midgestation, including volume of maternal epithelium and 

connective tissue, and surface area of placentomes. 
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1.2.2 Bovine fetal fluids 

The following section of this review focuses on dynamics, volume and composition of the 

amniotic and allantoic fluids, their relevance to fetal growth and development, as well as 

maternal and genetic factors that influence fetal fluids.  

In bovine, successful fetal growth and development requires accumulation of 

significant amounts of allantoic and amniotic fluid (Figure 1.2). Allantoic fluid acts as a fluid 

reservoir (Schlafer, Fisher & Davies 2000; Wintour, Laurence & Lingwood 1986), whereas 

amniotic fluid surrounds the developing embryo and fetus. 

 

Figure 1.2 Bovine conceptus at Day 60. 

Showing the chorioallantoic sac or allantoic sac that contains allantoic fluid (red dotted 

lines), covered with cotyledons, and the amniotic sac that contains amniotic fluid and 

surrounds the fetus (green dotted lines). Scale bar 2 cm (taken from Assis Neto et al. 2010). 

 

1.2.2.1 Fetal fluid dynamics 

The chronically catheterized late gestation ovine fetus is the only experimental model in 

which the mechanisms regulating fetal fluid dynamics have been described (Brace & Cheung 

2014). The ovine conceptus has the same placental type and fetal fluid compartments as the 

bovine (Wooding & Burton 2008), suggesting that information obtained in studies of ovine 

pregnancy are relevant to bovine.  
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Fetal fluids are complex mixtures due to dynamic inflow and outflow circulation 

(Figure 1.3). During early gestation it is thought that fetal fluids originate mainly from 

maternal plasma and pass through fetal membranes due to hydrostatic and osmotic forces via 

transmembranous transfer (TM) (Brace 1994; Underwood, Gilbert & Sherman 2005). 

However, it is now recognized that post implantation fluids secreted by the uterine wall are 

responsible for early fluid accumulation within fetal membranes (Brace & Cheung 2014). 

Another pathway involved during early gestation is transcutaneous transfer, a rapid 

bidirectional diffusion between the fetus and amniotic fluid across the non-keratinized fetal 

skin, which contributes to amniotic fluid content and volume until midgestation, when skin 

keratinization occurs (Brace 1994; Underwood, Gilbert & Sherman 2005).  

 

Figure 1.3 Amniotic fluid pathways. 

Schematic showing dynamic inflow and outflow circulations of amniotic 

fluid in the ovine model (Underwood, Gilbert & Sherman 2005). 

At midgestation several changes occur in the fetus that modify fetal fluid flows, 

including skin keratinization, urination, lung fluid production, fetal swallowing and fetal 

breathing movements (Underwood, Gilbert & Sherman 2005). Fetal urine is the major 

contributor to allantoic fluid, but passage of water and solutes between allantoic fluid and 

maternal and fetal blood does occur with intramembranous and transmembranous transfer, 

respectively (Brace 1994; Faichney, Fawcett & Boston 2004; Gilbert 1993; Mellor & Slater 

1974). However, there is little data on allantoic dynamics, as compared to extensive 
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information available for amniotic fluid, especially in late gestation (Brace & Cheung 2014). 

During mid and late gestation, circulation of amniotic fluid consists of five major flow 

pathways (see above Figure 1.3): inflow pathways including production of fetal urine and 

lung fluid, and outflow pathways via fetal swallowing, intramembranous transfer and 

transmembranous transfer (Beall, van den Wijngaard, et al. 2007; Brace & Cheung 2014). 

Average daily amniotic volume flow via these pathways in the ovine conceptus in late 

gestation is shown in Table 1.1. 

Table 1.1 Daily amniotic volume flows through inflow and outflow pathways. 

Amniotic inflow and outflow pathways and average daily amniotic volume flows in 

the ovine conceptus in late gestation (Brace & Cheung 2014). 
 

Flow pathways Daily flow rate 

Fetal urine  + 1010 ml/day 

Lung fluids + 380 ml/day 

Fetal swallowing  -  580 ml/day 

intramembranous transfer -  810 ml/day 

transmembranous transfer - 10 ml/day 

Urine flow 

Urination is the major contributor to allantoic and amniotic fluids (Arthur 1957). In bovine, 

the fetal bladder is connected to the allantois through the urachus and to the amniotic sac via 

the urethra (Wintour, Laurence & Lingwood 1986). Bovine fetal urine production starts with 

formation of the mesonephros, which becomes functionally active 22 to 25 days following 

fertilisation (Kritzenberger & Wrobel 2010). During early gestation, mesonephros and 

metanephros secretions mainly enter the allantoic sac via the urachus. More fetal urine 

reaches the amniotic sac from Day 76 of gestation (mean term 280 days) due to development 

of fetal kidney and bladder and patency of the urethra (Bongso & Basrur 1976). During late 

gestation, fetal urine continues to enter the allantoic sac because the urachus remains patent 

late in gestation in the bovine fetus, but it preferentially enters the amniotic sac (Reeves et al. 

1972). Despite this excessive volume of urine, amniotic fluid volume remains almost constant 
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due to an increase in swallowed volume and a large increase in intramembranous absorption 

(Robertson et al. 2009). 

Urine has a significant influence on fetal fluid volume (Brace 1994; Brace & Cheung 

2014). Prolonged removal of fetal urine by urine drainage during late gestation in fetal sheep 

results in a large decrease in allantoic and amniotic fluid volume, where no detectable fluid 

was seen in the allantoic sac (Gresham et al. 1972; Wlodek, Harding & Thorburn 1992). Entry 

of urine also decreases osmolality and sodium, potassium, chloride and glucose 

concentrations, and increases fructose and urea concentration in both fluids, while decreasing 

amino acid concentrations in allantoic fluid and increasing amino acid concentrations in 

amniotic fluid (Mellor & Slater 1972; Reeves et al. 1972). The late gestation fetus can 

modulate urine flow in response to changes in fluid states (Beall, van den Wijngaard, et al. 

2007; Brace & Cheung 2014). Changes in fetal urine flow can be regulated by fetal endocrine 

factors, such as arginine vasopressin, atrial natriuretic factor, aldosterone and prostaglandins, 

which have been demonstrated to alter fetal renal blood flow and fetal glomerular filtration 

rate (Beall et al. 2012). 

Lung fluid flow 

During fetal development, the lungs are filled with fluid, formed by active secretion of 

chloride ions into the alveolar space (Carlton 2017). In fetal sheep, fluid is present within the 

lumen of the lung as early as Day 69 (term = 147 days) of gestation. Lung fluid volume and 

production rate increase with gestation in the ovine fetus (Olver, Scheenberger & Walter 

1981), from approximately 1.5 ml/kg/hour at around midgestation to 5 ml/kg/hour later in 

gestation (Carlton 2017; Olver, Scheenberger & Walter 1981). As fetal breathing movements 

begin at midgestation, lung fluids and other oral, nasal and tracheal secretions become 

important contributors to amniotic fluid (Beall, van den Wijngaard, et al. 2007; Underwood, 

Gilbert & Sherman 2005). Under physiological conditions, 47-54% of lung fluid is swallowed 

by the fetus and the remainder enters the amniotic sac (Harding et al. 1984). The contribution 

of lung fluid to amniotic fluid volume in late gestation amounts to 380 ml/day (Table 1.1), 
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while oral and nasal secretions contribute only 28 ml/day (Brace & Cheung 2014). Lung fluid 

has higher levels of sodium and chloride and lower levels of proteins than amniotic fluid 

(Olver, Scheenberger & Walter 1981; Olver, Walters & S 2004). The influence of lung fluid 

on amniotic fluid composition is still unclear, but higher amniotic levels of betaine, choline 

and creatinine are associated with fetal lung maturity in sheep (Pelizzo et al. 2014). 

Production of lung fluid is regulated by endocrine factors including arginine vasopressin, 

catecholamines and cortisol (Beall, van den Wijngaard, et al. 2007; Underwood, Gilbert & 

Sherman 2005). Corticosteroids may also play a role in regulation of the composition of lung 

fluid, such as Na/K ratio, in fetal sheep (Keller-Wood et al. 2011). 

Fetal swallowing 

Fetal swallowing serves as a major route for amniotic resorption and recirculating water and 

solutes to the fetus (Ross & Nyland 1998). In humans, fetal swallowing was observed as early 

as 15 weeks of gestation, but consistent swallowing was observed by 22-24 weeks of 

gestation (Miller, Sonies & Macedonia 2003). Similarly, observations suggest that fetal 

swallowing becomes well developed in the bovine fetus at 164 days of gestation (Bongso & 

Basrur 1976), or at 6 to 6.5 months of gestation (Arthur 1965). In the ovine fetus, there is a 

steady increase in the volume of fluid swallowed during gestation (Brace 1994). The volume 

swallowed increases from 130 ml/kg/day at Day 100 of gestation to 500 ml/kg/day near term 

(term 147 days). The effect of fetal swallowing on the content and volume of amniotic fluid is 

unclear because swallowing is regulated by central nervous system activity, likely to meet 

fetal body needs rather than maintaining a normal amniotic fluid volume. Fetal swallowing 

increases in response to increased fetal plasma osmolality (Beall, van den Wijngaard, et al. 

2007; Brace 1994). There is a strong relationship between amniotic fluid volume and daily 

swallowed volume in fetal sheep (Brace & Cheung 2014). Swallowing may decrease to near 

zero when amniotic volume is below normal and increase up to two fold when amniotic fluid 

approaches polyhydramniotic levels (Brace, Anderson & Cheung 2013, 2014). While fetal 

swallowing may passively affect amniotic fluid volume (Brace & Cheung 2014), it is unlikely 
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to be a major regulator of amniotic fluid volume, as fetal sheep with oesophageal ligation can 

maintain normal amniotic fluid volume despite continued urine flow (Matsumoto, Cheung & 

Brace 2000). 

Intramembranous transfer  

Intramembranous transfer, first reported by Gilbert and Brace (1989), allows direct exchange 

of water and solute between fetal circulation and fetal fluids. Intramembranous exchange can 

occur at several potential sites: the richly vascularized fetal surface of the placenta, fetal blood 

that perfuses fetal membranes, fetal skin and umbilical cord surface (Brace 1994; Faichney, 

Fawcett & Boston 2004; Gilbert 1993). The amount of fluid that passes through the 

intramembranous pathway has been estimated at up to 810 ml/day in the late gestation ovine 

fetus (Brace & Cheung 2014). Amniotic fluid volume is primarily regulated by modulation of 

intramembranous transfer rate (Brace & Cheung 2014). Further, intramembranous transfer 

contributes significantly to fetal fluid composition because intramembranous fluxes of 

sodium, potassium, chloride, calcium, glucose and lactate are positively correlated with the 

rate of intramembranous water fluxes, indicating that water and solutes are transported 

together by a single mechanism (Gesteland et al. 2009). The majority of intramembranous 

transfer is mediated by unidirectional bulk flow that occurs via a vesicular transcytosis across 

fetal membrane cells and into fetal blood, while passive bidirectional diffusion makes a minor 

contribution (Brace, Vermin & Huijssoon 2004; Gesteland et al. 2009). 

Factors involved in regulation of intramembranous transfer are not known, but 

regulator(s) that may activate intramembranous pathways could be mechanical, such as 

membrane stretch, or biochemical, such as a substance present in fetal fluid (Brace & Cheung 

2014). The presence of stimulatory and inhibitory factors in amniotic fluid that modulate rate 

of intramembranous transfer has been suggested, with potential sources being fetal urine, lung 

fluid and fetal membranes (Anderson et al. 2013). While lung fluid does not appear to contain 

regulatory substances for amniotic fluid volume (Gesteland et al. 2009; Robertson et al. 
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2009), fetal urine may contain an undefined substance that stimulates active intramembranous 

transfer (Anderson et al. 2013).  

Vesicular transcytosis transportation across the amnion can be stimulated by vascular 

endothelial growth factor (VEGF) (Brace & Cheung 2014; Cheung 2004). Expression of 

VEGF has been detected in ovine fetal membranes (Bogic, Brace & Cheung 2001; Cheung et 

al. 1995) and is upregulated during conditions of increased intramembranous transfer induced 

by oesophageal ligation and prolonged hypoxia (Matsumoto et al. 2001, 2002). In addition to 

a role in induction of angiogenesis, VEGF may promote permeability in the blood vessels that 

perfuse the fetal membranes (Cheung et al. 1995), via mobilization and transcellular shuttling 

of caveolar vesicles across the fetal membranes (Chen et al. 2002). Aquaporin (AQP) water 

channels are also involved in regulation of passive intramembranous transportation of water 

(Brace & Cheung 2014). A number of AQPs, including AQP1, AQP3, AQP8, AQP9 and 

AQP11, are expressed in human, murine and ovine placenta and fetal membranes (Damiano 

2011; Liu, Zheng & Wintour 2008; Sha et al. 2011). In mice, amniotic fluid volume correlates 

negatively with fetal membrane AQP1 and placental AQP1 and AQP9 expression, and is 

positively correlated with placental AQP3 expression (Beall, Wang, et al. 2007). AQP1 gene 

knockout mice have increased amniotic fluid volume and lower amniotic fluid osmolality 

(Mann et al. 2005), suggesting that AQP1 contributes to amniotic fluid regulation. 

Transmembranous transfer  

Transmembranous transfer is the movement of water and solute between fetal fluids and 

maternal blood perfusing the uterine wall. Although transmembranous flow is the most likely 

source of fetal fluids at very early stages of gestation (Beall, van den Wijngaard, et al. 2007; 

Underwood, Gilbert & Sherman 2005), this pathway appears to be a minor route in late 

gestation, estimated at ~ 10 ml/day in ovine conceptus (Brace 1994; Gilbert & Brace 1989). 
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1.2.2.2 Fetal fluid volume 

Fetal fluids are in a dynamic state throughout gestation and the proportion of allantoic to 

amniotic fluid shifts across gestational stages (Arthur 1957, 1969; Bongso & Basrur 1976). 

Gestational changes in bovine fetal fluid volume have been described. Gestational changes 

and estimated volumes of fetal fluids from 30-284 days of gestation are shown in Figure 1.4. 

 

Figure 1.4 Changes in bovine fetal fluid volume throughout gestation. 

Showing the changes in allantoic fluid (blue line), amniotic fluid (green line) and total fetal 

fluid (red line) volumes between Days 30 to 284 of gestation (taken from McGeady et al. 2017). 

In bovine, allantoic fluid volume increases faster than amniotic fluid during early 

gestation until Day 60 of gestation (Eley et al. 1978). Allantoic fluid volume predominates 

during late gestation, reaching 8-15 litres (Arthur 1969). Bovine amniotic fluid first 

accumulates at Day 22 immediately after closure of the amnion (Maddox-Hyttel et al. 2003). 

The volume of amniotic fluid increases and reaches a peak during midgestation (Bongso & 

Basrur 1976). During the latter part of midgestation and into late gestation, the volume of 

amniotic fluid remains almost constant until near term when an increase occurs (Arthur 1957). 

Similar changes in the volume of amniotic fluid have been observed in ovine (Arthur 1969; 

Wintour, Laurence & Lingwood 1986). A shift in volume of fetal fluids during gestation is 
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likely to impact composition, as constancy of fetal fluid composition is closely regulated at 

the expense of volume constancy (Wintour, Laurence & Lingwood 1986). 

1.2.2.3 Fetal fluid composition 

Biochemical constituents of bovine fetal fluids change throughout gestation (Baetz, Hubbert 

& Graham 1976; Tabatabaei & Mamoei 2011). Allantoic fluid has a different composition to 

amniotic fluid, despite the two membranes being in close contact and both being enclosed by 

the chorion. Changes in fetal fluid composition probably reflect changes in metabolic and 

transport activity of placenta and changes in relative contribution of fetal and placental tissues 

to fetal fluid compartments (Li et al. 2005). Few studies have described gestational changes in 

biochemical parameters in bovine fetal fluids, while relationships of fetal fluid composition 

with conceptus phenotype have not yet been described. 

Fetal fluid electrolytes 

The amnion establishes water and electrolyte balance around the fetus (Wallenburg 1977). 

Allantoic fluid can be distinguished from amniotic fluid because of significant differences in 

electrolyte concentrations (Baetz, Hubbert & Graham 1976). Allantoic fluid has lower levels 

of chloride, phosphorus and sodium, and higher concentrations of calcium, magnesium and 

potassium as compared to amniotic fluid (Baetz, Hubbert & Graham 1976). These differences 

are likely due to different contributors to allantoic and amniotic fluids (Brace 1994). Fetal 

urine, lung fluid and permeability of fetal membranes are important determinants of 

electrolyte levels in fetal fluids (Wallenburg 1977; Wintour, Laurence & Lingwood 1986). At 

midgestation, greater equilibration of electrolytes in amniotic fluid occurs with fetal blood via 

rapid absorption through intramembranous transfer across the vascularized amniotic 

membrane and fetal skin (Albuquerque, Nijland & Ross 1999; Wintour).  

Concentrations of calcium, chloride, magnesium, phosphorus, potassium and sodium 

have been reported for bovine allantoic and amniotic fluids between 50-150 days of gestation 

(Li et al. 2005; Tabatabaei & Mamoei 2011) and in late gestation (Baetz, Hubbert & Graham 
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1976; Reeves et al. 1972; Tabatabaei & Mamoei 2011) (Table 1.2 and 1.3).With increasing 

gestation, there is a decrease in sodium and chloride and an increase in potassium in both 

fluids, reflecting increasing ability of the fetal kidney to reabsorb sodium and chloride 

throughout gestation (Robillard et al. 1994). Calcium and phosphorus concentration in 

allantoic and amniotic fluid increase between Days 50 and 100 of gestation, which reflects an 

increase in fetal uptake, then decrease at Day 150, suggesting an increased fetal retention 

because of growth and ossification of bones (Li et al. 2005). However, relationships of fetal 

fluid electrolyte levels with fetal organ weights have not been determined. 

There are also conflicting data regarding concentrations of electrolytes, such as 

potassium, calcium and phosphorus, in allantoic fluid and amniotic fluid (see Table 1.2 and 

Table 1.3 respectively). Most of these experiments have used random samples collected from 

abattoirs (Baetz, Hubbert & Graham 1976; Reeves et al. 1972; Tabatabaei & Mamoei 2011); 

thus, potential genetic and environmental differences have not been taken to account. 

Table 1.2 Electrolyte concentrations in bovine allantoic fluid throughout gestation. 

Gestational 

age (Days) 

Calcium 

(mmol/L) 

Chloride 

(mmol/L) 

Magnesium 

(mmol/L) 

Phosphorus 

(mmol/L) 

Potassium 

(mmol/L) 

Sodium 

(mmol/L) 

References 

190 4.2±0.4 

 

19.0±2.0 

 

24.4±7.1 

 

0.9±0.0 

 

32.6±0.0 

 

49±1 

 

Baetz, Hubbert and 

Graham (1976) 

163-187 

187-212 

225-245 

270-281 

NA 

4.1±1.5 

1.5±0.6 

NA 

37.0±8.0 

22.0±15.0 

19.0±12.0 

20.0±16.0 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

18.0±18.0 

3.1±2.5 

NA 

73.0±8.0 

83.0±29.0 

54.0±17.0 

52.0±25.0 

Reeves et al. (1972) 

50 

100 

150 

2.2±0.3 

4.4±1.0 

2.7±0.6 

63.8±5.0 

48.5±10.0 

47.2±7.2 

0.8±0.1 

3.4±1.6 

10.5±3.7 

0.5±0.1 

0.5±0.9 

1.6±0.4 

4.3±0.5 

11.5±4.3 

48.1±10.4 

99.2±6.2 

60.0±12.6 

33.0±12.0 

Li et al. (2005) 

0-50 

51-100 

101-150 

151-200 

5.9±1.0 

5.5±0.8 

4.9±0.8 

4.1±0.7 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

4.6±0.9 

3.3±0.5 

2.9±0.4 

2.5±0.3 

2.7±0.3 

2.9±0.4 

3.5±0.4 

4.1±0.3 

76.7±3.6 

66.7±4.0 

60.8±3.7 

50.2±3.7 

Tabatabaei and 

Mamoei (2011) 

 

NA Not analysed. 
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Table 1.3 Electrolyte concentrations in bovine amniotic fluid throughout gestation. 

Gestational 

age (Days) 

Calcium 

(mmol/L) 

Chloride 

(mmol/L) 

Magnesium 

(mmol/L) 

Phosphorus 

(mmol/L) 

Potassium 

(mmol/L) 

Sodium 

(mmol/L) 

References 

190 

 

1.4±0.2 

 

109.0±2.0 

 

2.2±0.8 

 

3.7±0.05 

 

5.7±0.0 

 

124.0±1.0 

 

Baetz, Hubbert 

and Graham 

(1976) 

163-187 

187-212 

225-245 

270-281 

NA 

1.6±0.5 

1.2±0.4 

NA 

112.0±7.0 

108.0±9.0 

103.0±10.0 

72.0±27.0 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

6.3±1.2 

4.5±1.0 

NA 

127.0±8.0 

125.0±9.0 

110.0±13.0 

117.0±10.0 

Reeves et al. 

(1972) 

50 

100 

150 

0.9±0.1 

1.0±0.2 

1.2±0.1 

105.6±12.6 

110.3±11.2 

118.4±7.6 

0.49±0.1 

0.49±0.7 

0.64±0.1 

0.7±0.1 

0.4±0.0 

0.6±0.1 

10.3±1.7 

17.2±1.8 

12.0±1.2 

132.0±8.9 

113.7±10.0 

122.8±7.2 

Li et al. (2005) 

0-50 

51-100 

101-150 

151-200 

5.1±0.5 

5.0±0.3 

3.4±0.3 

3.2±0.4 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

3.8±0.5 

3.3±0.5 

2.9±0.3 

2.3±0.4 

3.1±0.4 

3.4±0.4 

4.3±0.4 

4.7±0.4 

127.3±3.7 

112.6±4.9 

91.5±3.5 

67.8±3.3 

Tabatabaei and 

Mamoei (2011) 

 

NA Not analysed. 

 

Fetal fluid metabolites 

Bovine fetal fluids contain metabolites including creatinine, glucose, lactate, total protein and 

urea. The concentration of metabolites in fetal fluids changes throughout gestation. While 

glucose and lactate concentrations decrease with gestational age (Bertolini et al. 2004; Li et 

al. 2005; Tabatabaei & Mamoei 2011), concentrations of creatinine, total proteins and urea 

increase with gestation (Baetz, Hubbert & Graham 1976; Li et al. 2005; Reeves et al. 1972; 

Tabatabaei & Mamoei 2011). Some metabolites, such as glucose, lactate and proteins, are 

metabolized or modified by the placenta (Ferrell 1989), while others, such as creatinine, 

proteins and urea, represent fetal contribution to fetal fluids (Gulbis, Gervy & Jauniaux 1998; 

Oliveira, Barros & Magalhães 2002; Prestes et al. 2001a). Further, changes in fetal fluid 

metabolites throughout gestation may mirror developmental changes that occur in the fetus. 

An increase in creatinine and urea represents renal maturation and functionality with gestation 

(Gulbis, Gervy & Jauniaux 1998; Oliveira, Barros & Magalhães 2002), whereas a decrease in 
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glucose may be due to increased fetal intake of glucose as a result of fetal swallowing reflex 

development (Prestes et al. 2001a). However, relationships between concentrations of 

metabolites in fetal fluids and feto-placental phenotype are still undescribed. 

Concentrations of metabolites have been reported in bovine allantoic (Table 1.4) and 

amniotic fluids (Table 1.5) during different gestational stages. Allantoic fluid appears to have 

higher creatinine and total protein concentrations than amniotic fluid at all stages of gestation 

(Baetz, Hubbert & Graham 1976; Li et al. 2005; Reeves et al. 1972). Higher levels of amino 

acids were observed in allantoic fluid of bovine (Baetz, Hubbert & Grahma 1975) and in 

ovine (Kwon et al. 2003) when compared to amniotic fluid. However, the data differs 

significantly between studies; e.g. Tabatabaei and Mamoei (2011) report no significant 

differences in creatinine and total protein levels between allantoic and amniotic fluids, while 

Li et al. (2005) report higher creatinine levels in amniotic and allantoic fluids with gestation 

and significantly higher total protein levels in amniotic fluid at Day 150 when compared to 

Day 50. Moreover, reported levels of total protein were incomparable between these previous 

studies, where Tabatabaei and Mamoei (2011) showed higher total protein levels throughout 

gestation when compared to the other studies (Table 1.4 and 1.5). 

Table 1.4 Metabolite concentrations in bovine allantoic fluid throughout gestation. 

Gestational age 

(Days) 

Creatinine 

(µmol/L) 

Glucose 

(mmol/L) 

Lactate 

(mmol/L) 

Total protein 

(g/L) 

Urea 

(mmol/L) 

References 

190 11580.6±0.0 

 

0.3±0.0 

 

1.5±0.1 

 

9.9±1.0 

 

8.8±0.3 

 

Baetz, Hubbert and 

Graham (1976) 

163-187 

187-212 

225-245 

270-281 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

8.0±1.0 

11.0±3.0 

NA 

8.2±1.4 

6.8±0.7 

7.9±1.9 

10.0±2.9 

Reeves et al. (1972) 

50 

100 

150 

51.3±3.9 

507.0±173.0 

2570.0±517.0 

 

0.9±0.2 

1.7±0.2 

1.0±0.2 

 

4.3±0.4 

1.4± 0.8 

1.3±0.4 

 

0.49±0.1 

0.38±0.2 

0.33±0.1 

 

6.6±0.5 

6.1±0.6 

6.1±0.6 

 

Li et al. (2005) 
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Table 1.4 continued 

0-50 

51-100 

101-150 

151-200 

185.6±17.7 

212.2±17.7 

327.1±17.7 

495.0±17.7 

2.1±0.1 

2.0±0.1 

1.6±0.1 

1.3±0.0 

NA 

NA 

NA 

NA 

57.0±4.0 

60.0±5.0 

81.0±2.0 

89.0±7.0 

6.0±0.6 

6.3±0.7 

8.9±0.5 

10.5±0.5 

Tabatabaei and 

Mamoei (2011) 

 

NA Not analysed 

 

Table 1.5 Metabolite concentrations in bovine amniotic fluid throughout gestation. 

Gestational Age 

(Days) 

Creatinine 

(µmol/L) 

Glucose 

(mmol/L) 

Lactate 

(mmol/L) 

Total protein 

(g/L) 

Urea 

(mmol/L) 

References 

190 627.7±58.0 

 

0.4±0.0 

 

3.1±0.2 

 

1.4±0.2 

 

7.9±0.0 

 

Baetz, Hubbert and 

Graham (1976) 

163-187 

187-212 

225-245 

270-281 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

2.0±0.0 

4.0±0.2 

NA 

6.8±0.2 

6.4±0.7 

10.4±2.5 

14.3±3.9 

Reeves et al. (1972) 

50 

100 

150 

17.6±2.2 

51.3±35.8 

89.8±23.1 

2.2±0.2 

2.2±0.2 

1.6±0.2 

2.7±0.3 

1.7±0.2 

1.8±0.2 

0.20±0.0 

0.13±0.0 

0.34±0.1 

5.1±0.4 

5.6±0.7 

5.5±0.8 

Li et al. (2005) 

0-50 

51-100 

101-150 

151-200 

159.1±17.7 

185.6±17.7 

247.5±8.8 

397.8±26.5 

1.9±0.1 

1.8±0.1 

1.6±0.1 

1.3±0.1 

NA 

NA 

NA 

NA 

51.0±3.0 

63.0±2.0 

73.0±2.0 

78.0±2.0 

5.3±0.6 

5.5±0.7 

7.1±0.9 

9.2±0.4 

Tabatabaei and 

Mamoei (2011) 

 

NA Not analysed. 

Fetal fluid enzymes  

Data regarding activity of alanine aminotransferase (ALT), alkaline phosphatase (ALP), 

aspartate aminotransferase (AST) and gamma-glutamyl transferase (GGT) at different 

gestational stages in bovine fetal fluids is limited (Table 1.6 and Table 1.7), with fewer 

studies found on allantoic fluid (Table 1.6). However, changes in amniotic enzyme activity 

are suggested to reflect the increasing contribution of different fetal organs to fetal fluids 

(Gulbis, Gervy & Jauniaux 1998). ALT and AST are involved in amino acid and carbohydrate 

metabolism. ALT activity in fetal fluids is very low and undetectable in some gestational 
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stages in bovine (Baetz, Hubbert & Graham 1976; Mohamed & Noakes 1985) and ovine 

(Batavani, Ghasemzadeh & Kheradmand 2008). There is a progressive increase in amniotic 

AST activity, attributed to an increase in functionality of fetal organs (Mohamed & Noakes 

1985). ALP enzyme activity is found in bone, liver, kidney, intestines and placenta. A 

systematic study of human amniotic enzyme activity found that before 14 weeks of gestation 

only ALP liver-bone-kidney isozyme is present, whereas after 15 weeks the main sources are 

intestine and placenta (Muller et al. 1988). GGT is involved in intracellular glutathione 

regulation and GGT activity is highest in the kidneys, pancreas and liver in the bovine fetus 

(Karam et al. 1991). In humans, GGT mainly originates from the liver (Muller et al. 1988) 

and, similar to bovine, its activity in amniotic fluid increases at midgestation and declines 

thereafter (Karam et al. 1991; Muller et al. 1988).  

Similar to other fetal fluids parameters, previous reports show conflicting data 

regarding enzyme activity in allantoic fluid (Table 1.6) and amniotic fluid (Table 1.7) (Baetz, 

Hubbert & Graham 1976; Mohamed & Noakes 1985; Tabatabaei & Mamoei 2011), which is 

likely due to different methods used to measure enzyme activity in fetal fluids and the time 

gap between these studies. Additionally, all these studies utilized samples obtained from 

abattoir-derived concepti, which may contribute to observed differences between studies. 

Table 1.6 Enzyme concentrations in bovine allantoic fluid throughout gestation. 

 

Gestational age 

(Days) 

 

Alanine 

aminotransferase 

(IUL) 

Alkaline 

phosphatase 

(IUL) 

Aspartate 

aminotransferase 

(IUL) 

Gamma-glutamyl 

transferase 

(IUL) 

References 

190 days ND 1.5±0.8 5.4±0.7 NA Baetz, Hubbert and 

Graham (1976) 

0-50 days 

51-100 days 

101-150 days 

151-200 days 

8.5±0.8 

9.9±0.6 

10.4±0.6 

10.2±0.9 

56.3±2.4 

62.4±1.3 

74.0±2.8 

75.3±4.7 

13.3±0.63 

11.9±1.18 

13.5±1.31 

12.5±1.26 

NA Tabatabaei and 

Mamoei (2011) 

ND Not detectable. NA Not analysed. 
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Table 1.7 Enzyme concentrations in bovine amniotic fluid throughout gestation. 

 

Gestational age 

(Days) 

 

Alanine 

aminotransferase 

(IUL) 

Alkaline 

phosphatase 

(IUL) 

Aspartate 

aminotransferase 

(IUL) 

Gamma-glutamyl 

transferase 

(IUL) 

References 

190 days ND 1.9±0.4 5.4±0.5 

 

NA Baetz, Hubbert 

and Graham 

(1976) 

1-2 months 

3-4 months 

4-5 months 

5-6 months 

6-7 months 

8-9 months 

ND 

ND 

1.4±0.1 

ND 

0.6±0.0 

1.9±0.0 

12.0±0.0 

12.2±0.0 

9.2±1.0 

49.8±12.2 

61.2±14.4 

24.2±5.7 

3.2±0.0 

2.3±0.0 

4.1±0.4 

6.8±0.7 

6.8±0.5 

6.4±0.8 

NA Mohamed and 

Noakes (1985) 

3-4 months 

5-7 months 

7-9 months 

NA NA NA 27.0±0.0 

31.0±0.0 

12.0±0.0 

Karam et al. 

(1991) 

0-50 days 

51-100 days 

101-150 days 

151-200 days 

5.6±0.7 

4.8±1.0 

6.0±0.9 

5.7±0.9 

50.8±2.3 

61.9±3.0 

68.5±4.6 

79.0±3.1 

9.5±0.6 

9.2±1.0 

8.6±0.7 

5.7±0.7 

NA Tabatabaei and 

Mamoei (2011) 

ND Not detectable. NA Not analysed. 

 

1.2.2.4 Fetal fluids and fetal growth and development 

Fetal fluids provide mechanical cushioning around the embryo/fetus to allow free movement 

and symmetrical growth, and prevent mechanical and thermal shock. However, the function 

of allantoic fluid is not well understood. It has been suggested that the rapid accumulation of 

allantoic fluid facilitates expansion of the allantois and formation of the chorioallantoic 

placenta (Bazer 1989). The allantois was thought to be a reservoir of fetal waste, but it may 

serve as a reservoir for water and nutrients, such as glucose and fructose, that can be utilized 

by the fetus (Bazer, Spencer & Thatcher 2012). Allantoic fluid contains high levels of amino 

acids in bovine (Baetz, Hubbert & Grahma 1975) and ovine (Kwon et al. 2003). However, the 

potential nutritive role of allantoic fluid for the fetus has been little studied.  
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Amniotic fluid is absorbed by the fetus via fetal swallowing and intramembranous 

transfer across fetal blood vessels which, in theory, provides nutrients to the fetus 

(Underwood, Gilbert & Sherman 2005). Amniotic fluid contains amino acids, proteins, 

peptides, lipids and growth factors that may enter fetal circulation through absorption across 

the intestinal wall (Underwood, Gilbert & Sherman 2005). Up to10–14% of the total 

nutritional requirement of a rabbit fetus is derived from swallowing amniotic fluid (Mulvihill 

et al. 1985). The nutritive value of swallowed amniotic fluid has also been demonstrated in 

the ovine fetus, where oesophageal infusions of amniotic fluid showed improvement in fetal 

organ growth (Trahair & Sangild 2000). A recent study of human infants with oesophageal 

atresia, which prevents fetal swallowing, showed that internal uptake of amniotic fluid during 

late gestation influences fetal growth and affects birthweight (Bagci et al. 2016). Although a 

nutritive role for amniotic fluid seems to be well recognized, little is known about the 

significance of individual nutrients swallowed within amniotic fluid for fetal growth. 

Amniotic fluid contains growth factors that act as regulatory messengers for cellular 

growth and proliferation in the fetus (Tong 2013). Numerous growth factors, including IGF1, 

epidermal growth factor (EGF), basic fibroblast growth factor, hepatocyte growth factor and 

transforming growth factor alpha and beta-1, have been reported in amniotic fluid 

(Underwood, Gilbert & Sherman 2005). Ligation of the oesophagus in fetal rabbits results in a 

significant reduction in birthweight (Mulvihill et al. 1985), which can be reversed by an 

enteral infusion of either bovine amniotic fluid or EGF (Mulvihill et al. 1986). IGF1 can 

improve somatic growth, spleen weight and bowel wall thickness when infused into the ovine 

fetal oesophagus (Kimble et al. 1999). A single labelled IGF1 injection into ovine amniotic 

fluid demonstrated sustained delivery of IGF1 from amniotic fluid across the fetal gut into 

fetal circulation over seven days (Bloomfield et al. 2002). A weekly intra-amniotic IGF1 

treatment increased growth of growth-restricted ovine fetuses via increased fetal substrate 

supply and up-regulating placental transporters for amino acids (Wali et al. 2012).  
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Fetal growth and development require adequate fetal fluid volume. Abnormalities in 

fetal fluid volume are frequently associated with fetal diseases and developmental anomalies 

(Drost 2007; Moore 2010). In bovine, hydrops allantois or hydrallantois is excessive 

accumulation of allantoic fluid (Drost 2007) and accounts for almost 90% of dropsical 

conditions (Momont 2005). The cause of this condition is not completely understood; 

however, it is frequently associated with placental dysfunction and characterized by a reduced 

number of placentomes (Drost 2007; Momont 2005). In contrast, hydrops amnii or 

hydramnios is an excessive accumulation of amniotic fluid, but is less common and usually 

associated with fetal anatomical defects, some of which are hereditary. For example, hybrids 

produced by the mating of American bison bull with domestic cow are more likely to be 

affected by hydramnios (Drost 2007; Momont 2005). Hydrops allantois is also a part of Large 

Offspring Syndrome, which is often associated with excessive fetal growth and abnormal 

placentation (Drost 2007; Farin, Piedrahita & Farin 2006) as well as disturbance in fetal fluid 

composition (Bertolini et al. 2004; Li et al. 2005), emphasizing the importance of normal fetal 

fluid volume and composition for normal fetal growth.  

Fetal fluids are a potential medium for bidirectional exchange between the fetus and 

mother, especially in early gestation. Fetal fluids have an important role in maintaining water 

homeostasis between the fetus and mother. Dickson and Harding (1994) demonstrated that, 

fetal fluids are used to limit the degree of maternal and fetal water deprivation during 

maternal dehydration in sheep. Transmembranous transfer allows direct exchange of water 

and solutes between fetal fluids and maternal blood at several potential sites including the 

interface between amniotic fluid and maternal blood through amniochorion vascularization, 

and the interface between the allantoic fluid and maternal blood via chorioallantois 

vascularization (Anderson, Faber & Parks 1988; Brace 1994; Brace, Gilbert & Thornburg 

1992). The significance of this route and whether transmembranous transfer occurs into or out 

of fetal fluids is still unclear (Brace 1994; Brace & Cheung 2014). 
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1.2.2.5 Effects of genetics and parental genomes on fetal fluids 

Parent-of-origin effects phenomena 

Evidence suggests that parental genomes are functionally non-equivalent during development, 

as expression of imprinted genes is imbalanced and determined by their parent of origin 

(Tilghman 1999). Parent-of-origin effects are epigenetic phenomena that appear as 

phenotypic differences between heterozygotes depending on the parental origin of allele 

(Lawson, Cheverud & Wolf 2013). The differential contribution of maternal and paternal 

genomes is termed genomic imprinting. Unlike classic Mendelian genetic theory, where there 

is biallelic expression of a gene that leads to equal inheritance of both parental traits, 

imprinted genes showed parent-specific expression, as one parental allele is silenced 

depending on parent of origin. This imprinting is driven by epigenetic mechanisms that occur 

during gametogenesis and may include DNA methylation, histone modification and RNA 

silencing (Inbar-Feigenberg et al. 2013).  

Genome-wide epigenetic reprogramming takes place at two important developmental 

stages: during gametogenesis and during early development. During development of 

primordial germ cells, a wave of remethylation occurs, where epigenetic marks are removed 

and new epigenetic marks, including parent-of-origin-specific imprints, are established. A 

second wave of reprogramming of epigenetic marks occurs in the early embryo, including 

global demethylation followed by de novo DNA methylation and X-chromosome inactivation 

(Inbar-Feigenberg et al. 2013). Parent-of-origin-dependent monoallelic expression of a single 

gene will ultimately produce a pattern of phenotypic variation. Two principle phenotypic 

patterns may occur: parental expression, including paternal and maternal expression, and 

dominance imprinting, where patterns of effects depend on the combination of alleles, 

including polar overdominance, polar underdominance and bipolar dominance (Lawson, 

Cheverud & Wolf 2013; Wolf et al. 2008). In bovine, several studies have reported parent-of-
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origin effects on quantitative traits such as birth and weaning weight and carcass composition 

(Meyer & Tier 2012; Neugebauer et al. 2010; Pausch et al. 2011; Tier & Meyer 2012).  

Maternal effects can be transmitted by the maternal genome where maternally 

expressed genes are activated and paternally expressed genes are silenced by imprinting, thus 

exclusive expression of the allele inherited from the mother. According to Haig (1993), who 

introduced the conflict-of-interest hypothesis, the maternal genome suppresses fetal growth 

(Haig 1993; Moore & Haig 1991) by allocating resources to benefit reproductive fitness of the 

mother (Constância, Kelsey & Reik 2004). Imprinting with maternal expression is most likely 

to evolve when selection favours coadapted maternal and offspring traits, which may explain 

the overabundance of maternally expressed genes, especially in the placenta (Wolf 2013; 

Wolf & Hager 2006). According to coadaptation theory, genetic coadaptation between the 

mother and fetus may occur in two ways: pleiotropy, where the maternal and fetal traits 

involved in the interaction are affected by the same locus, and linkage disequilibrium, which 

occurs when coadaptation allows for coadapted alleles to be associated in the genome 

(Weissgerber & Wolf 2006). Maternal genetic effects can also be due to the mitochondrial 

genome, which is exclusively transmitted through the maternal line (Casteels et al. 1999). 

Another potential mechanism of maternal effects could be indirect maternal genetic effects, 

which occur beyond the direct inheritance of alleles, when maternal phenotype, determined by 

genetic factors, may affect offspring phenotype (Wolf et al. 1998). 

In mammals, studies of parental genome effects have focused on maternal effects, but 

paternal genome effects are equally plausible (Lawson, Cheverud & Wolf 2013). Fetal growth 

is regulated by the conflicting interest of the mother and father in restricting and promoting 

fetal growth (Haig 1993; Moore & Haig 1991). Conflict between maternal and paternal 

genomes over allocation of maternal resources suggests that paternally expressed imprinted 

genes extract the maximum amount of maternal resources for the benefit of offspring 

(Constância, Kelsey & Reik 2004; Moore & Haig 1991). Using the conflict-of-interest 
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hypothesis, a number of paternally expressed genes, such as IGF2 and PEG3, have been 

identified and found to promote fetal growth (Frost & Moore 2010; Tilghman 1999). 

Genetics and parental genomes effects on fetal fluids 

The vast majority of imprinted genes are expressed in the placenta and play critical roles in 

allocation of maternal resources and placental efficiency for nutrient transport (Angiolini et 

al. 2006; Constância, Kelsey & Reik 2004; Fowden & Moore 2012). Differences in 

expression of the imprinted genes IGF2 and IGF2R in bovine embryos produced by somatic 

cell nuclear transfer may contribute to alterations in placental morphology and fetal fluid 

volume (Farin, Piedrahita & Farin 2006) as well as disturbance in fetal fluid composition 

commonly observed with cloned animals (Li et al. 2005). However, genes that may influence 

fetal fluid volume and composition are still unidentified.  

Genetic effects, including parental genome effects on fetal fluids, are still largely 

unknown, despite early studies reporting fetal fluid abnormalities in Ayrshire cattle with a 

single autosomal recessive gene (Donald, Deas & Wilson 1952). Total allantoic and amniotic 

fluid volume in Angus cattle is affected by sires selected for low or high progeny birthweights 

(Anthony et al. 1986). Paternal genome affected total fetal fluid weights in Bos taurus taurus 

(Angus) and Bos taurus indicus (Brahman) concepti, where concepti with Brahman paternal 

genome had higher fetal fluids weight when compared with those of Angus paternal genome 

(Xiang, Estrella, et al. 2014). Nothing is known about the effects of genetics on fetal fluid 

composition, although evidence of a genetic influence came from an early study of goat-sheep 

hybrids where allantoic fluid volume and composition in hybrid fetuses differed significantly 

as compared to goat fetuses (McGovern 1977). 

1.2.2.6 Effects of fetal sex on fetal fluids 

Sex-specific contribution to prenatal growth 

Fetal sex has been associated with differences in fetal growth, placental growth and 

differential risks of perinatal outcomes (Clifton 2010; Gabory et al. 2013). Male fetuses are 
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heavier than females and have higher risk of adverse outcomes, such as macrosomia, preterm 

delivery and umbilical cord prolapse (Sheiner et al. 2004). Sex differences in fetal growth and 

survival are likely to be mediated by sex-specific placental function (Clifton 2010). Males and 

females institute different strategies to cope with the same adverse maternal environment. 

While female fetuses make multiple adaptations in placental gene and protein expression to 

reduce growth and ensure survival in a less than optimal maternal environment, male fetuses 

maintain growth which places them at greater risk of additional adversity (Clifton 2010). 

Sex-specific mechanisms that influence placental growth and fetal programming may 

include unequal expression of X- and Y-chromosome-linked genes, X-chromosome 

inactivation and sex-specific epigenetic marks that modulate sex-specific gene expression 

(Gabory et al. 2013; Pessia et al. 2012). Uniparental expression of genes has been proposed to 

be a result of evolutionary conflict between males and females over levels of maternal 

investment (Haig & Graham 1991). Genomic imprinting may contribute to sexually 

dimorphic traits. According to the intralocus sexual conflict hypothesis, genomic imprinting 

can occur due to conflict caused by sex-specific selection favouring different alleles in males 

and females which allow male and females to approach their sexually dimorphic phenotypic 

optima more closely (Day & Bonduriansky 2004).  

Sex effects on fetal fluids 

Several studies have examined sex differences in human amniotic fluid hormones (Finegan, 

Bartleman & Wong 1989; Ivell & Anand-Ivell 2009; Schubring et al. 1999; van de Beek et al. 

2004; Wong et al. 1980; Zondek, Mansfield & Zondek 1977), cytokines (Bry et al. 1994; 

Weissenbacher et al. 2012) and minerals (Suliburska et al. 2016; Tzschoppe et al. 2012). 

Higher levels of INSL3, a specific hormone for male sex as it is produced by the fetal 

testicular Leydig cells is found in amniocentesis samples of human males (Ivell & Anand-

Ivell 2009). Male fetuses also have higher testosterone and androstenedione levels in amniotic 

fluid than females (Finegan, Bartleman & Wong 1989; van de Beek et al. 2004; Zondek, 
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Mansfield & Zondek 1977), whereas amniotic fluid follicle-stimulating hormone and leptin 

levels are higher in female than male concepti (Sheiner et al. 2004; Wong et al. 1980). 

Similarly, human females have higher Interleukin-1 Receptor Antagonist in amniotic fluid 

than male fetuses which may contribute to better resistance of female fetuses against preterm 

birth and perinatal infections (Bry et al. 1994). In bovine, higher allantoic and amniotic fluid 

testosterone levels were associated with male fetuses than with females, while no significant 

sex-specific differences were seen in fetal fluid oestradiol and oestrone levels during early 

stages of sex differentiation between Days 35 and 125 of gestation (Domínguez, Liptrap & 

Basrur 1990). Few studies have reported sex differences in clinico-chemical parameters of 

human amniotic fluid. A study on sex-specific differences in concentration of markers of 

renal tubular parameters, including calcium, chloride, magnesium, phosphate, potassium, 

sodium, creatinine, α1-microglobulin and urea, found higher concentrations of potassium, 

magnesium and phosphate in amniotic fluid in males compared with female fetuses at 

midgestation (Tzschoppe et al. 2012). Another study on the concentration of amniotic fluid 

trace elements showed that male fetuses had higher levels of the trace element vanadium than 

females (Suliburska et al. 2016). Yet, the effects of fetal sex on clinico-chemical parameters 

of bovine fetal fluid is lacking. 

1.2.2.7 Non-genetic maternal factor effects on fetal fluids 

Non-genetic maternal effects, such as maternal age, weight, maternal endocrine function and 

maternal nutrition, contribute to characteristics of offspring (Gluckman & Hanson 2004). 

However, maternal factors that influence volume and composition of fetal fluids are not fully 

understood. In pregnant sheep, maternal oestrogen to progesterone ratio is critical for fetal 

fluid homeostasis. Pregnant sheep ovariectomised at three weeks gestation and supported 

thereafter by exogenous progesterone developed hydrallantois unless oestrogen was also 

administered (Alexander & Williams 1968). Excess maternal glucocorticoids increase 

allantoic fluid volume and levels of calcium, phosphorus, potassium, glucose and fructose in 

allantoic fluid, while decreasing magnesium and total protein levels (Wintour et al. 1994). In 
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amniotic fluid, maternal glucocorticoid excess results in increased calcium, magnesium, 

glucose and lactate concentrations and a reduction in amniotic chloride and sodium. Further, 

prolactin receptors are widely expressed by both fetal and maternal tissues and have an effect 

on amniotic permeability (Underwood, Gilbert & Sherman 2005; Wintour, Laurence & 

Lingwood 1986) which can influence fetal fluid volume (Lingwood & Wintour 1984) and 

composition (Wintour, Lingwood & Towstoless 1988). Furthermore, maternal nutrition is an 

important factor that may influence allantoic and amniotic fluids. Decreased combined 

allantoic and amniotic fluid volume is associated with maternal nutrient restriction at 

midgestation in sheep (McMullen et al. 2005). Similarly, reduction of plasma amino acid 

levels in maternal nutrient restricted ewes is associated with reduced total α-amino acids, 

particularly serine, arginine-family and branched-chain amino acids, and polyamine 

concentrations in fetal blood and fetal fluids (Kwon et al. 2004). Maternal nutrition restriction 

during the first 50 days of gestation in Angus-cross heifers altered nutrient concentrations in 

allantoic and amniotic fluids, where higher glucose levels were seen in control heifers fed on 

a diet with 100% of nutritional requirements, while glutamine was higher in heifers fed on a 

restricted diet with only 60% of nutritional requirements (Crouse et al. 2018). 

1.2.3 Maternal blood 

Changes in maternal physiology during pregnancy cause fundamental changes in maternal 

blood volume and composition (Donangelo & Bezerra 2016) and influence changes in fetal 

fluid composition. The following section of this review focuses on maternal blood.  

1.2.3.1 Maternal blood volume 

Maternal blood volume increases dramatically during pregnancy. As the bovine placenta 

grows the mother increases her blood volume and cardiac output between 40 and 50% in 

order to perfuse the new organ (Wooding & Burton 2008). In bovine, uterine blood flow 

increases 5.5 fold between weeks 21 and 39 of gestation (Herzog et al. 2011). This increase is 
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important for adequate delivery of nutrients and oxygen necessary for fetal and placental 

growth (Reynolds, Ferrell & Robertson 1986; Vonnahme & Lemley 2011).  

1.2.3.2 Maternal adaptations and blood composition during pregnancy 

Maternal physiological adaptations during pregnancy involve changes in maternal blood 

composition and maternal hormones (Donangelo & Bezerra 2016). Several metabolic 

adjustments in carbohydrate, lipid, protein and mineral metabolism occur during pregnancy 

and contribute to these changes (Donangelo & Bezerra 2016; Hadden & McLaughlin 2009). 

Thus, it is important to use appropriate reference values for blood parameters during 

pregnancy to avoid erroneous interpretation of these normal changes as a pathological 

condition (Larsson et al. 2008). In bovine, laboratory blood analysis is an important tool for 

practitioners in health assessment and prevention of metabolic disease at individual and herd 

levels (Brscic et al. 2015; Herdt 2000; Oetzel 2004). Several studies in diverse bovine breeds, 

such as Angus and Brahman (Cole, Brown & Phillips 2001), Jersey (Roussel, Seybt & Toups 

1982), Shorthorn and their crosses (Doornenbal, Tong & Murray 1988) and Thai indigenous 

and Simmental x Brahman crossbred (Boonprong et al. 2007), have evaluated biochemical 

profiles in non-pregnant or lactating cows.  

While great attention has been given to changes in maternal biochemical profiles in 

dairy cows (Gonzalez & Rocha 1998; Quiroz-Rocha et al. 2009; Tainturier et al. 1984; Yokus 

& Cakir 2006), data regarding maternal biochemical profiles in beef cattle during pregnancy 

are lacking. In Holstein-East Anatolian Red crossbreed cows, calcium, magnesium, 

potassium, cholesterol and total protein levels were reported to decrease with gestation, while 

activity of alkaline phosphatase in serum increased with gestational age (Yokus & Cakir 

2006). In a similar study of Pie-Noire cows, a significant decrease in maternal cholesterol and 

glucose with gestation was reported, while creatinine, triglycerides and alanine 

aminotransferase increased with gestation (Tainturier et al. 1984). In both studies, no 

gestational effects were seen on maternal serum chloride, sodium, phosphorous, albumin, 



36 

globulin and urea. Although, both studies were on Bos taurus dairy cattle, these studies gave 

contradictory results with regard to potassium, creatinine, alkaline phosphatase and alanine 

aminotransferase activities, which could be a result of nutritional or environmental factors but 

may also represent subspecies differences. 

1.2.3.3 Maternal physiological adaptations and fetal growth 

Physiological adaptations in the mother during pregnancy facilitate fetal growth by increasing 

availability of substrates and precursors for fetal-placental metabolism and hormone 

production (Harding 2001). Metabolic adaptations during pregnancy act to ensure adequate 

fetal growth and meet increased maternal energy demands (Donangelo & Bezerra 2016; 

Hadden & McLaughlin 2009). Maternal adaptations to facilitate optimum fetal growth can be 

divided into two phases: anabolic phase and catabolic phase. During early and midgestation in 

human pregnancy, the anabolic phase occurs and is characterized by maternal fat deposition 

due to enhanced lipogenesis and suppression of lipolysis (Butte 2000). This anabolic storage 

phase is mediated by a progressive increase in insulin and enhanced by progesterone and 

cortisol (Hadden & McLaughlin 2009). During late gestation, the catabolic phase occurs and 

is characterized by decreased hepatic insulin sensitivity and accelerated breakdown of fat 

deposits as a consequence of enhanced lipolysis, fatty acid oxidation and, ultimately, excess 

ketone production as well as an increase in hepatic glucose production largely from glycerol 

and pyruvate. This shift from an anabolic to catabolic state promotes lipid use by the mother 

as the main energy source, while reserving glucose and amino acids for the fetus (Butte 

2000). Similarly, in bovine, maternal insulin resistance gradually develops (Bell & Ehrhardt 

2000; Wu et al. 2006). Maternal adaptations in carbohydrate, protein and lipid metabolism are 

characterized by increased mobilization and maternal metabolism of fatty acids to spare 

maternal glucose and amino acids for the conceptus. Maternal adaptations also involves 

increased hepatic gluconeogenesis during late pregnancy which is associated with increased 

hepatic uptake of lactate, apparently derived from uteroplacental metabolism (Bell & Ehrhardt 

2000).  
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Maternal endocrine factors influence supply of nutrients to the conceptus (Gluckman 

& Hanson 2004). Insulin resistance induced by placental growth hormone and placental 

lactogen appears important in ensuring glucose availability for placental transfer (Freemark 

2006; Gluckman & Hanson 2004; Newbern & Freemark 2011). Changes in maternal 

hormones modify utilization of maternal nutrients to ensure availability of glucose, amino 

acids and minerals for fetal growth (Donangelo & Bezerra 2016). Both maternal thyroid 

hormones and IGFs are important factors that influence changes in basic metabolic rate 

during pregnancy and, thereby, modulate nutrient availability for conceptus growth (Lof et al. 

2005; Sferruzzi-Perri et al. 2011).  

1.2.3.4 Effects of maternal genetics on maternal physiology and blood  

Bos taurus taurus (Bt) and Bos taurus indicus (Bi) cows show fundamental differences in 

phenotype, physiology and genetics with adaptations to temperate (Bt) and tropical climates 

(Bi) (Frisch & Vercoe 1977; Hiendleder, Lewalski & Janke 2008; Hunter & Siebert 1985; 

Rudder, Seifert & Bean 1975). Metabolic and endocrine differences that impact reproductive 

physiology have been studied.in Bt (Holstein) and Bi (Nellore) cows (Sartori et al. 2016). 

Subspecies differences in plasma pregnancy-associated glycoprotein, steroid hormones and 

IGF1 concentrations have been reported, where Bt cattle present lower circulating 

concentrations of pregnancy-associated glycoprotein and hormones such as oestradiol, 

progesterone, insulin and IGF1 when compared to Bi cattle (Beatty et al. 2004; Sartori et al. 

2016; Sartori et al. 2013). In addition, Bt and Bi cows differ in nutrient utilization and feed 

efficiency, where higher metabolic rate, and energy requirements (Frisch & Vercoe 1977), 

and lower dry matter intake and feed efficiency (Elzo et al. 2009; Turner 1980) were seen in 

Bt cattle when compared with Bi breeds. These metabolic subspecies differences might be 

associated with the reported differences in insulin and IGF1 levels between Bt and Bi genetics 

(Beatty et al. 2004; Obeidat et al. 2002; Sartori et al. 2013), and likely influence maternal 

metabolic adaptations and circulating concentrations of maternal clinico-chemical blood 

parameters. Genotype x environment interaction effects on the composition of maternal blood 
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have been reported in Bt, Angus and Bi, Brahman lactating cows grazing common 

bermudagrass or endophyte-infected tall fescue (Cole, Brown & Phillips 2001). 

Concentrations of cholesterol, free fatty acids and urea were higher in Brahman cows, while 

no breed effects were seen on plasma concentrations of calcium, magnesium, phosphorus and 

alkaline phosphatase. Physiological differences have been described between multiparous 

Angus and Brahman cows during late gestation in the Chihuahuan Desert. Brahman cows had 

higher concentrations of insulin, IGF1 and triiodothyronine and of metabolites glucose, non-

esterified fatty acids and urea than Angus cows (Obeidat et al. 2002). However, data 

characterizing differences in clinico-chemical parameters of maternal blood of Angus and 

Brahman cows during early and midgestation are lacking.  

1.2.3.5 Interactions between fetal and maternal systems 

Fetal growth is the result of interaction between the fetal genome and fetal environment 

which, in turn, is primarily determined by maternal physiology and placental function 

(Gluckman & Hanson 2004). Imprinted genes are expressed in an allele-specific and parent-

of-origin dependent manner and have an important role in regulating fetal and placental 

growth and function (Angiolini et al. 2006; Fowden et al. 2006; Moore & Haig 1991). 

Following Haig’s (1993) Kinship or conflict hypothesis (Haig 1993; Moore & Haig 1991), the 

fetal genome may be able to manipulate maternal metabolism to boost fetal growth by 

increasing nutrient availability via placental hormones subject to genomic imprinting (Haig 

1996).  

Fetal sex effects on maternal physiology have become increasingly recognized as a 

result of the conflict hypothesis. In human studies, fetal sex appears to influence cortisol 

regulation (DiPietro et al. 2011; Giesbrecht et al. 2015), glycaemic control and blood pressure 

(Hocher et al. 2009; Petry, Beardsall & Dunger 2014; Petry, Ong & Dunger 2007), and 

maternal immune function during pregnancy (Mitchell, Palettas & Christian 2017). 

Observation of fetal sex effects on bovine maternal physiology are limited, but fetal sex-
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specific differences were found in maternal testosterone which was significantly higher in 

cows with male fetuses (Bellows et al. 1993). In the same study, no sex effects were observed 

on maternal oestradiol and progesterone. Sex biased milk synthesis has been described in 

dairy cows, but with contrary results between studies, with Danish Holstein cows producing 

more milk after delivering a bull calf, while the opposite was reported in Holstein cattle in the 

USA (Graesboll et al. 2015; Hinde et al. 2014). Sex of offspring appears also to influence 

some maternal serum metabolites, such as albumin, glucose and total protein, during the early 

postpartum period in dairy cows which may reflect a long-term effect of fetal sex hormones 

on maternal liver metabolism (Alberghina et al. 2015). 

Evidence of fetal genetic impact on maternal physiology is still lacking (Petry, Ong & 

Dunger 2007). The first evidence that fetal genetics can alter maternal physiology came from 

a study of women carrying offspring with Beckwith Wiedemann syndrome who had a trend 

for increased risk of developing gestational diabetes compared with the same women in 

pregnancies carrying non-affected siblings (Wangler et al. 2005). Later, a significant 

association was found between the paternally expressed fetal IGF2 gene and maternal glucose 

concentration (Petry et al. 2011). Further evidence is provided from animal studies. A 

crossbreeding study of transgenic mice demonstrated effects of fetal genetics on maternal 

blood pressure, where dams expressing human angiotensinogen II become hypertensive only 

when carrying fetuses with paternally expressed human renin (Takimoto et al. 1996). In 

bovine, evidence of fetal genetic effects on circulating placental hormone concentrations in 

the mother comes from embryo transfer experiments in late gestation (Ferrell 1991b), where 

greater gravid uterine release of oestrone sulphate into maternal circulation was influenced by 

fetal genetics and was higher in Charolais cows carrying Charolais fetuses. Similarly, in late 

gestation, in Angus cattle, sire breed selected for low and high progeny birthweights can 

influence maternal testosterone levels (Bellows et al. 1993). Sire breed of calf influences 

peripartum endocrine profiles in Brahman cows, where cows carrying Angus sired calves had 

greater peripartum estradiol-17 beta concentrations than those cows carrying Brahman or Tuli 
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sired calves (Browning et al. 1996). A recent study on subspecies differences in the profile of 

pregnancy-associated glycoprotein production during early gestation between Bt and Bi cattle 

reported differences in concentrations of circulating pregnancy-associated glycoprotein 

between cows receiving Bt vs. Bi embryos, with greater levels were found in cows receiving 

Bi embryos (Fontes et al. 2018; Fontes et al. 2019), which provides further evidence for the 

potential influence of fetal genetics on maternal physiology during early stages. 

The mechanism through which fetal sex and genetics influence maternal metabolism 

is not fully understood. However, hormones act as epigenetic signals in developmental 

programming (Fowden & Forhead 2009), where fetal hormones can reach maternal 

circulation and participate in sex- and genetic-specific feto-maternal dialogue (Anand-Ivell et 

al. 2011). Placental hormones, such as progesterone, placental lactogen, the placental variant 

of growth hormone, IGFs and cytokines, may affect nutrient allocation by endocrine actions 

on maternal metabolism or/and by paracrine actions on placental capacity for simple and 

facilitated diffusion (Fowden et al. 2008; Fowden & Moore 2012; Newbern & Freemark 

2011), and thus are important candidates for bidirectional interaction between fetus and 

mother. 

1.2.4 Significance of Bos taurus and Bos indicus bovine model: from breeding to 

(epi)genetics 

Bos taurus taurus (Angus, Bt) and Bos taurus indicus (Brahman, Bi) cattle have great 

importance in domestic beef cattle herds in southern and northern Australia, respectively. The 

two types of cattle originate from different ancestors and show fundamental differences in 

phenotype, physiology and genetics, with adaptations to temperate and tropical climates, 

respectively (Frisch & Vercoe 1977; Hiendleder, Lewalski & Janke 2008; Hunter & Siebert 

1985; Rudder, Seifert & Bean 1975). Brahman crossed females have improved fertility, 

longevity, parasite resistance, heat tolerance and increased maternal calving ease which make 

them a desired cow type for tropical climate regions (Burns, Fordyce & Holroyd 2010; 
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Rudder, Seifert & Bean 1975). Further, breed effects on calf mortality are primarily the result 

of breed differences in calf birthweight (Bunter et al. 2014) where maternal breed may also 

influence calf survival genetically through direct genetic contribution to calf genotype (Bunter 

& Johnston 2014). 

The Bos taurus taurus x Bos taurus indicus model has become a viable model to 

dissect prenatal factors that influence fetal growth and development and study epigenetics 

(Fitzsimmons et al. 2008) due to several observations in Bt x Bi crosses. These include 

observed differences in hybrid vigour and heterosis in Bt x Bi crosses, where calves produced 

from Bi sires and Bt dams are considerably heavier. Additionally, differences exist between 

reciprocal crosses, where calves sired by Bi bulls and carried by Bt cows have an average 

birth weight of 42.1 kg, while calves of Bt bulls and Bi cows average 31.5 kg at birth (Brown, 

Tharel, et al. 1993), making this a valuable model to study parental genome effects. These 

reciprocal differences have also been observed in reciprocal crosses produced by embryo 

transfer into similar recipient cows (Dillon et al. 2015) and among reciprocal backcrosses 

(Amen et al. 2007), indicating that fetal genotype is the main cause of this phenomenon. 

Further, there is an enormous difference in birthweight between sexes of reciprocal crosses, 

where males of Bi x Bt (sire first) averaged 45.8 kg at birth, whereas females of the same 

genetics averaged 38.4 kg at birth (Brown, Tharel, et al. 1993) which make them a relevant 

model to study effects of fetal sex. These reciprocal differences are not consistent with 

Mendelian inheritance models that are typically assumed and may be influenced by maternal 

breed heterozygosity, genomic imprinting, probability of Brahman X chromosome and 

genomic imprinting × sex effect (Dillon et al. 2015). 

Bos taurus and Bos indicus cows represent diverse maternal environments and level of 

constraint (Ferrell 1991a; Ferrell 1991b) which make them a viable model to study the 

influence of maternal factors on prenatal growth. Brahman dam contribution to lighter 

birthweight in crossbred calves has been recognized regardless of sire breeds (Comerford et 
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al. 1987) and embryo-recipient combinations using embryo transfer (Ferrell 1991b). When Bt 

embryos (Charolais) were transferred to Bi (Brahman) dams, they weighed nearly twice as 

much as Brahman fetuses at Day 232 of gestation regardless of cow breed. Similarly, at Day 

271 Charolais fetuses were heavier than Brahman fetuses, suggesting their greater growth 

potential. However, at Day 271 Charolais fetuses in Charolais cows weighed 13 kg more than 

Charolais fetuses in Brahman cows, suggesting significant influence of the maternal 

environment on fetal growth at late gestation (Ferrell 1991b). Ferrell (2005) has concluded 

that maternal environment can constrain growth with a more significant effect on fetuses with 

greater growth potential than those with lesser growth potential. However, maternal genetics 

is a determinant of earlier prenatal growth as well, as differences in fetal growth of Bt and Bi 

cows were evident in early and midgestation (Fontes et al. 2019; Mercadante et al. 2013). 

Fetuses of Bt cows were larger than those from Bi cows at Day 53 to 62 of gestation 

(Mercadante et al. 2013). Similarly, Bt recipients had larger fetuses than Bi recipients at Day 

91 of gestation, regardless of the embryo breed (Fontes et al. 2019), indicating that maternal 

environment can dictate fetal growth in early gestation (Mercadante et al. 2013), midgestation 

(Fontes et al. 2019) and during the final 6-7 weeks of gestation (Ferrell 1991a). 

The effects of maternal and paternal genomes, fetal sex and non-genetic maternal 

factors on bovine feto-placental  phenotype (Xiang, Estrella, et al. 2014), bone development 

(Xiang, Lee, et al. 2014) and muscle phenotype (Xiang et al. 2013), have been reported, 

describing non-equivalence of paternal and maternal genomes on development of the bovine 

concepti. At midgestation, maternal genome predominantly contributed to variation in 

placental gross and histomorphological characteristics, fetal weight and fetal organ weights, 

whereas paternal genome controlled umbilical cord length and weight, placental and umbilical 

cord efficiency and total fetal fluids weight (Xiang, Estrella, et al. 2014). In the same 

conceptus resources, the combined allantoic and amniotic fluid and full uterus weights 

displayed hybrid vigour 9.0% and 6.6% respectively (Fitzsimmons et al. 2008), indicating the 

importance of these fluids in hybrid vigour phenomena in the bovine model. The combined 
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allantoic and amniotic fluids were 12.58 ± 0.31 kg in Bi x Bt (sire listed first) as compared to 

10.93 ± 0.39 kg in Bt x Bi (P = 0.001), 10.75 ± 0.29 kg in Bt x Bt (P < 0.001) and 11.48 ± 

0.36 kg in Bi x Bi (P = 0.02) crosses. Recently, the placental phenotype of Bt x Bi concepti, 

including gross morphology and histomorphological characteristics, has been described in 

early and midgestation (Estrella et al. 2017). Yet, data regarding differences in fetal fluid 

composition in the Bt x Bi model and their relationships with feto-placental phenotype are 

still lacking. 

 Hypothesis and research aims  

Allantoic and amniotic fluids are an essential, but unexplored, areas for prenatal growth and 

feto-maternal exchange. Changes in maternal physiology influence composition of fetal fluids 

and maternal blood. This study examined allantoic and amniotic fluids and maternal blood in 

the Bos taurus taurus x Bos taurus indicus bovine model to provide fundamental information 

that is lacking regarding (i) changes in clinico-chemical parameters of maternal blood in early 

and midgestation and the relationships with placental-fetal weights; (ii) differences in clinico-

chemical parameters of allantoic and amniotic fluids of bovine concepti in early and 

midgestation; (iii) effects of genetics and sex on clinico-chemical parameters of allantoic and 

amniotic fluids and relationships with feto-placental phenotype, and; (iv) effects of conceptus 

sex and genetics on maternal blood parameters during pregnancy. These data are highly 

relevant for animal production, human health and maternal assessment and management as 

Bos taurus cattle are the most widespread domestic species and valuable model for human 

prenatal growth and pregnancy. 

1.3.1 Hypotheses  

1. Composition of fetal fluids and maternal blood are affected by genetics, fetal sex 

and non-genetic maternal factors. 

2. Composition of fetal fluids and maternal blood are correlated with feto-placental 

phenotype. 
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1.3.2 Research aims  

1. Determine clinico-chemical parameters in maternal blood of Bos taurus taurus and 

Bos taurus indicus dams at early gestation (Day 48) and midgestation (Day 153). 

2. Determine clinico-chemical parameters in allantoic and amniotic fluids of Bos 

taurus taurus x Bos taurus indicus concepti at early gestation (Day 48) and 

midgestation (Day 153).  

3. Determine the effects of parental genome, fetal sex and non-genetic maternal 

factors on fetal fluids at early gestation (Day 48) and midgestation (Day 153). 

4. Determine the effects of conceptus sex and genetics on maternal blood parameters 

at midgestation (Day 153). 

5. Correlate clinico-chemical parameters of maternal blood with placental-

embryo/fetal weights to obtain insight into their contribution to conceptus growth.  

6. Correlate clinico-chemical parameters of allantoic and amniotic fluids with 

conceptus phenotypic parameters at early and midgestation to obtain a more 

comprehensive understanding of the significance of fetal fluids in prenatal growth 

and bidirectional maternal-fetal interaction.  
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 Animals and experimental design  

Experimental procedures were approved by The University of Adelaide Animal Ethics 

Committee (No. S-094-2005) and carried out in two separate experiments conducted in two 

consecutive years. Animals of Bos taurus taurus (Angus, Bt) and Bos t. indicus (Brahman, Bi) 

genetics were used to study key parameters in fetal fluids and maternal serum at two critical 

stages of development of the bovine conceptus (term, 277-293 days) (Plasse et al. 1968; 

Sagebiel et al. 1973); at early gestation, (Day 48, n = 60), at transition from embryo to fetal 

stage, during the formation of placenta growth and fetal membranes (Assis Neto et al. 2010; 

Assis Neto et al. 2009; Estrella et al. 2017) and when placental phenotype is a major predictor 

of fetal and postnatal growth (Burns et al. 2018), and at midgestation (Day 153, n = 72) 

during the early accelerated fetal growth phase (Ferrell 1989). Concepti (Day 48 and Day 

153) of purebred (Bt x Bt, Bi x Bi) and reciprocal crosses (Bi x Bt, Bt x Bi) were produced 

using nulliparous Angus and Brahman heifers purchased at the age of 16-20 months from 

New South Wales and South Australian farms. Animals were managed in one group at Struan 

Agriculture Centre, South Australia and fed hay and silage (Day 48) or pasture supplemented 

by silage (Day153). After an adjustment period of 3-4 weeks following animal purchase, 

cows underwent standard commercial estrous cycle synchronisation using Cidirol-Heat 

Detection and Timed Insemination (HTI) and Cidirol-Timed Insemination (TI) 

synchronisation protocols as previously described (Anand-Ivell et al. 2011). Briefly, this 

consisted of an initial injection of estradiol benzoate and insertion of a progesterone-releasing 

vaginal insert. After 7-9 days, the vaginal insert was removed and heifers were injected with 

prostaglandin. For HTI, animals detected in estrus after two days were inseminated, while 

animals not in estrus received an additional estradiol benzoate injection and were inseminated 

the following day. In TI, animals received an injection of estradiol benzoate the day after 

removal of the vaginal insert and were inseminated the following day. Artificial insemination 

was carried out using semen from four sires for concepti studied at Day 48 (two Angus and 

two Brahman) and five sires for concepti studied at Day 153 (three Angus and two Brahman). 
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Pregnancy was confirmed by ultrasound scanning. The distribution of genetics and number of 

male and female concepti are shown in Table 2.1. 

Table 2.1 Genetics and sex of concepti analysed for fetal fluids and maternal blood 

parameters in early gestation (Day 48) and midgestation (Day 153). 

Genetics Sex Day 48 Day 153 

Bt x Bt M 
F 

11 
8 

11 
12 

Bi x Bt M 
F 

5 
8 

7 
6 

Bt x Bi M 
F 

10 
12 

5 
17 

Bi x Bi  M 
F 

3 
3 

4 
10 

 

Term is 277-293 days. Bt: Bos taurus taurus and Bi: Bos taurus 

indicus (sire genetics listed first). M: male, F: female.  

 

 Concepti and samples  

Pregnant dams were fasted for 24 h before being weighed and humanely killed under 

standardized conditions in an abattoir at 48 days and 153 ± 1 days post-conception. Blood 

samples from the jugular vein were collected in Lithium-Heparin-LH and Serum Z S-

Monovettes® tubes (Sarstedt, Nümbrecht, Germany) and plasma and serum stored frozen at -

80ᵒC until further analyses. Temperature recordings for Keith, South Australia were obtained 

from Australian Government Bureau of Meteorology. Entire uteri were recovered and the 

gravid horn was opened longitudinally and the embryo/fetus removed by cutting the umbilical 

cord above the branching vessels. Embryos/fetuses were weighed. At Day 48, the Placenta 

fetalis consisting of fetal membranes with cotyledons attached was weighed, whereas at Day 

153, Placenta fetalis was carefully separated from maternal caruncles, and both Placenta 

fetalis and Placenta materna weights were recorded (Estrella et al. 2017). Embryo sex was 

determined by SRY PCR typing and fetal sex was recorded upon fetus recovery (Anand-Ivell 

et al. 2011). Allantoic and amniotic fluids were sampled directly from the intact allantoic and 

amniotic sacs using a 20 ml syringe and stored in 15 ml tubes at -80˚C for biochemical 

analyses. At Day 48, total fetal fluids were collected into a measuring cylinder and converted 
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from millilitres to grams as described earlier (Estrella et al. 2017). At Day 153, fetal fluids 

were collected in a bucket and weighed. Fetal organs at Day 153 were weighed and 

eviscerated fetuses were then vacuum packed and stored at -22ᵒC for further dissection to 

study muscle and bone parameters (Xiang et al. 2013; Xiang, Lee, et al. 2014). Fetal muscle 

mass was calculated as the sum of weights of four representative muscles: front limb 

(Musculus supraspinatus), back (M. longissimus dorsi) and hind limb (M. semimembranosus 

and M. quadriceps femoris), as described previously (Xiang et al. 2013). Fetal bone mass was 

calculated as the sum of weights of twelve bones: Os mandibulare, Os scapulare, Os humeri, 

Os radiale, Os ulnare, Ossa metacarpalia, Os costale VI, Os pelvis, Os femoris, Os tibiale, 

Ossa metatarsalia and Columna vertebralis (Xiang, Lee, et al. 2014). Embryo and fetal 

phenotypes, placental phenotypes, fetal fluid volumes, fetal fluid samples, dam plasma and 

dam serum samples were kindly provided by Prof. Stefan Hiendleder. 

 Analysis of clinico-chemical parameters of maternal serum 

All serum samples were analysed at the Veterinary Diagnostic Laboratory, School of Animal 

and Veterinary Sciences, The University of Adelaide (South Australia, Australia), with 

automated analysers with appropriate quality controls. Clinico-chemical parameters of 

maternal serum were determined using a Beckman-Coulter AU Clinical Chemistry Analyser, 

AU480 (Beckman Coulter Australia Pty Ltd, Lane Cove, Australia) with the exception of 

ionised calcium and lactate, which were measured using a Radiometer ABL 700 series 

analyser (Radiometer Pty Ltd, Mount Waverly, Vic., Australia). Measured electrolytes were 

ionised calcium, total calcium, calcium/phosphorus ratio, chloride, magnesium, phosphorus, 

potassium, sodium, and sodium/potassium ratio; metabolites were albumin, cholesterol, 

creatinine, globulin, glucose, lactate, total protein, triglycerides, and urea; and enzymes 

comprised Alanine transaminase [ALT], Alkaline phosphatase [ALP], Aspartate transaminase 

[AST], Gamma glutamyl transferase [GGT] and Glutamate dehydrogenase [GLDH]. 

Reactions of clinico-chemical parameters with specific reagents were measured by reflectance 

spectrophotometry proportional to the concentration of the parameter in the sample. A 
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summary of reactions of the clinico-chemical parameters and their reagents, and dynamic 

detected ranges, is shown in Appendix 1. Samples were analysed in two or three runs. 

Quality control testing was performed each day before any samples were tested in accordance 

with regulatory requirements for the Veterinary diagnostic laboratory and standard laboratory 

procedure, in addition to calibration protocols and quality controls for each parameter that are 

summarized in Appendix 2. 

 Analysis of clinico-chemical parameters of allantoic and amniotic 

fluids  

Fetal fluid samples were also analysed at the Veterinary Diagnostic Laboratory, School of 

Animal and Veterinary Sciences, The University of Adelaide (South Australia, Australia). 

Clinico-chemical parameters of allantoic and amniotic fluid were determined using a 

Beckman-Coulter AU Clinical Chemistry Analyser, AU480 (Beckman Coulter Australia Pty 

Ltd, Lane Cove, Australia) with the exception of ionised calcium and lactate, which were 

measured using a Radiometer ABL 700 series analyser (Radiometer Pty Ltd, Mount Waverly, 

Vic., Australia). Measured electrolytes were ionised calcium, total calcium, 

calcium/phosphorus ratio, chloride, magnesium, phosphorus, potassium, sodium and 

sodium/potassium ratio; metabolites were albumin, cholesterol, creatinine, globulin, glucose, 

lactate, total protein, triglycerides and urea; and enzymes comprised ALT, ALP, AST and 

GGT. 

Albumin, cholesterol and triglycerides were below the minimum detectable limit (0.07 

g/L, 0.07 mmol/L and 0.01 mmol/L respectively) in both fetal fluids. Similarly, enzyme 

activity of ALP in amniotic fluid was undetectable, while ALT and GGT levels in amniotic 

fluid were very low in early gestation and were below the lowest detectable levels as 

indicated by the manufacturer (1 IU/L) (Appendix 1). For midgestation, allantoic fluid ALT 

and ALP activities were undetectable, whereas AST activities were very low. In order to 

validate the use of those values with enzyme activity below the detectable limit, we ran three 
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replicates to ensure that our results were accurate and replicable, which enable us to extend 

the limit of the essay for these enzymes. For samples with no results, we repeated the test 

using different aliquots, though we still could not obtain a reading for some specific enzyme 

activity in some samples, thus, we considered it as undetectable in those samples. Reactions 

of clinico-chemical parameters and their specific reagents, and dynamic detected ranges, as 

well as calibration and quality control protocols for each parameter are summarized in 

Appendices 1 and 2.  

 Analysis of maternal insulin-like growth factors and total IGF binding 

proteins in maternal plasma 

IGFs and IGFBPs were measured in maternal plasma by Dr Kathy Gatford and Prof. Julie 

Owens and provided by Prof. Stefan Hiendleder. Concentrations of IGF1, IGF2 and total IGF 

binding proteins (tIGFBPs) were measured in maternal plasma by radioimmunoassay (RIA) 

following separation of IGFs and IGFBPs by size-exclusion HPLC under acidic conditions, as 

described previously for bovine plasma samples (Micke et al. 2010). Recovery of 125I-IGF1 

was 92.5 ± 0.5% for nine HPLC runs of maternal plasma. Concentration of IGF1 in maternal 

plasma was determined by triplicate analyses of neutralized HPLC fraction 3 in an RIA 

specific for IGF1 using a rabbit polyclonal antibody to human IGF1 (GroPep, Adelaide, 

Australia) (Francis et al. 1989). In the same assay, tIGFBP concentrations were measured by 

analysis of neutralized fraction 1. As IGFBPs bind to and sequester 125I-IGF1 in this assay, 

they can be measured due to their effect of reducing the amount of 125I-IGF1 in the immune 

precipitated pellet, giving an IGF concentration that reflects total amount and binding affinity 

of IGFBP present in plasma (Carr et al. 1995). Plasma IGF2 concentrations were measured by 

analysis of HPLC fraction 3 in a RIA specific for IGF2 (Sullivan et al. 2009). The inter-assay 

CV for HPLC separation and RIA of IGF1 was 5.4% (n = 5 assays) and the intra-assay CV 

for extraction and assay was 10.9% for the bovine plasma QC sample containing 43.9 ng/mL 

of IGF1. Whereas, the inter-assay CV for HPLC separation and RIA of IGF2 was 2.1% (n = 3 
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assays) and the intra-assay covariance for extraction and assay was 13.7% for the bovine 

plasma QC sample containing 94.2 ng/mL of IGF2. 

 Analysis of maternal thyroid hormones  

This data was analysed by Prof. David Kennaway and provided by Prof. Stefan Hiendleder. 

Maternal total thyroxine (T4) was assayed in 20 ul plasma by coated tube radioimmunoassay 

IM 1447 (Immunotech/Beckman Coulter, Prague, Czech Republic) according to the 

manufacturer’s instructions. Sensitivity of the assay defined by the lowest standard was 24 

nM. The intra-assay coefficient of variation was <10% for both analyses. The inter-assay 

coefficient of variation across three assays was 14.9% at 64 nM and 15.5% at 144 nM. Free 

thyroxine (fT4) was assayed in 25 ul plasma by coated tube radioimmunoassay IM1363 

(Immunotech/Beckman Coulter, Prague, Czech Republic) according to the manufacturer’s 

instructions. Sensitivity of the assay defined by the lowest standard was 2.7 pM. The intra-

assay coefficient of variation was <10% for both analyses. The inter-assay coefficient of 

variation across three assays was 12.2% at 17.5 pM. Total triiodothyronine (T3) was assayed 

in 50 ul plasma by coated tube radioimmunoassay IM1699 (Immunotech/Beckman Coulter) 

according to the manufacturer’s instructions. Sensitivity of the assay defined by the lowest 

standard was 0.77 nM. The intra-assay coefficient of variation was <10% for both analyses. 

The inter-assay coefficient of variation across three assays was 11.4% at 1.8 nM and 5.8% at 

4.3 nM. Free triiodothyronine (fT3) was assayed in 100 ul plasma by coated tube 

radioimmunoassay IM1579 (Immunotech/Beckman Coulter) according to the manufacturer’s 

instructions. Sensitivity of the assay defined by the lowest standard was 1.8 pM. The intra-

assay coefficient of variation was <10% for both analyses. The inter-assay coefficient of 

variation across three assays was 11.9% at 4.6 pM. Reverse triiodothyronine (rT3) was 

assayed in 100 ul plasma using reagents from a double antibody radioimmunoassay kit BC 

1115 (Biocode-Hycel, Liege, Belgium). Precipitation of bound radioactive rT3 was achieved 

using 100 ul antibody coated cellulose (Sac-Cel, AA-SAC1, IDS Ltd., Boldon, UK), rather 

than polyethylene glycol. Sensitivity of the assay defined by the lowest standard was 0.04 
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nM. The intra-assay coefficient of variation was <10%. The inter-assay coefficient of 

variation across three assays was 2.1% at 0.7 nM. 

 Statistical analyses 

All data were analysed using procedures in SPSS (IBM® SPSS® Statistics 24, New York, 

United States) and SAS (University Edition © SAS Institute Inc., Australia). Maternal blood 

and fetal fluid data from early gestation (Day 48) and midgestation (Day 153) were analysed 

separately because these experiments were conducted in two consecutive years. General linear 

models were used to determine: 

Aim 1. Means and standard errors of means for clinico-chemical serum parameters in Bos 

taurus and Bos taurus indicus dams at early and midgestation using the following model in 

SPSS: 

Yij = intercept + Gi +eij 

Where Yij was the dependent maternal variable, Gi was maternal genetics (i = Bt and Bi) and e 

was random error. 

Aim 2. Means and standard errors of the means for clinico-chemical parameters of allantoic 

and amniotic fluids in Bos taurus taurus and Bos taurus indicus concepti adjusted for fetal sex 

at early and midgestation using the following model in SPSS: 

Yij = intercept + Gi + Sj +Gi x Sj + eij 

Where Yij was the dependent variable, Gi was fetal genetics (i = Bt and Bi), Sj was 

fetal sex (j = male, female) and e was random error. Gi x Sj is the interaction between fetal 

genetics and fetal sex effects. Only interactions significant at P < 0.05 were retained in the 

final models. 
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Aim 3. Effects of maternal and paternal genomes, fetal sex and non-genetic maternal factors on 

allantoic and amniotic fluids at early and midgestation were analysed using the following model 

in SAS: 

Yjik = Intercept + Mj + Pi + Sk + MW(Mj) + Mj x Pi + Mj x Sk + Pi x Sk + Mj x Pi x Sk + 

Pi x MW(Mj) + Sk x MW(Mj) + ejik 

Where Yjik is the clinico-chemical parameter level, Mj is maternal genome effect 

(where j = Bt, Bi), Pi is paternal genome effect (where i = Bt, Bi), Sk is conceptus sex (where 

k = male, female), MW(Mj) is a covariate, final maternal weight at slaughter nested within Bt 

and Bi maternal genome. Mj x Pi, Mj x Sk and Pi x Sk are 2-way interactions between maternal 

and paternal genome, maternal genome and conceptus sex and paternal genome and 

conceptus sex respectively. Pi x MW(Mj) is 2-way interaction between paternal genome and 

final maternal weight nested within maternal genome. Sk x MW(Mj) is 2-way interaction 

between fetal sex and final maternal weight nested within maternal genome and ejik is random 

errors. 

Aim 4. Effects of conceptus sex and genetics on maternal blood parameters at midgestation 

were analysed using the following model in SPSS with Bt and Bi dams analysed separately: 

Yik = Intercept + Fj + Sk + Fj x Sk +MW + MaxT +MinT + eik 

Where Yik was maternal parameter level, Fj was fetal genetics effect, for Bt dams (j = 

[Bt x Bt], [Bi x Bt]) and for Bi dams (j = [Bi x Bi], [Bt x Bi]) (paternal genome is given first), 

Sk was fetal sex (k = male, female), Fj x Sk was the interaction between fetal genetics and fetal 

sex, MW was a covariate, maternal weight at slaughter, MaxT was a covariate, maximum 

temperature day of slaughter, MinT was a covariate, minimum temperature day of slaughter 

and eik was random error.  

Backward elimination procedures were conducted to determine effects of maternal and 

paternal genomes, fetal sex and non-genetic maternal factors on allantoic and amniotic fluids 
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and the effects of conceptus sex and genetics on maternal blood parameters (Nelder 1994) and 

only interactions and covariates significant at P < 0.05 were retained in the final models. 

Least square means and standard errors of means were computed for genetics and sex groups 

and a two-tailed t-test was used to compare statistical differences between groups. Regression 

slopes for nested effects of covariates were plotted according to marginal means and 

estimated parameters obtained from the final model of GLM. Results were considered 

significant at P < 0.05. Extreme observations with standardized residual larger than +3 or 

lower than -3 were identified and outliers tested and confirmed with the Outlier Labelling 

Rule (Hoaglin, Iglewicz & Turkey 1986). Actual numbers of observations analysed are 

indicated in bar graphs of figures. Data that were not normally distributed according to 

Shapiro-Wilk test were normalized by logarithmic transformation, or analysed using the 

nonparametric test, Mann-Whitney. Data with unequal variances were analysed using the 

Welch test. 

Correlation coefficients and linear regression were used to evaluate relationships 

between clinico-chemical parameters and placental weights, embryo-fetal weights and fetal 

phenotype. Comparisons between clinico-chemical parameter in amniotic and allantoic fluids 

were performed separately at each gestational stage using paired-sampled t-test. All results 

were considered significant at P < 0.05. Graphs of least square means and standard errors and 

regressions were plotted using GraphPad Prism 8.0 (GraphPad Software, Inc., United States). 
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Abstract 

Prenatal growth is sensitive to the maternal environment and physiological changes that occur 

during pregnancy. However, special reference values for maternal blood parameters of Bos 

taurus cattle are lacking, and their relationship with conceptus phenotype has been little 

studied. We measured electrolytes, metabolites and enzymes in maternal sera of Bos taurus 

taurus (Angus, Bt) and Bos taurus indicus (Brahman, Bi) cows at Day 48 and Day 153 of 

gestation and examined their relationships with embryo/feto-placental weights. The Bt cows 

had higher levels of ionised calcium (early gestation, P < 0.001; midgestation, P < 0.01), total 

calcium (midgestation, P < 0.01), magnesium (early gestation, P < 0.05; midgestation, P < 

0.01), sodium (midgestation, P < 0.05), albumin (midgestation, P < 0.05), lactate (early 

gestation, P < 0.05) and alanine transaminase (ALT, early gestation, P < 0.01). All these 

parameters, except ALT, were positively associated with embryo/feto-placental weights (r = 

0.346-0.454, P < 0.05 – 0.01) in Bt and Bi concepti. The Bi cows had higher levels of 

creatinine (early gestation, P < 0.05; midgestation, P < 0.01), glucose and triglycerides 

(midgestation, both P < 0.05), glutamate dehydrogenase (midgestation, P < 0.05) and alkaline 

phosphatase (midgestation, P < 0.001). Glucose, creatinine and alkaline phosphatase 

correlated negatively with feto-placental weights in midgestation (r = - 0.370-0.548, P < 0.05 

- 0.001). Thus, this study provides evidence for differences in maternal physiology, including 

indicators of mineral metabolism and liver and kidney function, which could influence 

conceptus growth, demonstrating the need for a proper index for maternal blood parameters 

based on maternal genetic background. Further research is needed to understand the 

mechanisms that influence physiological differences between Bt and Bi dams. 

Keywords Bos taurus, Bos indicus, maternal serum, clinico-chemical parameters, embryo, 

fetus, placenta 
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 Introduction 

Prenatal growth is sensitive to the maternal environment and can have long-term effects on 

subsequent health and survival of offspring (Gluckman & Hanson 2004; Simmons 2009). 

Maternal changes in metabolism of carbohydrates, lipids and proteins facilitate fetal growth 

by increasing nutrient availability (Hadden & McLaughlin 2009). Bos taurus taurus (Bt) and 

Bos taurus indicus (Bi) cattle show fundamental differences in phenotype, physiology and 

genetics (Frisch & Vercoe 1977; Hiendleder, Lewalski & Janke 2008; Hunter & Siebert 1985; 

Rudder, Seifert & Bean 1975), thus representing two different intrauterine environments that 

influence prenatal growth trajectory (Ferrell 1991a; Fontes et al. 2019; Mercadante et al. 

2013) and contribute to significant differences in birthweight between Bt and Bi calves 

(Brown, Tharel, et al. 1993; Riley et al. 2007). In humans, significant changes occur in the 

composition of maternal blood within the first 10 weeks of gestation (Donangelo & Bezerra 

2016), therefore, it is important to use special reference values for maternal assessment during 

pregnancy (Larsson et al. 2008). However, similar values for Bt and Bi type cattle are lacking. 

Delivery of nutrients to the fetus depends on maternal nutrient availability, as well as 

placental development and uteroplacental blood flow (Dunlap et al. 2015). A breed effect on 

uterine environment has been reported in Charolais (Bt) and Brahman (Bi) cows, where lower 

uterine blood flow in Bi cows appears to restrict fetal growth (Ferrell 1991a; Ferrell 1991b). 

Some reports in cattle describe relationships between maternal metabolic profile and fetal 

growth in late gestation (Abeni et al. 2004; Guedon, Saumande & Desbals 1999). Effects of 

maternal nutrition on feto-placental growth are well documented (Funston, Larson & 

Vonnahme 2010; Redmer, Wallace & Reynolds 2004; Wu et al. 2006), and can occur from 

the earliest stages of development when nutrient requirements are negligible (Robinson et al. 

1995). A recent study showed that Bt cows experienced greater pregnancy failure when 

nutrient restricted compared with those of Bi genetics (Fontes et al. 2019). Significant 

subspecies differences in nutrient utilization and feed efficiency have been described between 

Bt and Bi genetics (Elzo et al. 2009; Frisch & Vercoe 1977; Turner 1980), which may be 
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associated with greater circulating insulin and IGF1 levels in Bi cattle (Beatty et al. 2004; 

Mercadante et al. 2013). However, potential effects of subspecies differences in maternal 

metabolic changes during pregnancy and maternal blood composition and their relationships 

with embryo/feto-placental weights have not been investigated. 

The domestic cow, Bos taurus, is an important agricultural species (Hiendleder, 

Lewalski & Janke 2008; Sequencing et al. 2009) and biomedical model (Bahr & Wolf 2012; 

Carter 2007) that carries a singleton fetus with a comparable growth rate and gestation length 

as humans (Estrella et al. 2017; Prentice et al. 1995). In cattle, measuring the blood 

biochemical profile, including electrolytes, metabolite and enzymes, provides important 

information on health and metabolism to identify herd problems and indicate dietary causes of 

disease or low production (Brscic et al. 2015; Herdt 2000; Lee et al. 1978; Oetzel 2004). 

Several studies have described reference values for clinico-chemical parameters of pregnant 

Bos taurus dairy cattle (Gonzalez & Rocha 1998; Quiroz-Rocha et al. 2009; Tainturier et al. 

1984; Yokus & Cakir 2006), but little is known about the maternal biochemical profile in beef 

cattle. Angus (Bt) and Brahman (Bi) cattle have been an important part of the global livestock 

industry due to their outstanding performance and excellent adaptation to regional climatic 

and forage environments (Burns, Fordyce & Holroyd 2010). Studies have described breed 

effects (Erwin 1960) and genetic x environment effects on the blood biochemical profile of 

Angus and Brahman lactating cows (Cole, Brown & Phillips 2001; Obeidat et al. 2002), but 

none of these studies describe reference values and gestational changes in maternal serum 

parameters of Bt and Bi cows in early and midgestation. In order to understand differences in 

maternal physiology that may influence prenatal growth and development, thus contributing 

to differences in birthweight of Bt and Bi calves, this study aimed to determine the clinico-

chemical profile of maternal sera in Bt and Bi cows and investigate relationships between 

serum parameters and conceptus weights in early and midgestation. 
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 Materials and methods 

3.2.1 Animals and experimental design 

All animal and experimental procedures were approved by the Animal Ethics Committee of 

The University of Adelaide (No. S-094-2005). We utilized Bos taurus taurus (Angus, Bt) and 

Bos taurus indicus (Brahman, Bi) breeds to study maternal serum at early (Day 48) and 

midgestation (Day 153). Purebred Day 48 (Bt, n = 19, Bi, n = 5) and Day 153 (Bt, n = 23, Bi, 

n = 15) concepti were generated in separate experiments conducted in two consecutive years. 

Nulliparous Bt and Bi heifers at the age of 16-20 months were purchased from New South 

Wales and South Australian farms and managed in one group at Struan Agriculture Centre, 

South Australia. Heifers were fed hay and silage (Day 48) or pasture supplemented by silage 

(Day 153). After an adjustment period of 3-4 weeks, animals underwent standard commercial 

oestrous cycle synchronization procedures as described previously (Anand-Ivell et al. 2011). 

Pregnancies were established using two Bt and two Bi sires at Day 48 and three Bt and two Bi 

sires at Day 153, respectively, and confirmed by ultrasound scanning.  

3.2.2 Concepti and samples  

Pregnant dams were fasted for 24 h before being humanely sacrificed under standardized 

conditions in an abattoir at Day 48 and Day 153±1 post-conception. Blood samples from the 

jugular vein were collected into Serum Z S-Monovettes® tubes (Sarstedt, Nümbrecht 

Germany) and serum was stored frozen at -80ᵒC until further analyses. Embryos, fetuses and 

placentae were recovered and weighed.  

3.2.3 Analyses of clinico-chemical parameters of maternal serum 

All serum parameters were measured at the Veterinary Diagnostic Laboratory, School of 

Animal and Veterinary Sciences, The University of Adelaide, South Australia, Australia using 

a Beckman-Coulter AU Clinical Chemistry Analyser, AU480 (Beckman Coulter Australia Pty 

Ltd, Lane Cove, NSW., Australia), except for ionised calcium and lactate which were 

measured using a Radiometer ABL 700 series Blood Gas Analysers (Radiometer Pty Ltd, 
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Mount Waverly, Vic., Australia). Measured electrolytes were ionised calcium, total calcium, 

calcium/phosphorus ratio, chloride, magnesium, phosphorus, potassium, sodium and 

sodium/potassium ratio; metabolites were albumin, cholesterol, creatinine, globulin, glucose, 

lactate, total protein, triglycerides and urea; and enzymes comprised Alanine transaminase 

[ALT], Alkaline phosphatase [ALP], Aspartate transaminase [AST], Gamma glutamyl 

transferase [GGT] and Glutamate dehydrogenase [GLDH]. 

3.2.4 Statistical analysis 

Data were obtained from separate experiments conducted in two consecutive years and results 

for each stage of gestation were analysed separately. Maternal parameters were analysed with 

the linear model (GLM) procedure in SPSS (IBM® SPSS® Statistics 24, New York, United 

States) to determine means and standard errors of means using the following model:  

Yij = Gi + eij 

Where Yij was the dependent maternal variable, Gi was dam genetics (i = Bt and Bi) and e 

was random error. 

Regression and Pearson correlation coefficients in SPSS were used to evaluate 

relationships between clinico-chemical parameters of maternal sera and embryo, fetal and 

placental weights. Data that was not normally distributed according to Shapiro-Wilk test were 

normalized by logarithmic transformation. Data with unequal variances was analysed using 

the Welch test. All results were considered significant at P < 0.05. 

 Results 

Number of heifers, estimated means and standard errors of the means for clinico-chemical 

parameters of maternal serum of Angus, Bt and Brahman, Bi heifers in early gestation (Day 

48) and midgestation (Day 153) are shown in Table 3.1. 
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Table 3.1 Clinico-chemical parameters of maternal serum of Bos taurus taurus (Angus, 

Bt) and Bos taurus indicus (Brahman, Bi) heifers in early and midgestation. 

Number of heifers, estimated means and standard error of the means for maternal serum 

parameters at Day 48 and Day 153 of gestation are shown. 

Parameters Early gestation (Day 48)  Midgestation (Day 153) 

Angus, Bt  Brahman, Bi  Angus, Bt  Brahman, Bi 

  

No 

Means 

±SEM 

  

No 

Means 

±SEM 

  

No 

Means 

±SEM 

  

No 

Means 

±SEM 

Electrolytes 
     0      

Ionised calcium (mmol/L) 19 1.12±0.03  5 0.91±0.03  22 0.91±0.02  15 0.80±0.03 

Total calcium (mmol/L) 18 2.27±0.03  5 2.28±0.05  23 2.35±0.02  15 2.25±0.03 

Calcium/Phosphorous (ratio) 19 1.06±0.04  5 1.00±0.08   23 1.23±0.10  15 1.06±0.10 

Chloride (mmol/L) 18 102.28±0.51  5 101.06±0.97  23 102.61±0.81  15 100.96±1.01 

Magnesium (mmol/L) 18 1.02±0.03  5 0.95±0.02  23 0.95±0.02  15 0.86±0.02 

Phosphorous (mmol/L) 19 2.17±0.11  5 2.34±0.21  23 1.96±0.10  15 2.18±0.12 

Potassium (mmol/L) 19 5.73±0.19  5 5.74±0.37  23 5.35±0.14  15 5.30±0.18 

Sodium (mmol/L) 19 144.38±1.00  5 142.50±0.69  21 144.06±0.66  15 141.61±0.79 

Sodium/Potassium (ratio) 18 24.84±0.59  5 25.20±1.11  23 27.21±0.68  15 27.24±0.84 

Metabolites             

Albumin (g/L) 18 33.34±0.48  5 33.95±0.93  23 37.48±0.52  15 35.35±0.65 

Cholesterol (mmol/L) 19 4.14±0.30  5 4.47±0.58  23 3.66±0.16  13 3.72±0.21 

Creatinine (µmol/L) 19 119.94±6.21  5 142.86±7.22  23 116.44±4.80  15 141.05±5.94 

Globulin (g/L) 19 34.56±0.89  5 31.80±1.74  22 37.86±0.66  14 38.58±0.82 

Glucose (mmol/L) 19 5.25±0.19  5 5.60±0.33  23 6.17±0.10  15 7.08±0.15 

Lactate (mmol/L) 19 10.04±0.86  5 7.24±0.55  23 8.34±0.64  15 7.03±0.79 

Total protein (g/L) 19 67.90±0.95  5 65.75±1.86  23 75.74±1.09  15 74.74±1.35 

Triglycerides (mmol/L) 19 0.18±0.02  5 0.20±0.04  23 0.13±0.01  15 0.16±0.01 

Urea (mmol/L) 19 4.74±0.30  5 5.66±0.59  23 5.76±0.38  15 6.04±0.47 

Enzymes            

Alanine aminotransferase (IU) 19 40.64±2.42  5 30.34±1.89  23 28.78±1.99  14 30.37±2.55 

Alkaline phosphatase (IU) 19 90.42±8.07  5 116.19±15.31  22 97.72±10.66  13 158.59±10.80 

Aspartate aminotransferase (IU) 19 93.81±5.33  5 88.96±10.39  23 97.72±1.40  15 91.20±1.50 

Gamma-glutamyl transferase (IU) 19 16.6±1.06  5 17.98±2.07  23 14.31±0.90  15 11.64±1.12 

Glutamate dehydrogenase (IU) 19 13.49±1.15  4 12.88±1.36  21 8.07±1.1  13 11.48±1.13 
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3.3.1 Breed effects on clinico-chemical parameters of maternal serum 

Electrolyte concentrations in maternal serum differed between Bt and Bi dams. Ionised 

calcium (+20%, P < 0.001) and magnesium (+8%, P < 0.05), were higher in Bt cows 

compared to Bi cows, at Day 48, and ionised calcium (+14%, P < 0.01), total calcium (+4%, 

P < 0.01), magnesium (+10%, P < 0.01) and sodium (+2%, P < 0.05) were also higher in Bt 

cows at Day 153 (Figure 3.1).  

 
 

Figure 3.1 Maternal serum electrolytes of Bos taurus taurus (Angus, Bt) and Bos taurus 

indicus (Brahman, Bi) at early gestation (Day 48) and midgestation (Day 153). 

Bars show least square means with SEM and significance of breed effects indicated * P < 

0.05, ** P < 0.01, *** P < 0.001 and + P < 0.1. 
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At Day 48, Bt cows had higher serum lactate (+32%, P < 0.05) and lower serum 

creatinine (-17%, P < 0.05) than Bi dams. At Day 153, Bt cows had higher albumin (+6%, P 

< 0.05) than Bi dams, whereas Bi cows had higher creatinine (+19%, P < 0.01), glucose 

(+14%, P < 0.05) and triglycerides (+18%, P < 0.05) (Figure 3.2). Cholesterol, globulin, total 

protein and urea were not affected by breed (P > 0.10) at either gestational stage.  

 

Figure 3.2 Maternal serum metabolites of Bos taurus taurus (Angus, Bt) and Bos 

taurus indicus (Brahman, Bi) at early gestation (Day 48) and midgestation (Day 153). 

Bars show least square means with SEM significance of breed effects indicated * P < 0.05 

and ** P < 0.01.  

0

4.0

5.0

6.0

7.0

8.0

9.0

Glucose

Day 48      Day 153

m
m

o
l/
L

*

19 23 155
0

4.0

6.0

8.0

10.0

12.0

14.0

Lactate

Day 48      Day 153

m
m

o
l/
L

19 23 155

*

0

2.0

3.0

4.0

5.0

6.0

Cholesterol

Day 48      Day 153

m
m

o
l/
L

19 23 135

0

0.1

0.2

0.3

Triglycerides

Day 48      Day 153

m
m

o
l/
L

*

19 23 155
0

40

50

60

70

80

Total protein

Day 48      Day 153

g
/L

19 23 155

0

20

25

30

35

40

45

Albumin

Day 48      Day 153

g
/L

*

18 23 155

0

20

25

30

35

40

45

Globulin

Day 48      Day 153

g
/L

19 22 145

0

50

100

150

200

Creatinine

Day 48      Day 153

µ
m

o
l/
L

***

19 23 155

0

4.0

5.0

6.0

7.0

Urea

Day 48      Day 153

m
m

o
l/
L

19 23 155

Angus, Bt Brahman, Bi



87 

 For enzyme activity, at Day 48 only ALT was affected by breed with higher activity in 

Bt cows (+29%, P < 0.01). At Day 153, Bi cows had higher ALP (+47%, P < 0.001) and 

GLDH (+35%, P < 0.05) activity than Bt cows. AST and GGT activity were not affected by 

breed at either stage, although GGT serum activity tended to be higher in Bt than in Bi cows 

(P > 0.10) at Day 153 (Figure 3.3).  

 

 

Figure 3.3 Maternal serum enzyme activity of Bos taurus taurus (Angus, Bt) and Bos 

taurus indicus (Brahman, Bi) at early gestation (Day 48) and midgestation (Day 153). 

Bars show least square means with SEM significance of breed effects indicated * P < 0.05, 

** P < 0.01, *** P < 0.001 and + P < 0.1.  

 

3.3.2 Relationships between maternal serum parameters and embryo/feto-placental 

weights 

Number of concepti, estimated means and standard error of the means for embryo, fetal and 

placental weights of Angus, Bt and Brahman, Bi concepti, with R2 and P-values of models 

and genetics and sex effects are shown in Table 3.2. 
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Table 3.2 Conceptus phenotypes of Bos taurus taurus (Angus, Bt) and Bos taurus indicus (Brahman, Bi) at early gestation (Day 48) and 

midgestation (Day 153). 

Number of concepti, estimated means and SEM are shown with R-squared values of general linear models (Type III sums of squares) and 

significance (P-value) of models and effects of genetics and sex. 

Conceptus phenotypes Genetics 
00 

Sex 
00 

Models 
00 

Factors 

Angus, Bt Brahman, Bi  Male Female     Genetics Sex 

Means ± SEM  Means ± SEM  R2 P-value  P-values 

Early gestation, Day 48            

Numbers  19 5  13 11       

Embryo weight (g) 3.72 ± 0.08 2.86 ± 0.15  3.46 ± 0.11 3.13 ± 0.11  0.61 <0.001  <0.001 0.029 

Placental weight (g) 43.22 ± 2.80 34.64 ± 5.40  37.88 ± 4.00 39.97 ± 3.93  0.08 0.391  0.180 0.682 

Midgestation, Day 153             

Numbers  23 15  15 23       

Fetal weight (kg) 3.00 ± 0.07 2.25 ± 0.10  2.82 ± 0.10 2.43 ± 0.07  0.64 <0.001  <0.001 0.002 

Placental weight (kg) 1.37 ± 0.04 1.00 ± 0.06  1.25 ± 0.06 1.12 ± 0.04  0.50 <0.001  <0.001 0.070 
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At Day 48, placental weight was positively associated with maternal serum sodium 

level (r = 0.454, P < 0.05) and a similar relationship for embryo weight approached 

significance (r = 0.384, P = 0.06). Embryo weight was also positively associated with ionised 

calcium (r = 0.413, P < 0.05) (Figure 3.4A). At Day 153, placental weight correlated 

positively with maternal ionised calcium (r = 0.346, P < 0.05) and magnesium (r = 0.395, P < 

0.05) (Figure 3.4B), whereas fetal weight was positively related to maternal sodium (r = 

0.367, P < 0.05) and magnesium (r = 0.445, P < 0.01) and tended to be related to maternal 

ionised calcium (r = 0.309, P = 0.06) and total calcium (r = 0.274, P = 0.09) (Figure 3.4B).  

 

Figure 3.4 Relationships of maternal electrolytes with placental and embryo/fetal weights 

in Bos taurus taurus (Angus) (black) and Bos taurus indicus (Brahman) (white) concepti. 

(A) At early gestation (Day 48). (B) At midgestation (Day 153). P-values of regression and 

Pearson correlation coefficient (r) indicated. NS. Not significant. 

 

 Maternal serum metabolites at Day 48 were not associated with placental or embryo 

weight, with the exception of lactate which correlated positively with placental weight (r = 

0.412, P < 0.05) and tended to correlate with embryo weight (r = 0.391, P = 0.05) (Figure 
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3.5A). At Day 153, placental weight was negatively associated with maternal creatinine (r = -

0.456, P < 0.01) and glucose (r = -0.448, P < 0.01) and tended to be positively associated with 

maternal albumin (r = 0.277, P < 0.09). Similarly, fetal weight was negatively correlated with 

maternal glucose (r = -0.370, P < 0.05) and showed a tendency to be negatively associated 

with maternal creatinine (r = -0.292, P = 0.07), whereas a positive relationship of fetal weight 

was observed with maternal albumin (r = 0.388, P < 0.05) (Figure 3.5B).  

 

 

Figure 3.5 Relationships of maternal metabolites with placental and embryo/fetal weights 

in Bos taurus taurus (Angus) (black) and Bos taurus indicus (Brahman) (white) concepti. 

 (A) At early gestation (Day 48). (B) At midgestation (Day 153). P-values of regression and 

Pearson correlation coefficient (r) indicated. NS. Not significant. 
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Serum ALP activity was negatively associated with placental (r = -0.548, P < 0.001) 

and fetal weight (r = -0.480, P < 0.01) at Day 153 (Figure 3.6B), but no other maternal 

enzyme serum activity was related to embryo/feto-placental weights at either gestational 

stage. 

 

Figure 3.6 Relationship of maternal alkaline phosphatase (ALP) and placental and 

embryo/fetal weights in Bos taurus taurus (Angus) (black) and Bos taurus indicus 

(Brahman) (white) concepti. 

(A) At early gestation (Day 48). (B) At midgestation (Day 153). P-values of regression and 

Pearson correlation coefficient (r) indicated. NS. Not significant.  
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origin to define breed effects on maternal blood parameters under standardized environmental 

conditions and determine their relationships with embryo/feto-placental weights in early and 

midgestation. Our results show that maternal calcium, magnesium, sodium, albumin and 

lactate were higher in Bt dams and were positively correlated with placental and/or 

embryo/fetal weights. In contrast, higher creatinine, glucose and ALP levels in Bi dams were 
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in maternal mineral metabolism. Whereas, effects of maternal breed on albumin, glucose and 

triglycerides levels, and serum activities of ALT and GLDH suggest differences in maternal 

metabolism and liver function. The observed breed differences in creatinine at both 

gestational stages likely reflect differences in kidney function. Thus, this study provides 

evidence for breed differences in maternal physiology between gestating Bt and Bi cows 

associated with conceptus weights in early and midgestation. 

Serum levels of chloride, potassium and sodium measured in the present study were 

comparable to previously reported levels in pregnant Bos taurus dairy cows (Wilson et al. 

1977; Yokus & Cakir 2006) and did not differ with gestational stage, which is in agreement 

with studies of the same gestational periods in Holstein cows (Yokus & Cakir 2006) and in 

Pie-Noire cows (Tainturier et al. 1984). Information regarding Bt (Angus) and Bi (Brahman) 

electrolyte levels is lacking. However, in this study, serum concentrations of sodium were 

higher in Bt than in Bi heifers and correlated positively with placental weight in early 

gestation and fetal weight in midgestation. Sodium is important for transplacental water flux 

which is essential for normal fetal growth. To accomplish normal growth, the accretion rate of 

sodium has been estimated to be 1.8 mmol/kg/day in near-term human fetuses (Sulyok 2012). 

Sodium transport is also coupled to placental transport of other important molecules, such as 

glucose and amino acids, through sodium-dependent transporters (SGLTs) (Jansson 2001; 

Zhao & Keating 2007). Thus, maternal sodium levels may indirectly affect placental and fetal 

weights by influencing glucose and amino acid transfer. Several studies in human and animals 

have observed an association between low birthweight and a salt-restricted diet during 

pregnancy, as reviewed by (Sakuyama et al. 2016). Our results indicate a possible relationship 

between maternal sodium metabolism and conceptus weight during normal bovine pregnancy 

which may contribute to reported differences in Bt and Bi birth weights (Brown, Tharel, et al. 

1993; Riley et al. 2007).  
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Maternal levels of total calcium, phosphorus and magnesium were comparable to 

those previously reported in lactating Angus and Brahman cows (Cole, Brown & Phillips 

2001). In agreement with (Cole, Brown & Phillips 2001), we found maternal breed did not 

influence phosphorus levels. However, ionised calcium levels were higher in Bt than in Bi 

dams in early gestation and total calcium and ionised calcium levels were also higher in Bt 

dams in midgestation. Calcium is important for fetal bone development (Kovacs 2016), 

muscle development and differentiation (Webb & Miller 2011), as well as cell proliferation 

(Pinto et al. 2015) and migration (Minton 2014). Ionised calcium is the diffusible form of 

calcium that is actively transported across the placenta (Namgung & Tsang 2012). Maternal 

ionised calcium levels were positively related to embryo weight in early gestation and fetal 

and placental weights at midgestation. Thus, our results indicate an important role of maternal 

calcium metabolism in placental and fetal development and breed differences in calcium 

metabolism that may contribute to differences in conceptus phenotypes observed between Bos 

taurus and Bos indicus breeds in early and midgestation (Fontes et al. 2019; Mercadante et al. 

2013; O'Rourke et al. 1991; Xiang, Lee, et al. 2014) . 

Magnesium levels were also affected by breed, being higher in Bt dams at early and 

midgestation. Others have reported no difference in magnesium levels between lactating 

Angus and Brahman cows (Cole, Brown & Phillips 2001); however, magnesium levels are 

influenced by pregnancy and season in Holstein cows (Yokus & Cakir 2006). Our 

observations in pregnant heifers may reflect breed differences in maternal magnesium 

metabolism. Lower magnesium levels in Bi dams may suggest they are more vulnerable to 

magnesium deficiency during pregnancy, although this is at odds with the fact that Bos taurus 

breeds are more susceptible to grass tetany (hypomagnesemia) than Bos indicus breeds 

(Champness 2007). It is not surprising that dam magnesium levels were also positively 

correlated with placental and fetal weights in midgestation, as magnesium is a cofactor for 

enzymatic reactions involved in ATP generation and thus critical for energy-requiring 

metabolic processes, such as protein synthesis and substrate metabolism (Scorza & Scardella 
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2010). Erythrocyte magnesium levels have previously been correlated with fertility in dairy 

cows (Mulei, Daniel & Green 1988) and higher concentrations of serum magnesium are 

associated with a higher production of transferable embryos during super-ovulation treatment 

in dairy cows (Chorfi et al. 2007). Our results suggest breed differences in maternal 

magnesium metabolism which should be considered during nutritional management of Bos 

taurus and Bos indicus cows during pregnancy. 

In the present study, glucose levels were higher than those reported in pregnant Bos 

taurus (Charolais, Hereford) and Bos indicus (Brahman) cows (Ferrell 1991b; Reynolds et al. 

1990), but comparable to those reported by Bertolini et al. (2004) in pregnant Bt (Angus and 

Angus-Hereford) cows. Differences between studies could be due to age, lactation and 

nutritional status. While age of the cows was not mentioned in Bertolini et al. (2004), both 

Ferrell (1991b) and Reynolds et al. (1990) used relatively older cows aged between 3-8 and 3-

11 years, respectively, as compared to our study which used nulliparous heifers aged 16-20 

months. Maternal glucose differed between breeds in midgestation which is in agreement with 

reports of higher glucose levels in late gestation in Brahman than Angus cows studied under 

grazing conditions in the Chihuahuan desert (Obeidat et al. 2002). Metabolic rate can be 

influenced by plasma IGF1 concentrations (Lof et al. 2005) which are higher in Brahman 

cows than mature non-pregnant Angus cows (Simpson et al. 1997; Simpson et al. 1994). Data 

from a study on the effect of breed on feed intake and metabolism in non-pregnant Bt and Bi 

heifers reported higher insulin levels in Bi heifers, suggesting that Bi cattle are more insulin 

resistant than Bt cattle (Beatty et al. 2004), which may influence the higher glucose levels of 

Bi dams. Glucose is a primary energy source for fetal and placental growth (Fowden 2001) 

and maternal metabolic adaptations during pregnancy ensure a sufficient supply by increasing 

hepatic gluconeogenesis (Harding 2001). Lower glucose uptake was previously reported in 

Bos indicus (Brahman) compared to Bos taurus (Charolais) fetuses (Ferrell 1991b). Hence, 

higher glucose levels in Bi cows may indicate lower placental and fetal glucose uptake by Bi 
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concepti which had lower placental and fetal weights at midgestation. In support of this, 

maternal glucose was negatively correlated with placental and fetal weight at midgestation.  

After glucose, lactate is the second main energy source for fetal and placental growth 

in bovine (Fowden 2001; Harding 2001). Similar to glucose, lactate levels were higher than 

those reported in pregnant Bos taurus (Charolais) and Bos indicus (Brahman) cows at late 

gestation (Ferrell 1991b), but comparable to those reported by Bertolini et al. (2004) in 

pregnant Bos taurus (Angus and Angus-Hereford) cows at midgestation. Maternal lactate 

levels were higher in Bt than Bi cows and were positively correlated with placental and 

embryo weights in early gestation. Net production of lactate has been demonstrated in bovine 

uteroplacental tissues with release into fetal and maternal circulation (Comline & Silver 

1976). Although data regarding lactate production in early gestation is lacking, uteroplacental 

lactate output was found to be influenced by interactions between maternal and fetal breed in 

Bos taurus (Charolais) and Bos indicus (Brahman) concepti at late gestation, where higher net 

release of lactate was observed in Charolais and Brahman cows with fetuses of the opposite 

breed (Ferrell 1991b). As our study used purebred Bt and Bi concepti, our findings may 

reflect differences in uteroplacental lactate production between Bt and Bi concepti at early 

gestation which appeared to be related to early concepti growth. 

In this study, triglyceride levels were within the physiological range reported generally 

for cattle (Kaneko, Harvey & Bruss 2008) and comparable to those reported in Pie-Noire 

cows (Tainturier et al. 1984). Triglyceride levels were lower in Bt than Bi heifers, which 

agrees with a previous study of non-pregnant Bt and Bi heifers (Beatty et al. 2004). Bt heifers 

had higher triglycerides, but lower glucose levels, than Bi heifers, which is likely due to 

greater insulin resistance of Bi cattle, particularly with respect to triglyceride hydrolysis and 

fatty acid uptake (Beatty et al. 2004). In cattle, the rumen converts carbohydrates in feed to 

volatile fatty acids, which are used by the liver to produce glucose, but when glucose demand 

is high during pregnancy and lactation, the liver can switch to energy production using non-
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saturated fatty acids, forming acetyl-CoA, which undergoes complete oxidation through the 

carboxylic acid cycle, and is converted to triglycerides and stored by the liver (D’Occhio, 

Baruselli & Campanile 2019). A previous study reported lower free fatty acid and cholesterol 

concentrations in Angus cows compared with Brahman cows (Cole, Brown & Phillips 2001). 

However, in the current study, cholesterol was not affected by breed, although it was 

numerically lower in Bt dams. Concentrations of total protein, albumin and globulin were 

within the reported physiological range for cattle (Kaneko, Harvey & Bruss 2008). Total 

protein and globulin were not affected by breed, whereas albumin was higher in Bt dams than 

Bi dams in midgestation and correlated positively with fetal weight. Erwin (1960) also 

reported a high percentage of albumin in Bt cows. Albumin levels correlate with health and 

indicate good nutrition condition in cattle (Kaneko, Harvey & Bruss 2008). Thus, higher 

albumin levels may indicate adequate amino acid supply that may influence fetal growth in 

midgestation. Significant breed differences in serum metabolite concentrations, including 

albumin, glucose and triglycerides, may indicate differences in liver function which is likely 

influenced by differences in genome sequences between Bt and Bi genetics (Hiendleder, 

Lewalski & Janke 2008). 

Urea concentrations did not differ between Bt and Bi heifers, although numerically 

higher levels were seen in Bi at early and midgestation, consistent with previous reports of 

lower urea levels in lactating Angus cows compared with Brahman cows (Cole, Brown & 

Phillips 2001; Obeidat et al. 2002). In the present study, creatinine was higher in Bi in early 

and midgestation. Although studies reporting creatinine levels in Bos taurus and Bos indicus 

cows are limited, observed levels in both breeds were within the physiological range reported 

for cattle (Kaneko, Harvey & Bruss 2008). Creatinine levels were almost identical at both 

gestational stages, in agreement with (Yokus & Cakir 2006) who reported no gestational 

effects on serum creatinine at early and midgestation in Holstein cows. Creatinine is directly 

related to muscle mass in cattle (Silva et al. 2012), but can also indicate differences in kidney 

function. As pregnancy does not influence excretion of creatinine by the kidney in cows 
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(Whittet et al. 2004), our results may indicate existing breed differences in kidney function 

between Bt and Bi with a potential impact on placental and fetal development in 

midgestation. We observed negative relationships between maternal creatinine and placental 

and fetal weights at midgestation. In humans, higher maternal creatinine levels are associated 

with increased incidence of small-for-gestational-age fetuses due to impaired maternal kidney 

function (Akahori, Masuyama & Hiramatsu 2012). Our results suggest breed differences in 

kidney function between Bt and Bi dams that may influence placental and fetal growth during 

normal pregnancy. 

Reports of maternal enzyme serum activity in Bt and Bi cows are limited. However, 

observed serum levels of all measured enzymes in this study were within the functional range 

observed for cattle (Kaneko, Harvey & Bruss 2008). Activity of ALT, GLDH and ALP were 

affected by breed, whereas AST and GGT were not affected by breed. Serum activity of ALT 

was higher in Bt than Bi in early gestation and reached the upper limit of previously specified 

normal reference values for cattle (11-40 IU/L), whereas Bi cows had higher GLDH activity 

in midgestation. Although ALT and GLDH serum activity was not related to conceptus 

phenotype, collectively with the observed differences in serum albumin, glucose and 

triglyceride levels (discussed above), these results suggest differences in liver function 

between Bt and Bi dams. 

We found that breed affected ALP activity in midgestation, with higher levels in Bi 

heifers. This finding is consistent with a previous study which reported ALP activity in 

Brahman heifers aged between 8-14 months of approximately twice that of Angus and 

Hereford heifers of the same age (Kunkel et al. 1953). Similarly, ALP activity was 

significantly higher in Brahman than Angus calves, whereas Brahman cows tended to have 

higher levels than Angus cows (Cole, Brown & Phillips 2001). Alkaline phosphatase is 

synthesized and released by the intestine, bone, liver and placenta, but is commonly used as a 

serum marker of osteoblastic activity (Itani & Tsang 2006). Significantly higher ALP activity 
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of Bi heifers at midgestation may result from changes in bone resorption and formation rates 

which increase during pregnancy to meet fetal mineral demand (Kovacs 2016; Prentice 2000). 

Alternatively, higher ALP activity of Bi may be due to an increase in placental ALP isozyme 

that is gradually elevated in maternal blood in human (Larsson et al. 2008). In the present 

study, ALP levels correlated negatively with placental and fetal weight at midgestation. In 

human pregnancy, marked elevation of placental ALP may indicate preterm delivery, 

placental insufficiency and low birthweight (Ferianec & Linhartová 2011; Meyer et al. 1995). 

In order to corroborate these relationships further research is needed to determine whether 

elevated ALP activity in Bi dams was due to placental or bone ALP isozymes. 

In conclusion, data presented in this study provide reference values for clinico-

chemical parameters in Bt and Bi dams during early and midgestation, under standardized 

environmental conditions, which can be used as a tool for clinical or research purpose. Our 

results provide substantial evidence for breed effects on maternal physiology, including 

mineral metabolism and liver and kidney functions, which appear to influence placental and 

embryo/fetal weights in early and midgestation. This study highlights the significance of 

breed differences in maternal serum parameters for prenatal growth, demonstrating the need 

for a proper index for maternal blood parameters based on maternal genetic background. 

Further research is needed to understand the genetic mechanisms that influence maternal 

metabolism of Bt and Bi cattle during pregnancy. 
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Abstract 

The role of fetal fluids in embryo-fetal development is increasingly recognized. However, 

reference data for major cattle subspecies Bos taurus taurus (Angus, Bt) and Bos taurus 

indicus (Brahman, Bi) are lacking. We present a comprehensive analysis of clinico-chemical 

parameters in allantoic (ALF) and amniotic fluids (AMF) of Angus and Brahman concepti at 

the late embryo (Day 48, early gestation, Bt n = 19, Bi n = 6) and early accelerated growth 

(Day 153, midgestation, Bt n = 23, Bi n = 15) stages. In ALF, calcium (-58%), chloride (-

54%), sodium (-54%) and lactate (-79%) were lower, and magnesium (+402%), phosphorous 

(+224%), potassium (+366%) and glucose (+60%) were higher at midgestation than early 

gestation, whereas AMF levels of electrolytes, glucose and lactate were similar. In both 

fluids, creatinine (ALF +5948%, AMF +2815%), protein (ALF +387%, AMF +662%) and 

urea (ALF +38%, AMF +84%) were higher in midgestation. Allantoic fluid alanine 

aminotransferase (ALT) and alkaline phosphatase (ALP) were undetectable, whereas 

aspartate aminotransferase (AST, +97%) was lower, and gamma-glutamyl transferase (GGT) 

was higher (+854%) in midgestation. All enzyme activity in AMF was higher in midgestation, 

while ALP was only detectable at midgestation. In early gestation, Angus concepti had lower 

potassium (-79%, P < 0.01) and higher sodium/potassium (+51%, P < 0.05) in ALF, and 

lower amniotic fluid chloride (-2%, P < 0.05), than Brahman concepti. In midgestation, 

Angus concepti had lower sodium (-30%, P < 0.05) and lactate (-74%, P < 0.001), higher 

calcium (+75%, P < 0.001), phosphorus (+44%, P < 0.05), creatinine (+24%, P < 0.01) and 

protein (+22%, P < 0.05) in ALF, but lower chloride, potassium and GGT (-3%, -22% and -

28%, respectively, P < 0.01) and higher calcium (+9%, P < 0.05), phosphorus, 

sodium/potassium both (+15%, P < 0.05), creatinine (+37%, P < 0.001) and AST (+30%, P < 

0.01) in AMF, than Brahman concepti. In conclusion, we provide fundamental information 

for key clinico-chemical parameters in embryo-fetal fluids of Angus and Brahman concepti at 
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important developmental time points. Subspecies differences in clinico-chemical parameters 

in fetal fluids likely reflect differences in feto-placental phenotype. 

Keywords: Bos taurus, Bos indicus, allantoic fluid, amniotic fluid, embryo, fetus, clinico-

chemical parameters 
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 Introduction 

The bovine placenta contains two fluid compartments that form protective layers around the 

growing embryo/fetus (Wintour, Laurence & Lingwood 1986) and act as reservoirs for 

nutrients essential for fetal growth and development (Underwood, Gilbert & Sherman 2005). 

Successful fetal growth and development requires accumulation of a significant amount of 

allantoic and amniotic fluids (Wintour, Laurence & Lingwood 1986). In bovine, fetal fluids 

accumulate early after closure of the amniotic folds at Day 22 and formation of the allantois at 

Day 24 (Maddox-Hyttel et al. 2003; Schlafer, Fisher & Davies 2000). Fetal fluid volume 

increases throughout gestation (Arthur 1957; Bongso & Basrur 1976; Eley et al. 1978; Li et 

al. 2005) with the proportion of allantoic to amniotic fluid changing during gestation (Arthur 

1957, 1969; Bongso & Basrur 1976). Fetal fluid volume has a positive relationship with fetal 

weight (Anthony et al. 1986; Eley et al. 1978; Prior & Laster 1979), reflecting its importance 

for fetal growth and development.  

Bovine fetal fluids contain electrolytes, metabolites and enzymes (Baetz, Hubbert & 

Graham 1976; Baetz, Hubbert & Grahma 1975) and changes in fetal fluid composition 

throughout gestation likely reflect changes in metabolic and transport activities of the 

developing conceptus as well as relative contribution of the placenta and fetus to fetal fluid 

compartments (Li et al. 2005). There is growing evidence regarding the importance of 

amniotic fluid composition for fetal growth and development, not only through provision of 

nutritive components but also as a source of growth factors essential for normal growth and 

development (Bagci et al. 2016; Tong 2013; Underwood, Gilbert & Sherman 2005). 

Therefore, understanding changes in fetal fluid composition as gestation progresses is 

important to understand potential contributions of the fluids to fetal growth. A potential 

contribution of bovine fetal fluid components to abnormal prenatal growth has been assessed 

at defined gestational ages in in vitro produced and somatic cell nuclear transfer cloned 

concepti (Bertolini et al. 2004; Li et al. 2005). However, studies of fetal fluid composition in 

healthy bovine concepti generated in vivo are limited to those that have utilized random 
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samples obtained from abattoirs (Baetz, Hubbert & Graham 1976; Tabatabaei & Mamoei 

2011), thus from animals with indefinite gestational age and with different genetic 

background and nutritional status. 

The present study utilized allantoic and amniotic fluid samples from Bos taurus taurus 

(Angus, Bt) and Bos taurus indicus (Brahman, Bi) concepti with well-defined gestational ages 

and genetic background at two critical developmental time points to provide fundamental 

information regarding fetal fluid composition. Samples were collected in early gestation (Day 

48), a period associated with formation of fetal membranes and placenta (Assis Neto et al. 

2010; Assis Neto et al. 2009; Estrella et al. 2017) and a major predictor period of prenatal and 

postnatal growth (Burns et al. 2018), and in midgestation (Day 153), following formation of 

placentomes (Assis Neto et al. 2010; Assis Neto et al. 2009; Estrella et al. 2017) and at the 

beginning of accelerated fetal growth (Ferrell 1989). Detailed subspecies-specific information 

on clinico-chemical composition of embryo-fetal fluids with respect to electrolytes, 

metabolites and enzymes at these time points provides essential reference data for future 

studies on the role of fetal fluids in prenatal growth. Furthermore, these data provide specific 

reference data to help assess health, developmental potential and growth trajectory of concepti 

developing from in vitro produced or cloned Bt and Bi embryos. 

 Materials and methods 

4.2.1 Animals and experimental design  

All animal and experimental procedures involved were approved by the Animal Ethics 

Committee of The University of Adelaide (No. S-094-2005). This study utilized bovine 

concepti at two critical developmental periods (term, 277-293) (Plasse et al. 1968; Sagebiel et 

al. 1973): early gestational stage (Day 48, Bt n = 19, Bi n = 6), and in midgestation (Day 153, 

Bt n = 23, Bi n = 15). The generation of Day 48 and Day 153 concepti was carried out in two 

separate experiments conducted in consecutive years using Angus and Brahman genetics. 

After an adjustment period of 3-4 weeks following animal purchase, nulliparous 16-20 month 
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old Angus and Brahman heifers underwent standard commercial oestrous cycle 

synchronization and pregnancies were established as described using two Angus and two 

Brahman sires for Day 48 and three Angus and two Brahman sires for Day 153 concepti 

(Anand-Ivell et al. 2011). Animals in both experiments were managed as one group at 

facilities in the south-east of South Australia and fed hay and silage (Day 48) or pasture and 

silage (Day 153). 

4.2.2 Samples  

Pregnancies were confirmed by ultrasound scanning and uteri recovered at Day 48 and Day 

153 ± 1 post-conception after sacrificing animals in an abattoir. Allantoic and amniotic fluids 

were sampled with a 20 ml syringe directly from intact allantoic and amniotic compartments 

and stored at -80˚C for biochemical analyses. Embryo sex was determined by SRY PCR 

typing as described (Anand-Ivell et al. 2011) and fetal sex was recorded upon fetus recovery. 

4.2.3 Analyses of clinico-chemical parameters of fetal fluids  

Allantoic and amniotic fluid samples were analysed at the Veterinary Diagnostic Laboratory, 

School of Animal and Veterinary Sciences, The University of Adelaide (South Australia, 

Australia). Samples were defrosted at room temperature, then centrifuged at 8000 rpm for 2 

minutes to remove cellular material and debris before analyses. Clinico-chemical parameters 

of allantoic and amniotic fluids were determined using a Beckman-Coulter AU Clinical 

Chemistry Analyser, AU480 (Beckman Coulter Australia Pty Ltd, Lane Cove, Australia), 

except ionised calcium and lactate which were measured using a Radiometer ABL 700 series 

Gas analyser (Radiometer Pty Ltd, Mount Waverly, Vic., Australia). The measured 

parameters were electrolytes: ionised calcium, total calcium, chloride, magnesium, 

phosphorus, potassium and sodium with calculations of Ca/P and Na/K ratios, metabolites: 

albumin, cholesterol, creatinine, glucose, lactate, total protein, triglycerides and urea and 

enzymes: Alanine aminotransferase (ALT), Alkaline phosphatase (ALP), Aspartate 

aminotransferase (AST) and Gamma glutamyl transferase (GGT). 
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4.2.4 Statistical analysis 

The general linear model (GLM) procedure in SPSS (IBM® SPSS® Statistics 24, New York, 

United States) was used to determine the means and standard errors of the means for clinico-

chemical parameters in embryo-fetal fluids of Bt, Angus and Bi, Brahman concepti adjusted 

for sex using the following model: Yij = Gi + Sj +Gi x Sj + eij 

Where Yij was the clinico-chemical parameter, Gi was embryo or fetal genetics (i = Bt and 

Bi), Sj was embryo or fetal sex (j = male, female) and eij was random error. Gi x Sj is the 

interaction between fetal genetics and fetal sex effects. 

Only interactions that were significant at P < 0.05 were retained in the final models. 

Least square means and standard errors of means were computed for genetics and sex groups 

and a two-tailed t-test was used to compare statistical differences between groups. Results 

were considered significant at P < 0.05. Outliers were confirmed with the Outlier Labelling 

Rule (Hoaglin, Iglewicz & Turkey 1986). Data with unequal variances were analysed using 

the Welch test. Data from Day 48 and Day 153 concepti were analysed separately as they 

were derived from two independent experiments. Numbers of concepti and the estimated 

means and standard error of the means for embryo/fetal and placental weights of Bt and Bi 

concepti, with R2 and P-values of models and genetics and sex effects, are shown in 

Supplementary Table 4.1. 

 Results 

Significance of statistical models and factors in the final model for electrolytes, metabolites 

and enzymes in early gestation and midgestation in allantoic and amniotic fluids are detailed 

in Table 4.1 and 4.2 respectively. Estimated means and standard errors of the means for 

clinico-chemical parameters of fetal fluids in Angus, Bt and Brahman, Bi concepti in early 

gestation (Day 48) and midgestation (Day 153) are shown in Figures 4.1-4.3 as well as in 

Supplementary Table 4.2 and 4.3 for easy access. Differences in fetal fluid parameters 

between studied stages are also presented using percentage changes for all concepti and for Bt 
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and Bi concepti separately. Comparisons between Angus and Brahman concepti were 

performed within the same gestational age and results are indicated in Figures 4.1-4.3. We 

could not measure albumin, cholesterol and triglycerides in allantoic and amniotic fluids as 

concentrations were below the detection limits of the assays used.  

4.3.1  Differences in fetal fluid electrolytes of Bos taurus and Bos indicus concepti in 

early and midgestation 

In allantoic fluid, concentrations of chloride (Bt, -58%, Bi -50%), ionised calcium (Bt, -61%, 

Bi -84%), total calcium (Bt, -32%, Bi -83%), Ca/P ratio (Bt, -84%, Bi -96%), sodium (Bt, -

60%, Bi -47%) and Na/K ratio (Bt, -88%, Bi -84%) were lower, and magnesium (Bt, +473%, 

Bi +331%), phosphorus (Bt, +285%, Bi +162%) and potassium (Bt, +491%, Bi +241%) 

levels were higher at Day 153 compared to Day 48 (Figure 4.1). Angus concepti had lower 

allantoic fluid potassium (-79%, P < 0.01) and higher Na/K ratio (+51%, P < 0.05) than 

Brahman concepti at Day 48, and higher ionised calcium (+56%, P < 0.01), total calcium 

(+75%, P < 0.001) and phosphorous (+44%, P < 0.05) and lower sodium (-30%, P < 0.05) at 

Day 153 (Table 4.1, Figure 4.1). 

In amniotic fluid, concentrations of electrolytes were similar at both gestational ages, 

with the exception of potassium and Na/K ratio, which were lower (Bt, -42%, Bi -33%) and 

higher (Bt, +73%, Bi +48%), respectively, at Day 153 than Day 48 (Figure 4.1). At Day 48, 

chloride concentrations were lower in Angus than in Brahman concepti (-2%, P < 0.05) which 

was also affected by interactions between fetal genetics and fetal sex (Table 4.2), where 

females of Brahman concepti had the highest chloride levels (3%, P < 0.01), compared to 

other groups, but no other differences in electrolytes were observed. At Day 153, Angus 

concepti had lower amniotic fluid chloride and potassium (-3% and -22%, respectively, both 

P < 0.01), and higher concentrations of ionised calcium (+10%, P < 0.05), total calcium 

(+9%, P < 5), phosphorus (+15%, P < 0.05) and Na/K ratio (+15%, P < 0.05), (Table 4.2, 

Figure 4.1).
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Table 4.1 Clinico-chemical parameters of allantoic fluid in Bos taurus taurus (Angus, Bt) 

and Bos taurus indicus (Brahman, Bi) concepti in early and midgestation. 

R-squared values of general linear models (Type III sums of squares) and significance (P-

value) of models and effects of genetics and sex are shown. 

Parameters Early gestation (Day 48)  Midgestation (Day 153) 

Model  Genetics Sex  Model  Genetics   Sex 

 R2 P-value  P-values  R2 P-value  P-values 

Electrolytes      00      

Ionised calcium** 0.017 0.835  0.666 0.715  0.241 0.014  0.005 0.975 

Total calcium** 0.008 0.914  0.890 0.704  0.377 <0.001  <0.001 0.651 

Calcium/Phosphorous*,** 0.064 0.499  0.280 0.731  0.103 0.175  0.068 0.924 

Chloride 0.013 0.868  0.601 0.999  0.070 0.312  0.168 0.349 

Magnesium 0.167 0.148  0.053 0.830  0.049 0.474  0.457 0.281 

Phosphorous** 0.032 0.709  0.425 0.910  0.187 0.045  0.014 0.535 

Potassium 0.310 0.020  0.008 0.227  0.019 0.740  0.899 0.476 

Sodium 0.004 0.957  0.862 0.826  0.181 0.041  0.034 0.063 

Sodium/Potassium*,** 0.290 0.027  0.015 0.143  0.028 0.640  0.463 0.681 

Metabolites             

Creatinine 0.117 0.269  0.111 0.759  0.260 0.009  0.002 0.739 

Glucose 0.085 0.395  0.578 0.239  0.014 0.796  0.674 0.546 

Lactate 0.186 0.115  0.230 0.108  0.344 0.001  <0.001 0.105 

Total protein 0.055 0.568  0.293 0.850  0.175 0.046  0.014 0.514 

Urea 0.053 0.566  0.454 0.413  0.197 0.075  0.110 0.110 

Enzymes            

Alanine aminotransferase) 0.012 0.885  0.630 0.860  ND     

Alkaline phosphatase 0.120 0.297  0.130 0.976  ND     

Aspartate aminotransferase** 0.011 0.897  0.831 0.715  0.073 0.401  0.456 0.380 

Gamma-glutamyl transferase 0.016 0.863  0.828 0.660  0.015 0.786  0.959 0.496 
 

ND is not detectable. *Log transformed data in early gestation. **Log transformed data in 

midgestation. 
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Table 4.2 Clinico-chemical parameters of amniotic fluid in Bos taurus taurus (Angus, Bt) 

and Bos taurus indicus (Brahman, Bi) concepti in early and midgestation. 

R-squared values of general linear models (Type III sums of squares) and significance (P-

value) of models and effects of genetics, sex and the interactions are shown. 

 

Parameters Early gestation (Day 48)  Midgestation (Day 153) 

Model  Genetics Sex G x S   Model  Genetics Sex 

 R2 P-value  P-values  R2 P-value  P-values 

Electrolytes       0      

Ionised calcium 0.072 0.473  0.270 0.674   0.193 0.029  0.016 0.118 

Total calcium 0.023 0.795  0.746 0.541   0.179 0.039  0.012 0.413 

Calcium/Phosphorous 0.178 0.141  0.050 0.925   0.085 0.233  0.218 0.169 

Chloride 0.445  0.016  0.042 0.129 0.008  0.281 0.006  0.003 0.062 

Magnesium 0.059 0.545  0.830 0.279   0.143 0.078  0.033 0.266 

Phosphorous 0.066 0.507  0.271 0.664   0.190 0.031  0.029 0.062 

Potassium* 0.097 0.359  0.446 0.251   0.212 0.020  0.006 0.795 

Sodium 0.048 0.642  0.437 0.588   0.116 0.148  0.104 0.176 

Sodium/Potassium* 0.012 0.888  0.893 0.652   - -  0.014 0.752 

Metabolites              

Creatinine 0.010 0.907  0.673 0.886   0.321 0.002  <0.001 0.967 

Glucose 0.151 0.195  0.752 0.075   0.001 0.986  0.879 0.964 

Lactate 0.109 0.316  0.343 0.266   0.021 0.705  0.650 0.446 

Total protein 0.262 0.132  0.857 0.147 0.023  0.015 0.786  0.982 0.494 

Urea 0.123 0.268  0.452 0.169   0.153 0.195  0.155 0.692 

Enzymes             

Alanine aminotransferase** 0.106 0.388  0.308 0.355   0.009 0.863  0.844 0.595 

Alkaline phosphatase** ND       0.094 0.216  0.192 0.379 

Aspartate aminotransferase** 0.246 0.079  0.027 0.876   0.205 0.023  0.028 0.178 

Gamma-glutamyl transferase 0.132 0.300  0.588 0.136   0.199 0.026  0.009 0.237 

ND is not detectable, * Welch test. **Log transformed data. G x S is the interactions between 

fetal genetics and sex. 
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Figure 4.1 Differences in allantoic fluid (ALF) and amniotic fluid (AMF) electrolytes in Bos taurus taurus (Angus, Bt) and Bos taurus 

indicus (Brahman, Bi) concepti in early gestation (Day 48) and midgestation (Day 153).  

Bars show least square means with SEM and significant of genetic effects indicated. * P < 0.05, ** P < 0.01, *** P < 0.001 and + P < 0.1. 
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4.3.2 Differences in fetal fluid metabolites in Bos taurus and Bos indicus concepti in early 

and midgestation 

At Day 153, allantoic fluid lactate levels were lower (Bt, -86%, -Bi 71%) and creatinine (Bt 

+7416%, Bi +4479%), glucose (Bt +56%, Bi +64%), total protein (Bt +391%, Bi +383%) and 

urea (Bt +10%, Bi +65%) levels were higher than at Day 48 (Figure 4.2). Differences in 

levels of metabolites in allantoic fluid between Angus and Brahman concepti were only 

detected at Day 153 (Table 4.1, Figure 4.2). Lactate was lower in Angus concepti (74%, P < 

0.001), while creatinine (24%, P < 0.01) and total protein (22%, P < 0.05) levels were higher 

compared with Brahman concepti (Table 4.1, Figure 4.2).  

 

 

 

 

 

Figure 4.2 Differences in allantoic fluid (ALF) and amniotic fluid (AMF) metabolites in 

Bos taurus taurus (Angus, Bt) and Bos taurus indicus (Brahman, Bi) concepti in early 

gestation (Day 48) and midgestation (Day 153).  

Bars show least square means with SEM and significant of genetic effects indicated. * P < 0.05, 

** P < 0.01 and *** P < 0.001.  
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In amniotic fluid, glucose and lactate levels were similar at both gestational ages, 

whereas creatinine (Bt +3650%, Bi +1979%), total protein (Bt +654%, Bi +669%) and urea 

(Bt +78%, Bi +90%) were higher at Day 153 than at Day 48 (Figure 4.2). At Day 153, 

creatinine levels in amniotic fluid of Angus concepti were higher than in Brahman concepti 

(37%, P < 0.001), while other metabolites were similar in Angus and Brahman concepti at 

both gestational ages (see above Table 4.2, Figure 4.2). 

4.3.3 Differences in fetal fluid enzymes of Bos taurus and Bos indicus concepti in early 

and midgestation  

Allantoic fluid ALT and ALP enzyme activity was present at Day 48, but undetectable at Day 

153. AST activity was also lower at Day 153 (Bt -96%, Bi -97%) than at Day 48. However, 

GGT activity was substantially higher (Bt +894%, Bi +813%) at Day 153 (Figure 4.3). There 

were no differences in allantoic fluid enzyme activity of Angus and Brahman concepti at both 

gestational ages (Table 4.1, Figure 4.3).  

In amniotic fluid, ALT activity was very low at both gestational ages (below the 

lowest detectable limit as indicated by the manufacturer (1 IU/L). ALP activity was 

undetectable at Day 48 but was measured at Day 153. Similarly, amniotic GGT levels were 

very low at Day 48 but were noticeably high in midgestation. Amniotic AST levels were 

considerably higher at Day 153 (Bt +799%, Bi +303%) than at Day 48 (Figure 4.3). In 

amniotic fluid, AST (+30%, P < 0.05) and GGT (+28%, P < 0.01) activity was higher in 

Angus than Brahman concepti at Day 153 (Table 4.2, Figure 4.3). There was no difference in 

activity of other enzymes in fetal fluids between Angus and Brahman concepti (Tables 4.1 

and 4.2, Figure 4.3). 
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Figure 4.3 Differences in allantoic fluid (ALF) and amniotic fluid (AMF) enzymes in Bos 

taurus taurus (Angus, Bt) and Bos taurus indicus (Brahman, Bi) concepti in early gestation 

(Day 48) and midgestation (Day 153).  

Bars show least square means with SEM and significant of genetic effects indicated. * P < 0.05 

and ** P < 0.01.  
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al. 2018; Estrella et al. 2017; Ferrell 1989), respectively. Amniotic fluid levels of electrolytes, 

glucose and lactate were similar at both stages, whereas other allantoic and amniotic fluids 

parameters showed stage-specific differences. Significant differences in clinico-chemical 

characteristics of fetal fluids from Bt and Bi concepti were observed. In early gestation 

differences between the subspecies were observed in fetal fluid electrolytes, predominantly in 

allantoic fluid. In midgestation electrolytes differed between subspecies in both fetal fluid 

compartments, and subspecies differences were also observed in metabolite levels in allantoic 

fluid and enzyme activity of AST and GGT in amniotic fluid. These subspecies differences 

reflect differences in embryo- and feto-placental development that manifest as significant 

differences in conceptus phenotype (Ferrell 1991a; Fontes et al. 2019; O'Rourke et al. 1991; 

Xiang, Estrella, et al. 2014) and birthweight (Brown, Tharel, et al. 1993; Riley et al. 2007). 

The composition of bovine allantoic fluid clearly differed between Day 48 and Day 

153, while amniotic fluid composition was more stable. This is similar to major changes in 

allantoic fluid composition observed during early ovine pregnancy (Days 22-44) where 

calcium, magnesium and total protein levels were higher, and potassium levels were lower at 

Day 44, while amniotic fluid composition remained largely unchanged (Wales & Murdoch 

1973). Similarly, we showed higher total protein and magnesium levels, but lower calcium 

and higher potassium levels in bovine allantoic fluid at Day 153, compared with Day 48. Data 

from both sheep and cattle are consistent with the concept that amniotic fluid parameters are 

regulated at the expense of volume (Wintour, Laurence & Lingwood 1986) and suggests 

tighter regulatory mechanisms that maintain amniotic fluid composition at relatively similar 

levels throughout gestation, which may be critical for fetal survival. 

In the present study, concentrations of electrolytes, including total calcium, chloride, 

magnesium, phosphorus, potassium and sodium, are comparable to those previously reported 

for bovine fetal fluids at Day 50 and Day 150 of gestation (Li et al. 2005), but contrast with 

those reported in periods between 0-50 and 101-150 days of gestation (Tabatabaei & Mamoei 
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2011). Tabatabaei and Mamoei (2011) reported, for example, lower potassium levels in 

allantoic and amniotic fluids (3.5 mmol/L vs. Bt 23.5 mmol/L, Bi 24.3 mmol/L), (4.3 mmol/L 

vs. Bt 7.8 mmol/L, Bi 9.5 mmol/L), respectively, and lower amniotic fluid sodium levels 

(91.5 mmol/L vs. Bt 130.8 mmol/L, Bi 133.7 mmol/L) between 101-150 days of gestation, 

when compared with values recorded in the current study at Day 153. We also showed lower 

calcium and phosphorus levels in allantoic and amniotic fluids at both gestational stages 

comparing to those reported by this previous study. These differences may be due to 

differences in experimental design, where Tabatabaei and Mamoei (2011) used random 

samples collected from an abattoir where gestational age was estimated from crown–anus 

length and categorized collectively into four age groups. These differences highlight the 

importance of using definite gestational age when assessing stage-specific changes in fetal 

fluid parameters. 

In the present study, allantoic fluid potassium levels were higher and sodium and 

chloride levels were lower at Day 153, as compared to early gestation. This agrees with data 

from Li et al. (2005) who also reported an increase in potassium and a decrease in sodium and 

chloride in allantoic fluid from Day 50 to Day 150 and suggested that this relates to the 

increasing ability of the fetal kidney to reabsorb sodium and chloride due to increased Na/K-

ATPase activity in renal tubules of fetal kidney (Li et al. 2005). In the current study, amniotic 

fluid potassium levels were slightly lower (Bt -42%, Bi -33%) at Day 153 when compared to 

Day 48. A decrease in bovine amniotic fluid potassium levels was also observed between 

Days 90 and 180 of gestation (Bertolini et al. 2004) and between Days 115 and 265 of 

gestation (Baetz, Hubbert & Graham 1976). 

Glucose and lactate levels in bovine allantoic and amniotic fluids were comparable to 

previous reports (Li et al. 2005; Tabatabaei & Mamoei 2011). Glucose and lactate are major 

substrates required for conceptus growth in bovine (Fowden 1994, 2001). At Day 48, glucose 

levels were higher in amniotic than in allantoic fluid, while lactate concentrations were higher 
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in allantoic fluid, suggesting different roles of these fluids as nutritional sources for the 

growing conceptus in early gestation. Lower placental efficiency at Day 48, where placental 

weight is higher relative to embryo weight in the bovine conceptus, indicates nutrient 

allocation favouring placental growth during this early stage (Estrella et al. 2017). Observed 

differences in glucose and lactate levels between allantoic and amniotic fluids in this study 

suggest potential differences in substrate allocation for placental and embryo growth during 

early conceptus growth. Similar differences between glucose and lactate levels in amniotic 

and allantoic fluid were previously reported at Day 50 (Li et al. 2005) and Day 70 (Bertolini 

et al. 2004) of gestation. In allantoic fluid, glucose concentrations increased, while lactate 

concentrations decreased between early and midgestation. A decrease in lactate levels in 

allantoic fluid was previously reported in bovine concepti between Days 50 and 100 (Li et al. 

2005) and Days 70 and 180 (Bertolini et al. 2004), suggesting a shift towards aerobic 

metabolism with the formation of placentomes (Li et al. 2005). Previous studies in bovine 

(Baetz, Hubbert & Graham 1976; Bertolini et al. 2004), sheep (Prestes et al. 2001b; Wales & 

Murdoch 1973) and human (Oliveira, Barros & Magalhães 2002) showed a significant 

decrease in glucose levels in amniotic fluid in late gestation, suggesting increased fetal intake 

of glucose as a result of fetal swallowing. However, in the present study, levels of glucose and 

lactate in amniotic fluid were similar at both gestational stages, consistent with a previous 

report at the same gestational ages in bovine (Li et al. 2005), suggesting the insignificance of 

fetal swallowing in early and midgestation as compared to late gestation. In the present study, 

lactate concentrations in allantoic fluid changed inversely with glucose concentration between 

gestational stages indicating major changes in substrate metabolism between early and 

midgestation in the bovine conceptus, which needs further investigation. 

Concentrations of creatinine in the current study are in disagreement with data 

provided by (Tabatabaei & Mamoei 2011) who reported different allantoic fluid creatinine 

levels between 0-50 and 101-150 days of gestation. For example, differences in allantoic fluid 

creatinine levels between this previous study at those gestational ages and our results are: 



125 

185.6 µmol/L vs. Bt 46.9, Bi 58.5 µmol/L and 327.0 µmol/L vs. Bt 3527.3 µmoL, Bi 2679.1 

µmol/L, at Day 48 and Day 153, respectively. Similarly, creatinine levels at Day 153 for Bt 

concepti in the present study were higher than those reported at Day 150 by Li et al. (2005), 

but Bi concepti showed comparable levels to those reported by this previous study in allantoic 

and amniotic fluids (allantoic fluid: 2579.0 µmol/L vs. Bt 3527.3 µmol/L, Bi 2679.1 µmol/L; 

amniotic fluid: 89.8 µmol/L vs. Bt 146.2 µmol/L, Bi 92.0 µmol/L). However, both studies 

showed significantly higher creatinine levels in midgestation, compared with early gestation.  

Concentrations of total protein in fetal fluids vary between studies. Values reported in 

this study are in agreement with previously reported protein levels in fetal fluids of Bt and Bi 

concepti between Days 44 and 100 of gestation (Riding et al. 2008), but are significantly 

lower than those reported at both gestational ages by Tabatabaei & Mamoei (2011), and 

higher than those reported by (Li et al. 2005). Concentrations of urea were comparable with 

those reported by (Li et al. 2005), but were in disagreement with those previously reported by 

Tabatabaei & Mamoei (2011) at similar gestational ages. Observed differences in creatinine 

and total protein levels between studies are likely due to genetic effects, as both creatinine and 

total protein levels showed subspecies differences in the current study (as discussed below). 

Levels of creatinine and urea in amniotic fluid increase throughout gestation due to 

maturation of fetal kidney function (Oliveira, Barros & Magalhães 2002). While urea is 

consistently removed through the maternal circulation via the placenta, creatinine 

accumulates in fetal fluids (Li et al. 2005). In the present study, concentrations of urea in 

allantoic fluid were similar at both stages, but in amniotic fluid urea was higher at Day 153, 

when compared to Day 48. This can be explained by the minor contribution of fetal urine to 

bovine amniotic fluid in early gestation and more substantial contribution by midgestation 

when fetal urine starts to enter the amniotic sac (Reeves et al. 1972; Wintour et al. 1994).  

Enzyme activity in allantoic and amniotic fluids differed markedly between Days 48 

and 153 which may reflect different sources of enzyme activity. Activity of ALT, ALP and 
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AST in allantoic fluid was higher at Day 48 which may indicate higher placental enzyme 

activity, especially transamination activity to provide sufficient amino acid supply for the 

developing embryo (Bell & Ehrhardt 2000). The physiological function of placental ALP is 

not entirely clear, but it may participate in placental nutrient transport (Meyer et al. 1995). In 

contrast, amniotic fluid enzyme activity was very low or undetectable at Day 48 and increased 

at Day 153 suggesting that the fetus may be the main source of enzyme activity in this fluid. 

We detected the aminotransferase enzymes, AST, in both fetal fluids at both 

gestational ages. Activity of ALT enzyme in allantoic fluid was detected only at Day 48, 

while activity of ALT in amniotic fluid was very low at both investigated time points. Others 

have reported that ALT activity was undetectable in bovine allantoic and amniotic fluids 

between Days 115 and 265 of gestation (Baetz, Hubbert & Graham 1976). Similarly, ALT 

was undetectable in bovine amniotic fluid between 1-2, 3-4 and 5-6 months gestation, while 

low levels (0.6-1.9 IU/L) were detected between 2-3, 4-5, 6-7 and 7-9 months (Mohamed & 

Noakes 1985). In the present study, ALT levels in amniotic fluid were below the lowest 

detectable limit indicated by the manufacturer, however we were able to validate those lower 

values by replicating the assay three times to ensure accurate and replicable readings. Low, 

but detectable, ALT activity was also reported in ovine amniotic fluid throughout gestation 

(1.5-2.7 IU/L) (Batavani, Ghasemzadeh & Kheradmand 2008) and human (0.80 IU/L) at 

midgestation and late gestation (Tong et al. 2009). While the majority of studies report low or 

undetectable activity of ALT in fetal fluids, resembling the current study, Tabatabaei and 

Mamoei (2011) reported an ALT activity range of 5.61-6.0 IU/L in bovine amniotic fluid 

between 0-50 and 101-150 days of gestation. A lack of ALT enzymatic activity in fetal fluids 

is thought to be important from a diagnostic point of view, as higher levels may indicate 

developmental abnormalities (Baetz, Hubbert & Graham 1976).  

Similar to previous studies (Baetz, Hubbert & Graham 1976; Mohamed & Noakes 

1985), AST was detected consistently in allantoic and amniotic fluids. AST activity was 
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lower in allantoic fluid and higher in amniotic fluid at Day 153 than Day 48. Levels of AST 

activity in amniotic fluid in the present study were similar to those reported between 2-3 and 

5-6 months of gestation by (Mohamed & Noakes 1985) who attributed the progressive 

increase in amniotic fluid AST activity during gestation to increased functionality of fetal 

organs.  However, these results differ again from (Tabatabaei & Mamoei 2011) who reported 

no change in AST activity between early and midgestation in allantoic and amniotic fluids. In 

the present study, GGT activities in both allantoic and amniotic fluid were higher at Day 153 

than Day 48. Data relating to GGT activity in bovine fetal fluids is limited, but comparable 

GGT activities were reported for amniotic fluid at 5-7.5 months of gestation (Karam et al. 

1991). GGT is synthesized by several fetal organs, with the highest activity in the bovine 

fetus reported in the kidney throughout gestation (Karam et al. 1991). In humans, GGT was 

found to be located in the wall of the bile canaliculi and have a high concentration in fetal 

bile, and thus, amniotic fluid GGT is mainly of hepatic origin that reach the amniotic fluid 

through the digestive tract (Muller et al. 1988; Shiozawa et al. 1990). 

Previous studies on conceptus growth in Bos taurus taurus and Bos taurus indicus 

showed significant differences in fetal growth and placental phenotype during gestation 

(Ferrell 1991a; Fontes et al. 2019; Mercadante et al. 2013). Bt fetuses grow at a higher rate 

than Bi fetuses during early gestation, midgestation (Fontes et al. 2019; Mercadante et al. 

2013; O'Rourke et al. 1991) and late gestation (Ferrell 1991a), and have higher placental 

weights in mid and late gestation (Ferrell 1991a; Fitzsimmons et al. 2008). In the present 

study, significant differences in clinico-chemical profiles of Angus and Brahman concepti 

were more evident in mid, than early gestation, and may reflect differences in feto-placental 

phenotype of these genetics (Ferrell 1991a; O'Rourke et al. 1991), or result from differences 

in regulatory factors that influence fetal fluid formation and balance in midgestation. The 

major mechanism for accumulation of both fetal fluids in early gestation is transmembrane 

transfer of water and solutes from maternal circulation or post implantation uterine wall 

secretions (Brace 1994; Brace & Cheung 2014). Significant differences observed in allantoic 
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potassium and Na/K ratio in early gestation may be due to differences in placental phenotype 

that influence the passage of water and solutes from endometrial blood to fetal fluids, which is 

reported to be greater in early gestation (Mellor & Slater 1974). Subspecies differences in 

amniotic fluid chloride, potassium and Na/K ratio of Angus and Brahman concepti were 

evident in midgestation. Regulation of amniotic fluid production is more complicated than 

allantoic fluid, as it results from a balance of fetal urine and lung fluid production, and 

reabsorption via fetal swallowing and intramembranous transfer through fetal blood vessels 

across fetal skin before keratinization, and the surface of the placenta and umbilical cord 

(Brace 1994; Brace & Cheung 2014). Entry of urine into fetal fluid increases urea 

concentrations, but decreases sodium, potassium and chloride concentrations (Mellor & Slater 

1972). Thus, differences in fetal kidney function may influence electrolyte levels in fetal urine 

and accordingly in fetal fluids. Lung fluid has higher levels of sodium and chloride than 

amniotic fluid (Olver, Scheenberger & Walter 1981; Olver, Walters & S 2004) and thus may 

influences amniotic fluid electrolytes. However, these differences may also reflect differences 

in electrolyte fluxes via intramembranous transfer across fetal membranes, which can be 

influenced by fetal membrane vasculature (Gesteland et al. 2009). Subspecies differences 

between Bos taurus cattle were found for fetal kidney, lung and heart weights in all gestation 

stages (Mao et al. 2008). Significant differences in kidney, lung and heart weights between Bt 

(Charolais) and Bi (Brahman) fetuses have been reported in mid and late gestation (Ferrell 

1991a). At Day 232 of gestation, Charolais fetuses from Charolais cows had higher weight of 

kidneys (54%), lungs (39%) and heart (46%) when compared with Brahman fetuses from 

Brahman cows, which could contribute to differences in fetal fluid electrolytes between these 

genetics in midgestation.  

Ionised and total calcium and phosphorus levels in allantoic and amniotic fluids in 

midgestation were also affected by conceptus genetics, with Angus concepti having higher 

levels than Brahman concepti. These results may reflect differences in bone development 

which are evident in these subspecies in midgestation where higher bone wet weight, but less 
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advanced limb ossification, has been reported in Angus fetuses as compared with Brahman 

fetuses (Xiang, Lee, et al. 2014). Thus, higher mineral levels in fetal fluids of Angus concepti 

and a lower percentage decrease in total calcium in midgestation, as compared with Brahman 

concepti (Bt -32% vs. Bi -83%), may relate to their less advanced bone ossification in 

midgestation. However, it may also reflect the higher capacity of the placenta for nutrient 

exchange to support rapidly increasing fetal growth in midgestation (Estrella et al. 2017). 

Lactate is preferentially used as an energy substrate by the bovine fetus and accounts 

for up to 40% of fetal fuel requirements (Fowden 1994, 2001; Harding 2001) and there is a 

net production of lactate by the bovine placenta in late gestation (Comline & Silver 1976). 

Allantoic lactate levels were higher in Brahman concepti in midgestation. Whether this relates 

to differences in placental lactate production or fetal lactate uptake is unclear. In this study, 

Angus concepti had higher creatinine levels than Brahman concepti in both fluids at 

midgestation. Creatinine, which is formed in muscle and excreted by the fetal kidney, 

accumulating in fetal fluids, can be a useful tool for assessment of fetal renal maturation in 

humans (Oliveira, Barros & Magalhães 2002). Angus concepti have increased combined 

muscle weights in midgestation (Xiang et al. 2013) which may influence fetal fluid creatinine 

levels. Similarly, allantoic total protein at Day 153 was higher in Angus concepti compared 

with Brahman concepti. Proteins can enter fetal fluids from fetal membrane secretions (Lai et 

al. 1981) and fetal urine (Mellor & Slater 1972), but may also be influenced by maternal 

factors, such as maternal nutrition (Kwon et al. 2004). These differences may be also 

influenced by the clearance rate of redundant protein from allantoic fluid which depends on 

proteolytic breakdown of proteins to smaller polypeptides and amino acids prior to removal 

(Riding et al. 2008). 

Significant differences were also observed in activity of AST and GGT in amniotic 

fluid between Angus and Brahman concepti, while no difference was seen for other enzyme 

activity in fetal fluids. Angus concepti had higher AST activity, but lower GGT activity, as 

compared with Brahman concepti. AST acts as a catalyst in connecting the metabolism of 
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amino acids and carbohydrates (Kaneko, Harvey & Bruss 2008), thus higher AST activity in 

Angus amniotic fluid may reflect differences in metabolic activities of fetal cells, mainly in 

fetal liver and muscle, and thus may also relate to higher muscle mass in Angus concepti 

(Xiang et al. 2013). In contrast, higher GGT activities in Brahman concepti may indicate 

differences in fetal kidney (Karam et al. 1991) and liver function (Muller et al. 1988) due to 

the reported subspecies differences in fetal kidneys and liver weights (Ferrell 1991a). In 

human, expression of GGT by fetal liver correlated with liver growth (Shiozawa et al. 1990), 

therefore, differences in GGT may indicate differences in fetal liver development between the 

two cattle subspecies in midgestation. 

In summary, we provide fundamental information about differences in clinico-

chemical profiles of allantoic and amniotic fluids of Angus and Brahman concepti at two 

important developmental time points of early and midgestation. Significant subspecies 

differences were seen in fetal fluid electrolytes in early and midgestation, allantoic fluid 

metabolites and amniotic fluid AST and GGT enzyme activities at midgestation. Observed 

differences in fetal fluid parameters of Angus and Brahman concepti may reflect differences 

between Bt and Bi phenotypes, especially in midgestation. This study demonstrates that fetal 

fluid composition can vary significantly depending on stage and genetic background and 

highlights the need to consider fetal genetics as a factor that influences fetal fluid composition 

at different gestational stages.  
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Abstract 

Fetal fluids are essential, but largely unexplored, media involved in prenatal growth and 

development. To better understand (epi)genetic regulation of fetal fluid composition, we 

determined contributions of maternal and paternal genomes, conceptus sex, and non-genetic 

maternal effects to variation in clinico-chemical parameters of allantoic and amniotic fluids in 

purebred and reciprocal cross Bos taurus taurus and Bos taurus indicus concepti in early and 

midgestation. Greater maternal genome effects on allantoic fluid in early gestation reflect the 

significance of intrauterine environment and placenta for embryonic development and 

maternal-offspring coadaptation. At midgestation, paternal genome and maternal by paternal 

genome interactions exert stronger effects on amniotic fluid parameters, reflecting the greater 

influence of the fetus and (epi)genetic regulation in line with the conflict-of-interest 

hypothesis. Conceptus sex had strong effects on fetal fluid metabolites in early gestation, 

while parental genome by sex interactions affected amniotic fluid parameters at both 

gestational ages. Furthermore, paternal genome and sex interacted with non-genetic maternal 

effects to affect fetal fluid parameters at both stages. Significant relationships between 

maternally controlled allantoic fluid parameters and embryo-placental weights indicate 

critical roles of allantoic fluid for embryonic development. At midgestation, paternally 

controlled amniotic fluid Na/K ratio showed significant relationships with fetal weight and 

fetal fluid volume, suggesting a paternal influence on amniotic fluid water and nutrient 

transfer. In conclusion, our data show developmental stage-specific effects of parental 

genomes on clinico-chemical parameters of fetal fluids and their relationships with conceptus 

phenotype, demonstrating the critical role of fetal fluids in prenatal growth.  
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 Introduction 

Prenatal growth and development impacts birthweight, perinatal viability and postnatal 

phenotype (Barker 2004; Barker et al. 2012; Wu et al. 2006). Understanding factors that 

influence variation in prenatal growth is therefore important with regard to neonatal morbidity 

and mortality and long-term health outcomes. Fetal fluids are an essential, but largely 

unexplored areas for embryo-fetal growth. In bovine, successful conceptus growth requires 

accumulation of a significant amount of fluids, including amniotic fluid surrounding the fetus, 

and allantoic fluid which is surrounded by the chorioallantoic membrane of the placenta 

(Alexander & Williams 1968; Wintour, Laurence & Lingwood 1986). Although the 

biochemical profile of bovine fetal fluids has been investigated previously, current data is 

limited and mostly established from random samples with no clear information on gestational 

age, conceptus sex or genetic background (Baetz, Hubbert & Graham 1976; Tabatabaei & 

Mamoei 2011). Concentrations of electrolytes, metabolites and enzymes in bovine fetal fluids 

change throughout gestation (Baetz, Hubbert & Graham 1976; Li et al. 2005; Tabatabaei & 

Mamoei 2011), reflecting changes in metabolic and transport activity of the embryo and fetus, 

as well as membranes and placentomes, and alterations in their relative contribution to the 

amniotic and allantoic fluid compartments (Li et al. 2005).  

Little is known about allantoic fluid function, which was traditionally considered a 

reservoir for fetal wastes (Wintour, Laurence & Lingwood 1986). However, allantoic fluid 

may act as an important reservoir for nutrients such as glucose, fructose and amino acids 

during gestation (Bazer, Spencer & Thatcher 2012; Kwon et al. 2003). Yet, the potential 

nutritive role of allantoic fluid parameters for fetal growth appears to be little studied. There is 

growing evidence of the importance of amniotic fluid composition for fetal growth, not only 

by providing nutritive components but also as a source of growth factors and cytokines, 

including insulin like growth factors, epidermal growth factor and basic fibroblast growth 

factors that act as regulatory messengers for cellular growth and proliferation (Bagci et al. 

2016; Tong 2013; Underwood, Gilbert & Sherman 2005). The uptake of amniotic fluid by the 
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fetus occurs through fetal swallowing and intramembranous flow across the placenta, 

umbilical cord surface and non-keratinized fetal skin (Brace 1994; Brace & Cheung 2014). 

Prevention of fetal amniotic fluid swallowing results in intrauterine growth retardation in 

sheep (Trahair & Sangild 2000) and in human, as evident from fetuses with oesophageal 

atresia where fluid swallowing is prevented (Bagci et al. 2016). The biochemical profile of 

amniotic fluid reflects fetal physiological status and viability and may be utilized to evaluate 

fetal organ maturation (Gulbis, Gervy & Jauniaux 1998; Oliveira, Barros & Magalhães 2002; 

Pelizzo et al. 2014). Although the importance of amniotic fluid is well recognized, little is 

known about the physiological functions and significance of nutrients within amniotic fluid 

for fetal growth in normal pregnancy.  

Evidence for genetic factors that influence the volume of bovine allantoic and 

amniotic fluid stems mostly from an early study that reported abnormal fetal fluid volume 

caused by a single autosomal recessive gene (Donald, Deas & Wilson 1952), and the 

observation of changes in allantoic fluid volume of goat-sheep hybrid concepti as compared 

with goat concepti (McGovern 1977). (Epi)genetic effects on the composition of fetal fluids 

remain unexplored, although changes in allantoic fluid components of goat-sheep hybrid 

concepti also suggested genetic effects (McGovern 1977). More recently, perturbations in 

fetal fluid volume and biochemical composition in the first half of gestation were reported in 

bovine concepti produced by somatic cell nuclear transfer (Li et al. 2005), suggesting 

epigenetic effects. In human pregnancy, 25%-70% of hydrops fetalis cases have a genetic 

cause (Désilets et al. 2013). Additionally, chromosomal anomalies, such as Trisomy 18, 

Twin-Twin Transfusion syndrome and oesophageal atresia, are associated with changes in 

amniotic fluid composition (Allaf et al. 2015; Gulbis, Gervy & Jauniaux 1998; Huber et al. 

2004; Muller et al. 2013). However, to our knowledge, parental (epi)genetic and conceptus 

sex effects on fetal fluid composition have not been investigated in any species.  
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Bovine pregnancy is a viable model for studying prenatal growth and development 

(Bahr & Wolf 2012; Carter 2007). Significant maternal and paternal genome and fetal sex 

effects on fetal weight, fetal organ, muscle and bone mass, and placental mass and 

morphology, have been previously reported among four genetic groups of purebred and 

reciprocal cross combinations of Bos taurus taurus (Bt) and Bos taurus indicus (Bi) concepti 

recovered in midgestation (Xiang, Estrella, et al. 2014; Xiang et al. 2013; Xiang, Lee, et al. 

2014). Here, we use the same fetal resource collection to assess effects of maternal and 

paternal genomes and conceptus sex on fetal fluid composition to better understand the 

(epi)genetic regulation of fetal fluid composition in relation to embryo/fetal growth and 

development. We analysed allantoic and amniotic fluid at the late embryo stage (Day 48) 

where placentomes and fetal membranes are still forming (Assis Neto et al. 2010; Assis Neto 

et al. 2009; Estrella et al. 2017), and the early accelerated growth stage (Day 153) when 

placentation is complete and the fetus enters logarithmic growth (Ferrell 1989).  

 Materials and Methods 

5.2.1 Ethics statement 

All animal and experimental procedures were approved by the Animal Ethics Committee of 

The University of Adelaide (No. S-094-2005). 

5.2.2 Experimental design and animals 

Bovine singleton Day 48 (n=60) and Day 153 (n=72) concepti were generated in two separate 

experiments conducted in consecutive years using purebred Bos taurus taurus (Angus, Bt) 

and Bos taurus indicus (Brahman, Bi) cattle and their two reciprocal crosses as described 

previously (Anand-Ivell et al. 2011). Briefly, nulliparous dams at 16-20 months of age were 

purchased from farms in New South Wales, South Australia and Queensland and transferred 

to a farm near Keith in the southeast of South Australia (Day 48) or to Struan Agricultural 

Centre near Naracoorte in the same geographic region of South Australia (Day 153). Standard 

oestrous cycle synchronization procedures were performed following an adjustment period of 
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3-4 weeks after animal purchase as described previously (Anand-Ivell et al. 2011). 

Pregnancies were established using four (two Angus and two Brahman) and five (three Angus 

and two Brahman) sires for Day 48 and Day 153 cohorts, respectively. Animals in both 

experiments were managed as one group and pregnancies were confirmed by ultrasound 

scanning (Anand-Ivell et al. 2011).  

5.2.3 Conceptus recovery and samples 

Pregnant dams were fasted for 24 h and dam live weights recorded before slaughter under 

standardized conditions in an abattoir at 48 days and 153 ± 1 days post-insemination. Intact 

uteri were recovered and allantoic and amniotic compartments exposed by a carefully placed 

longitudinal incision through the pregnant horn that exposed fetal membranes. Allantoic and 

amniotic fluids were sampled with 20 ml syringes and stored in 15 ml tubes at -80˚C for 

biochemical analyses. The embryo or fetus was removed after fully opening the pregnant horn 

and combined allantoic and amniotic fluid weight was determined as described previously 

(Estrella et al. 2017). The Placenta fetalis was carefully detached from the caruncles and 

uterine walls and weighed. The Placenta fetalis of Day 48 concepti could not be detached 

from Placenta maternal due to the very early stage of placentation with negligible caruncle 

weight (Estrella et al. 2017). Embryo sex was determined by PCR-based SRY typing as 

described previously (Anand-Ivell et al. 2011) and fetal sex was recorded after visual 

inspection upon removal of the fetus from the uterus. Fetal muscles were dissected and total 

muscle weight calculated as described previously (Xiang et al. 2013). Fetal bones were 

dissected, cleaned and weighed to determine total bone weight as described previously 

(Xiang, Lee, et al. 2014).  

5.2.4 Analysis of clinico-chemical parameters of allantoic and amniotic fluids 

Allantoic and amniotic fluid samples were analysed at the Veterinary Diagnostic Laboratory, 

School of Animal and Veterinary Sciences, The University of Adelaide, South Australia, 

Australia. Fetal fluid samples were defrosted at room temperature, then centrifuged at 8000 



145 

rpm for 2 min to remove cellular debris before analyses. Clinico-chemical parameters of 

allantoic and amniotic fluids were determined using a Beckman-Coulter AU Clinical 

Chemistry Analyser, AU480 (Beckman Coulter Australia Pty Ltd, Lane Cove, Australia), 

except ionised calcium and lactate which were measured using a Radiometer ABL 700 series 

Gas analyser (Radiometer Pty Ltd, Mount Waverly, Vic., Australia). The measured 

parameters were electrolytes; ionised calcium, total calcium, chloride, magnesium, 

phosphorus, potassium and sodium with calculations of the ratios of Ca/P and Na/K, 

metabolites; creatinine, glucose, lactate, total protein and urea, and enzymes; alanine 

aminotransferase (ALT), alkaline phosphatase (ALP), aspartate aminotransferase (AST) and 

gamma glutamyl transferase (GGT). 

5.2.5 Statistical analysis 

Clinico-chemical parameters in allantoic and amniotic fluids were analysed with the general 

linear model (GLM) procedure in SAS (University Edition © SAS Institute Inc., Australia) to 

determine effects of maternal and paternal genomes, effects of fetal sex and non-genetic 

maternal effects using the model: 

Yjik = Intercept + Mj + Pi + Sk + MW(Mj) + Mj x Pi + Mj x Sk + Pi x Sk + Mj x Pi x Sk + 

Pi x MW(Mj) + Sk x MW(Mj) + ejik 

Where Yjik is the clinico-chemical parameter level, Mj is maternal genome effect 

(where j = Bt, Bi), Pi is paternal genome effect (where i = Bt, Bi), Sk is conceptus sex (where 

k = male, female), MW(Mj) is a covariate, final maternal weight at slaughter nested within Bt 

and Bi maternal genome. Mj x Pi, Mj x Sk and Pi x Sk are 2-way interactions between maternal 

and paternal genome, maternal genome and conceptus sex and paternal genome and 

conceptus sex respectively. Pi x MW(Mj) is 2-way interaction between paternal genome and 

final maternal weight nested within maternal genome. Sk x MW(Mj) is 2-way interaction 

between fetal sex and final maternal weight nested within maternal genome and ejik is random 

error. 



146 

Effects of maternal and paternal genome and fetal sex were always included in the 

models, but backward stepwise elimination was applied to interactions and covariates which 

were only retained in the final model when significant at P < 0.05. Care was taken to ensure 

the marginality requirements of (Nelder 1994) were maintained. Least square means with 

standard errors of means were computed for maternal and paternal genetics and fetal sex and 

two-tailed t-tests were used to determine statistical significance of differences. Regression 

slopes for nested effects of covariates were plotted according to marginal means and 

estimated parameters obtained from the final GLM. Results were considered significant at P < 

0.05. Data that were not normally distributed were normalized by logarithmic transformation 

and if a normal distribution could not be established means were compared using the Mann-

Whitney test. Outliers were confirmed with the Outlier Labelling Rule (Hoaglin, Iglewicz & 

Turkey 1986) and removed. 

The contributions of the main factors, including their significant interactions and 

nested effects within factors, to explain variation in fetal fluid parameters was calculated from 

Type III Sums of Squares (SSIII). For each interaction or nested effect we allocated the 

degrees of freedom (df) and SSIII proportionately to each main effect and summed them to 

give the total ‘Proportional’ df and SSIII for each main effect.  The ‘Proportional’ Mean 

Square (MS) was calculated as the total ‘Proportional’ SSIII divided by the df. The total 

contribution for each main effect was then calculated as the ‘Proportional’ MS for an effect 

as a percentage of the sum of ‘Proportional’ MS for all main effects. 

Regression and Pearson correlation coefficients obtained in SPSS (IBM® SPSS® 

Statistics 24, New York, United States) were used to evaluate the relationships between 

allantoic and amniotic fluid parameters and Placenta fetalis weight and embryo/fetal weights, 

fetal absolute and relative organ weights and total bone and muscle masses. Results were 

considered significant at P < 0.05. 
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 Number of concepti and the estimated means and the standard error of the means for 

embryo, fetal and placental weights of Bt and Bi concepti, with R2 and P-values of models 

and genetics and sex effects are shown in Supplementary Table 5.1. 

 Results 

5.3.1 Proportion of variation explained by parental genomes, conceptus sex and non-

genetic maternal effects in early gestation and midgestation 

Early gestation, Day 48 of gestation 

Allantoic and amniotic fluid parameters were analysed with a general linear model to 

determine the proportion of variation explained by parental genomes, conceptus sex and non-

genetic maternal effects (Figure 5.1 and Figure 5.2). Significance of the final statistical 

models regarding the factors of maternal and paternal genome, conceptus sex and covariate 

maternal weight, and their interactions for electrolytes, metabolites and enzymes in allantoic 

and amniotic fluid in early gestation are detailed in Supplementary Tables 5.2 and 5.3.  

Parental genomes were the most important source of variation for electrolytes, 

metabolites and enzymes in allantoic fluid in early gestation. Parental genome explained 

almost all variation in ionised calcium (100%), total calcium (97.7%), Ca/P (98%), chloride 

(98.9%), magnesium (96%), phosphorus (99.8), potassium (93.9%) and Na/K ratio (93.5%) 

and ALP activity (90.6%). Maternal and paternal genomes together explained most variation 

in sodium (65.8%), creatinine (64.5%) and lactate (53%) levels (Figure 5.1A). Conceptus sex 

contributed to variation in creatinine (35.5%) and lactate (47%) in early gestation allantoic 

fluid. A non-genetic maternal effect of maternal weight contributed only to variation in 

sodium levels (34.1%) in allantoic fluid (Figure 5.1A). 

Apportioning of parental genome effects showed that maternal genome accounted for 

almost all genetic variation in ionised calcium (98.9%), potassium (99.9%), Na/K ratio 

(100%) and lactate (92.3%) levels, and most genetic variation in total calcium (63.6%), 
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magnesium (77.8%), sodium (73.6%) and creatinine (61.7%) in allantoic fluid in early 

gestation (Figure 5.1B). On the contrary, paternal genome predominantly explained genetic 

variation in Ca/P ratio (87.9%), phosphorus (83.5%) and ALP (85%), and to a lesser extent 

contributed to genetic variation in chloride (59.9%) (Figure 5.1B).  

 

 

Figure 5.1 Relative contributions of genetics and non-genetic factors to explained 

variation in allantoic fluid parameters in early gestation (Day 48 of gestation). 

(A) Contribution of parental genomes, fetal sex and non-genetic maternal effects. (B) 

Contributions of maternal and paternal genomes. The concentration of glucose, total protein and 

urea, and enzyme activity of alanine aminotransferase, aspartate aminotransferase and gamma 

glutamyl transferase are not represented because the final statistical models for these parameters 

were not significant (Supplementary Table 5.2). 

 

In amniotic fluid at Day 48, parental genome explained most variation in Ca/P ratio 

(77%), and nearly all variation in sodium (99.4%) and GGT enzyme activity (92.4%). 

Maternal and paternal genomes together explained less variation in magnesium (44%), 

phosphorus (47%), potassium (56.7%), Na/K ratio (57.9%), glucose (38%), lactate (42.2%) 

and total protein (58%), which were also affected by conceptus sex and non-genetic maternal 

effects (Figure 5.2A). Conceptus sex contributed to most variation in lactate (57.8%), and a 

lesser extent variation in Ca/P ratio (23%), magnesium (18.5%), phosphorus (14%), 
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potassium (21.6%), Na/K ratio (18.3%), glucose (37.6%) and total protein (15%) levels in 

early gestation amniotic fluid. A non-genetic maternal effect of maternal weight contributed 

to variation in magnesium (37.5%), phosphorus (39%), potassium (21.6%) and Na/K ratio 

(23.8%), glucose (24.4%) and total protein (27%) (Figure 5.2A).  

Partitioning of parental genome effects revealed that maternal genome explained 

almost all genetic variation in phosphorus (95.6%), glucose (93.7%) and lactate (96%) levels, 

and most variation in Ca/P ratio (78.9%), magnesium (75%), sodium (72.4%), and total 

protein (53.5%) in amniotic fluid. Conversely, paternal genome explained most variation in 

potassium (57.2%), Na/K ratio (51.8%) and GGT enzyme activity (87.3%) (Figure 5.2B).  

 

 

Figure 5.2 Relative contributions of genetics and non-genetic factors to explained 

variation in amniotic fluid parameters in early gestation (Day 48 of gestation). 

(A) Contribution of parental genomes, fetal sex and non-genetic maternal effects. (B) 

Contributions of maternal and paternal genomes. The concentration of ionised calcium, total 

calcium, creatinine and urea, and enzyme activity of alanine aminotransferase and aspartate 

aminotransferase are not represented because the final statistical models for these parameters 

were not significant (Supplementary Table 5.3). Alkaline phosphatase activity was 

undetectable. 
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Midgestation, Day 153 of gestation 

The proportion of variation in allantoic and amniotic fluid parameters explained by parental 

genomes, conceptus sex and non-genetic maternal effects in midgestation is shown in Figure 

5.3 and Figure 5.4. Significance of the final statistical models, factors and the covariate for 

allantoic and amniotic fluid electrolytes, metabolites and enzymes at midgestation are detailed 

in Supplementary Tables 5.4 and 5.5. 

Parental genome contributions to variation in allantoic fluid parameters were less 

evident compared with allantoic fluid parameters in early gestation (Figure 5.3A). However, 

parental genome explained almost all variation in ionised calcium (99.4%), total calcium 

(100%), phosphorus (88.6%), potassium (100%), Na/K ratio (100%) and lactate (83.3%) 

levels in allantoic fluid. Parental genome explained less variation in magnesium (56.3%), 

creatinine (65.8), total protein (41.8%), urea (62.4%) and GGT enzyme activity (31.8%), 

which were all affected by non-genetic maternal effects in midgestation allantoic fluid. 

Contributions of conceptus sex were not significant, with the exception of effects on total 

protein levels (38.9%, P < 0.01) and GGT enzyme activity (43.7%, P < 0.001) (Figure 5.3A). 

A non-genetic maternal effect of final maternal weight explained variation in magnesium 

(42.6%), creatinine (31%) and GGT (24.4%) levels, and less variation in total protein and 

urea levels (19.3%, 15.9%, respectively) in allantoic fluid at Day 153 (Figure 5.3A). 

The relative contributions of maternal and paternal genomes to variation in allantoic 

fluid parameters in midgestation are shown in Figure 5.3B. There were predominant maternal 

genome contributions to genetic variation in magnesium (99.6%), potassium (82%), Na/K 

ratio (81.4%), lactate levels (73.8%) and GGT enzyme activity (84.8%). Maternal genome 

also accounted for most genetic variation in ionised calcium (58.5%), creatinine (54.2%) and 

total protein (52.3%). Contrariwise, paternal genome explained most genetic variation in total 

calcium (53.9%), phosphorus (67.7%) and urea (75.4%) levels in midgestation allantoic fluid 

(Figure 5.3B). 
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In amniotic fluid, parental genome contribution to variation in parameters with 

significant models became more evident in midgestation than early gestation (Figure 5.4A). 

Parental genome explained almost all variation in potassium (93.6%), Na/K ratio (99.4%), 

lactate (98.6%), ALP (97.5%), AST (97.6%) and GGT (81.1%) levels in amniotic fluid at Day 

153. Parental genome also explained most variation in chloride (70.8%) and glucose (71.6%), 

and a lesser variation in ionised calcium (42%), total calcium (54.5%), magnesium (57.8%), 

phosphorus (52.9%), sodium (65.1%), creatinine (65.9%), total protein (57.1%) and urea 

(38.1%) levels. Contribution of conceptus sex to variation in amniotic fluid parameters in 

midgestation was small, but significant for ionised calcium (35.4%), chloride (29.2%), 

magnesium (22%), phosphorus (19.3%), sodium (34.9%), total protein (9.5%), urea (34.2%) 

and GGT (18.9%). A non-genetic maternal effect of final maternal weight contributed to 

variation in ionised calcium (22.6%), total calcium (27.4%), magnesium (20.2%), phosphorus 

 

Figure 5.3 Relative contributions of genetics and non-genetic factors to explained 

variation in allantoic fluid parameters in midgestation (Day 153 of gestation).  

(A) Contribution of parental genomes, fetal sex and non-genetic maternal effects. (B) 

Contributions of maternal and paternal genomes. Calcium/phosphorus ratio, chloride, sodium, 

glucose and aspartate aminotransferase are not represented because the final statistical models 

for these parameters were not significant (Supplementary Table 5.4). Alanine 

aminotransferase and alkaline phosphatase were undetectable. 
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(27.8%), total protein (33%) and urea (27.7%), and to a lesser extent variation in creatinine 

and glucose (17%, 16.5%, respectively) (Figure 5.4A). 

Apportioning of parental genome effects showed that paternal genome had stronger 

contributions to genetic variation in amniotic fluid parameters in midgestation, as compared 

to early gestation (Figure 5.4B). Maternal genome accounted for most genetic variation in 

total calcium (54.5%), chloride (64%), phosphorus (70.6%), sodium (62.1%), urea (61.2%) 

and ALP (61.2%), whereas predominant paternal genome contributions to genetic variation 

were identified for potassium (97.5%), Na/K (94.5%), magnesium (73%), creatinine (77.4%) 

and glucose (78.4%). Paternal genome also explained most genetic variation in ionised 

calcium (63.3%), lactate (51%) total protein (65.6%), AST (52.8%) and GGT (52.1%) in 

amniotic fluid in midgestation (Figure 5.4B). 

 

 

Figure 5.4 Relative contributions of genetic and non-genetic factors to explained variation 

in amniotic fluid parameters in midgestation (Day 153 of gestation).  

(A) Contribution of parental genomes, fetal sex and non-genetic maternal effects. (B) 

Contributions of maternal and paternal genomes. Calcium/phosphorus ratio and enzyme 

activity of alanine aminotransferase are not represented because the final statistical models for 

these parameters were not significant (Supplementary Table 5.5). 
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5.3.2 Specific effects of maternal and paternal genomes and conceptus sex on clinico-

chemical parameters of fetal fluids in early gestation and midgestation 

Electrolytes in allantoic and amniotic fluids at Day 48 of gestation 

All electrolytes in allantoic fluid were significantly affected by maternal or paternal genome, 

or both, but not by conceptus sex. Concepti with Bt maternal genome had lower potassium (P 

< 0.0001), but higher ionised calcium (P < 0.01), total calcium (P < 0.05), sodium (P < 0.01) 

and Na/K ratio (P < 0.0001) (Figure 5.5). Concepti with Bt paternal genome had higher 

phosphorus (P < 0.01), and lower Ca/P ratio (P < 0.01) and lower chloride (P < 0.05) levels. 

Maternal by paternal genome interactions affected magnesium concentration, where Bi x Bt 

concepti (paternal genome listed first) had lower magnesium levels than Bt x Bi (P < 0.05) 

and Bi x Bi (P < 0.001), which had the highest magnesium levels of all genetic combinations 

(Figure 5.5). 

In amniotic fluid, phosphorus levels were higher (P < 0.05) in concepti with Bt 

maternal genome, whereas sodium levels were lower (P < 0.01) in concepti with Bt maternal 

genome (Figure 5.6). Conceptus sex in interaction with maternal weight (P < 0.05) affected 

phosphorus (see Figure 5.7), where male and female concepti of different maternal genome 

gave opposite relationships between phosphorus levels and maternal weight. An interaction of 

maternal and paternal genomes affected amniotic fluid magnesium levels (P < 0.05) (Figure 

5.6). An interaction between maternal and paternal genomes and fetal sex affected amniotic 

fluid potassium and Na/K ratio (both P < 0.05), where male concepti of Bt x Bi (paternal 

genome listed first) had significantly lower potassium levels and higher Na/K ratio than all 

other groups. Parental genome and conceptus sex did not affect ionised calcium, total calcium 

or chloride levels at Day 48 (Figure 5.6). 
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Figure 5.5 Effects of maternal and paternal genome on allantoic fluid electrolytes in early gestation (Day 48 of gestation). 

Means ± SEM and P-values for significant differences (t test) between means for ionised and total calcium, calcium/phosphorus ratio, chloride, 

magnesium, phosphorus, potassium, sodium and sodium/potassium ratio are shown. Numbers of individuals sampled for different maternal and 

paternal genomes and maternal x paternal interactions are indicated in bars. **** P < 0.0001, *** P < 0.001, ** P < 0.01, * P < 0.05, + P < 0.10. 

Parental genomes: Bos taurus taurus (Bt), Bos taurus indicus (Bi). Origin of maternal and paternal genomes in reciprocal crosses is indicated 

by subscript (Mat, Pat). Fetal genetics are: Bos taurus taurus x Bos taurus taurus (Bt), Bos taurus indicus x Bos taurus taurus (Bi x Bt), Bos 

taurus taurus x Bos taurus indicus (Bt x Bi) and Bos taurus indicus x Bos taurus indicus (Bi) (paternal genome is given first). 
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Figure 5.6 Effects of maternal and paternal genome and fetal sex on amniotic fluid 

electrolytes in early gestation (Day 48 of gestation).  

Means ± SEM and P-values for significant differences (t test) between means for ionised 

and total calcium, calcium/phosphorus ratio, chloride, magnesium, phosphorus, potassium, 

sodium and sodium/potassium ratio are shown. Numbers of individuals sampled for 

different maternal and paternal genomes, fetal sex and interactions are indicated in bars. ** 

P < 0.01, * P < 0.05, + P < 0.10 and n.s. is not significant. Parental genomes: Bos taurus 

taurus (Bt), Bos taurus indicus (Bi). Origin of maternal and paternal genomes in reciprocal 

crosses is indicated by subscript (Mat, Pat). Male (M), Female (F). Fetal genetics are: Bos 

taurus taurus x Bos taurus taurus (Bt), Bos taurus indicus x Bos taurus taurus (Bi x Bt), 

Bos taurus taurus x Bos taurus indicus (Bt x Bi) and Bos taurus indicus x Bos taurus indicus 

(Bi) (paternal genome is given first). a The means shown are biased because of significant 

interaction effects of conceptus sex with final maternal weight (see Figure 5.7). 
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Figure 5.7 Effects of interactions of conceptus sex and nested final maternal weight 

on amniotic fluid phosphorus in early gestation (Day 48 of gestation).  

P values (GLM) for significant linear regressions within Bt and Bi maternal genomes on 

amniotic fluid phosphorus are indicated. Bt: Bos taurus taurus. Bi: Bos taurus indicus. 
 

Metabolites in allantoic and amniotic fluid at Day 48 of gestation  

In allantoic fluid, glucose total protein and urea concentrations were unaffected by parental 

genome and conceptus sex (Figure 5.8A). Maternal genome and conceptus sex affected 

lactate with higher levels in concepti with Bt maternal genome (P < 0.05) and in males (P < 

0.05). An interaction of maternal and paternal genomes affected allantoic fluid creatinine, 

where concentrations were higher in Bi x Bi concepti than all other groups (P < 0.05). 

Creatinine was also higher in allantoic fluid of male concepti (P < 0.05) (Figure 5.8A). 

In amniotic fluid, parental genomes and conceptus sex did not affect creatinine and 

urea. Maternal genome and sex effects were evident for glucose and lactate, where concepti 

with Bt maternal genome had lower glucose (P < 0.05) with a tendency for higher lactate (P < 

0.10). Glucose was higher in amniotic fluid of female concepti (P < 0.05), but lactate was 

higher in amniotic fluid of males (P < 0.05) (Figure 5.8B). An interaction between maternal 

and paternal genomes (P < 0.05) affected total protein, where Bt x Bi concepti had higher 

amniotic fluid protein levels than other groups (Figure 5.8B). Conceptus sex in interaction 

with final maternal weight (P < 0.05) also affected total protein levels in amniotic fluid 

(Figure 5.9), where male and female concepti of different maternal genomes gave opposite 

relationships between total protein and maternal weight. 
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Figure 5.8 Effects of maternal and paternal genome and fetal sex on allantoic and amniotic fluid metabolites in early gestation (Day 48 of 

gestation). 

Means ± SEM and P-values for significant differences (t test) between means for creatinine, glucose, lactate, total protein and urea levels in (A) 

allantoic fluid and (B) amniotic fluid are shown. Numbers of individuals sampled for different maternal and paternal genomes, fetal sex and 

interactions are indicated in bars. ** P < 0.01, * P < 0.05, + P < 0.10 and n.s. is not significant. Parental genomes: Bos taurus taurus (Bt), Bos 

taurus indicus (Bi). Origin of maternal and paternal genomes in reciprocal crosses is indicated by subscript (Mat, Pat). a The means shown are 

biased because of significant interaction effects of conceptus sex with final maternal weight (see Figure 5.9). 
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Figure 5.9 Effects of interactions of conceptus sex and nested final maternal 

weight on amniotic fluid total protein in early gestation (Day 48 of gestation).  

P values (GLM) for significant linear regressions within Bt and Bi maternal genomes 

on amniotic fluid total protein are indicated. Bt: Bos taurus taurus. Bi: Bos taurus 

indicus. 

 

Enzyme activity in allantoic and amniotic fluid at Day 48 o f gestation 

In allantoic fluid at Day 48, parental genomes or conceptus sex had no effect on alanine 

transferase, aspartate transaminase or gamma-glutamyl transferase activity (Figure 5.10A), 

but alkaline phosphatase activity was affected by paternal genome and was higher in concepti 

with Bi paternal genome (P < 0.05) (Figure 5.10A).  

In amniotic fluid at Day 48, parental genomes or conceptus sex had no effect on 

alanine transferase and aspartate transaminase activity (Figure 5.10B), but paternal genome 

affected activity of gamma-glutamyl transferase, which was higher (P < 0.01) in concepti 

with Bi paternal genome (Figure 5.10B). 
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Figure 5.10 Effects of maternal and paternal genome and fetal sex on allantoic and 

amniotic fluid enzyme activity in early gestation (Day 48 of gestation). 

Means ± SEM and P-values for significant differences (t test) between means for alkaline 

phosphatase, aspartate transaminase and gamma glutamyl transferase in (A) allantoic 

fluid and (B) amniotic fluid are shown. Numbers of individuals sampled for different 

maternal and paternal genomes and fetal sex are indicated in bars. ** P < 0.01, * P < 0.05 

and n.s. is not significant. Parental genomes: Bos taurus taurus (Bt), Bos taurus indicus 

(Bi).  

 

Electrolytes in allantoic and amniotic fluids at Day 153 of gestation  

In allantoic fluid at Day 153, parental genomes and sex did not affect levels of Ca/P ratio, 

chloride or sodium. Maternal genome affected potassium concentration and Na/K ratio, which 

were lower (P < 0.01) and higher (P < 0.01), respectively, for Bt maternal genome (Figure 

5.11). Magnesium was also affected by maternal genome with lower allantoic fluid levels in 

concepti with Bt maternal genome (P < 0.001). Maternal and paternal genomes together 

controlled ionised calcium (P < 0.05 and P<0.10) and total calcium (both P < 0.01) in 

allantoic fluid in a similar manner with higher levels for Bt genomes (Figure 5.11). 
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Phosphorus in allantoic fluid was impacted by paternal genome only with higher levels (P < 

0.05) for the Bt genome (Figure 5.11). 

In amniotic fluid, all electrolytes except Ca/P ratio were affected by at least one of the 

parental genomes (Figure 5.12). A complex interaction between maternal genome, paternal 

genome and conceptus sex affected chloride (P < 0.01), sodium (P < 0.05) and phosphorus (P 

< 0.01) concentrations in amniotic fluid. Females of the four genetic groups had similar 

chloride and sodium levels, while males of both hybrid combinations had lower levels than 

females of the same genetics (Figure 5.12). Phosphorus levels in contrast were similar for 

males of the four genetic groups, but females of Bi x Bt (paternal genome listed first) had 

lower phosphorus levels than Bt and Bi purebred females (Figure 5.12). Maternal genome 

affected total calcium, with higher levels for the Bi genome (P < 0.05). Furthermore, paternal 

genome affected potassium and Na/K ratio in amniotic fluid, with higher potassium levels (P 

< 0.01) and lower Na/K ratio (P < 0.01) for the Bi genome. Paternal genome in interaction 

with final maternal weight controlled ionised calcium (P < 0.05), total calcium (P < 0.01) and 

magnesium levels (P < 0.01), where calcium and magnesium levels were positively related to 

maternal weight of Bt and Bi dams in concepti with Bt paternal genome (see Figure 5.13A, 

B, C). Conceptus sex affected ionised calcium and magnesium with lower levels (P < 0.05) in 

males (Figure 5.12). 
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Figure 5.11 Effects of maternal and paternal genome on allantoic fluid electrolytes in midgestation (Day 153 of gestation). 

Means ± SEM and P-values for significant differences (t test) between means for ionised calcium, total calcium, calcium/phosphorus ratio, 

chloride, magnesium, phosphorus, potassium, sodium and sodium/potassium ratio are shown. Numbers of individuals sampled for different 

maternal and paternal genomes are indicated in bars. *** P < 0.001, ** P < 0.01, * P < 0.05, + P < 0.10 and n.s. is not significant. Parental 

genomes: Bos taurus taurus (Bt), Bos taurus indicus (Bi).  
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Figure 5.12 Effects of maternal and paternal genome and conceptus sex on amniotic fluid 

electrolytes in midgestation (Day 153 of gestation). 

Means ± SEM and P-values for significant differences (t test) between means for ionised 

calcium, total calcium, calcium/phosphorus ratio, chloride, magnesium, phosphorus, 

potassium, sodium and sodium/potassium ratio are shown. Numbers of individuals sampled for 

different maternal and paternal genomes, fetal sex and interactions are indicated in bars. ** P 

< 0.01, * P < 0.05, + P < 0.10 and n.s. is not significant. Parental genomes: Bos taurus taurus 

(Bt), Bos taurus indicus (Bi). Origin of maternal and paternal genomes in reciprocal crosses is 

indicated by subscript (Mat, Pat). Male (M), Female (F). Fetal genetics are: Bos taurus taurus 

x Bos taurus taurus (Bt), Bos taurus indicus x Bos taurus taurus (Bi x Bt), Bos taurus taurus x 

Bos taurus indicus (Bt x Bi) and Bos taurus indicus x Bos taurus indicus (Bi) (Paternal genome 

is given first). a The means shown are biased because of significant interaction effects of 

paternal genome with final maternal weight (see Figure 5.13). 
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Figure 5.13 Effects of interactions of paternal genome and nested final maternal 

weight on amniotic fluid electrolytes in midgestation (Day 153 of gestation).  

P values (GLM) for significant linear regressions within Bt and Bi maternal genomes on 

(A) ionised calcium, (B) total calcium and (C) magnesium are indicated. Bt: Bos taurus 

taurus. Bi: Bos taurus indicus. Mat: maternal genome. Pat: paternal genome. 

 

Metabolites in allantoic and amniotic fluid at Day 153 of gestation 

In allantoic fluid at Day 153, creatinine levels were affected by maternal genome (P < 0.05), 

being higher for the Bi genome (Figure 5.14A). Creatinine was also affected by paternal 

genome in interaction with maternal weight interaction (see also Figure 5.15A), where 

concepti of Bt maternal and Bt paternal genome had negative relationships between allantoic 

creatinine levels and maternal weight, while those with Bi paternal genome showed positive 

relationships. In contrast, concepti of Bi maternal genome with both Bt and Bi paternal 

genomes showed similar positive relationships between creatinine levels in allantoic fluid and 

maternal weight. Glucose concentration in allantoic fluid was not affected by parental genome 

or conceptus sex, while lactate was controlled by maternal genome with higher levels (P < 

0.01) for the Bi genome (Figure 5.14A). Total protein in allantoic fluid was affected by fetal 

sex, with higher levels in female fetuses (P < 0.01) (Figure 5.14A). An interaction between 

fetal sex and maternal weight (P < 0.05) affected total protein (see also Figure 5.16A). Total 
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maternal genome, while the relationship was positive in female concepti. Both sexes with Bi 

maternal genome showed positive relationships between total protein levels in allantoic fluid 

and maternal weight. Allantoic fluid urea was affected by an interaction between fetal sex and 

maternal weight (P < 0.05), where males of both Bt and Bi maternal genomes showed 

negative relationships between urea and maternal weight (see Figure 5.16B).  

In amniotic fluid, concentrations of creatinine (P < 0.05) were higher in concepti with 

paternal Bt genomes (Figure 5.14B). Paternal genome in interaction with maternal weight (P 

< 0.05) affected creatinine and glucose (Figure 5.15B, C), where concepti with Bt paternal 

genome had positive relationships between amniotic fluid creatinine and glucose levels and 

maternal weights with both maternal genome combinations, whereas concepti with Bi 

paternal genome had negative relationships. A maternal x paternal genome interaction 

affected lactate levels where amniotic fluid of Bt x Bi concepti had lower levels of lactate (P 

< 0.01) (Figure 5.14B). Total protein levels (P < 0.01) were higher in amniotic fluid of 

fetuses with paternal Bt genomes (Figure 5.14B). Total protein was also influenced by 

conceptus sex in interaction with maternal weight, where both sexes of Bt and Bi maternal 

genome concepti had positive relationships between amniotic fluid total protein levels and 

maternal weights (see also Figure 5.16C). Maternal by paternal genome interaction affected 

urea in amniotic fluid, where concepti with Bt maternal genome had higher levels than those 

with Bi maternal genome (P < 0.01) (Figure 5.12B). Furthermore, urea was influenced by an 

interaction between paternal genome and maternal weight (P < 0.05) (see also Figure 5.15D). 

Concepti of Bt maternal genome with both Bt and Bi paternal genomes had negative 

relationships between urea (log transformed data) and maternal weight, whereas those with Bi 

maternal genome showed positive and negative relationships between urea and maternal 

weight when combined to Bt and Bi paternal, respectively. Finally, urea was strongly affected 

by an interaction between fetal sex and maternal weight (P<0.0001), where males of both Bt 

and Bi maternal genomes and females of Bi maternal genome showed negative relationships 

between urea (log transformed data) and maternal weight (see Figure 5.16D). 
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Figure 5.14 Effects of maternal and paternal genome and fetal sex on allantoic and amniotic fluid metabolites in midgestation (Day 153 of 

gestation). 

Means ± SEM and P-values for significant differences (t test) between means for creatinine, glucose, lactate, total protein and urea levels in (A) 

allantoic fluid and (B) amniotic fluid are shown. Numbers of individuals sampled for different maternal and paternal genomes, fetal sex and 

interactions are indicated in bars. *** P < 0.001, ** P < 0.01, * P < 0.05, + P < 0.10 and n.s. is not significant. Parental genomes: Bos taurus 

taurus (Bt), Bos taurus indicus (Bi). Origin of maternal and paternal genomes in reciprocal crosses is indicated by subscript (Mat, Pat). a  The 

means shown are biased because of significant interaction effects of paternal genome or/and conceptus sex with final maternal weight (see Figure 

5.15 and 5.16). 
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Figure 5.15 Effects of interactions of paternal genome and nested final 

maternal weight on fetal fluid metabolites in midgestation (Day 153 of 

gestation). 

P values (GLM) for significant linear regressions within Bt and Bi maternal 

genomes on (A) allantoic fluid creatinine and (B) amniotic fluid Creatinine, 

(C) glucose and (D) urea are indicated. Bt: Bos taurus taurus. Bi: Bos taurus 

indicus. Mat: maternal genome. Pat: paternal genome. Log: log transformed 

data. 
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Figure 5.16 Effects of interactions of conceptus sex and nested final maternal 

weight on fetal fluid metabolites in midgestation (Day 153 of gestation).  

P values (GLM) for significant linear regressions within Bt and Bi maternal 

genomes on (A) allantoic fluid total protein and (B) urea, and (C) amniotic fluid 

total protein and (D) urea are indicated. Bt: Bos taurus taurus. Bi: Bos taurus 

indicus. Log: log transformed data. 
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Enzyme activity in allantoic and amniotic fluid at Day 153 of gestation  

In allantoic fluid at Day 153, ALT and ALP were undetectable at midgestation and AST was 

not affected by parental genome or conceptus sex. However, GGT was under control of the 

maternal genome (P < 0.01) with higher activity for the Bi genome (Figure 5.17A). 

Conceptus sex in interaction with maternal weight (P < 0.001) led to negative and positive 

relationships between GGT activity and maternal weight in concepti of Bt maternal genome 

for males and females, respectively, whereas, both male and female concepti with Bi maternal 

genome had positive relationships between allantoic fluid GGT activity and maternal weight 

(see also Figure 5.18).  

In amniotic fluid at Day 153, ALP (P < 0.01) and AST (P < 0.05) were affected by 

maternal by paternal interaction effects. Bt purebred had higher ALP activity than reciprocal 

crosses Bi x Bt and Bt x Bi (sire listed first) (P < 0.05, P < 0.01, respectively), whereas Bi 

purebred had higher (P < 0.05) AIP activity, when compared with Bt x Bi concepti. AST had 

higher activities in Bt purebred than other genetic combinations; Bi x Bt, Bt x Bi and Bi x Bi 

(sire listed first) (P < 0.001, P < 0.01, P < 0.001 respectively) (Figure 5.17B). The activity of 

GGT was affected by a complex interaction involving maternal and paternal genomes and 

conceptus sex (P < 0.05), where both sexes in purebred Bt and Bi concepti had similar 

activity levels, but hybrid female concepti had higher activity than males (Figure 5.17B).  
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Figure 5.17 Effects of maternal and paternal genome and conceptus sex on allantoic and 

amniotic fluid enzyme activity in midgestation (Day 153 of gestation). 

Means ± SEM and P-values for significant differences (t test) between means for alkaline 

phosphatase, aspartate transaminase and gamma glutamyl transferase levels in (A) allantoic 

fluid and (B) amniotic fluid are shown. Numbers of individuals sampled for different maternal 

and paternal genomes, conceptus sex and interactions are indicated in bars. *** P < 0.001, ** 

P < 0.01, * P < 0.05 and n.s. is not significant. Parental genomes: Bos taurus taurus (Bt), Bos 

taurus indicus (Bi). Origin of maternal and paternal genomes in reciprocal crosses is indicated 

by subscript (Mat, Pat). Fetal genetics are: Bos taurus taurus x Bos taurus taurus (Bt), Bos 

taurus indicus x Bos taurus taurus (Bi x Bt), Bos taurus taurus x Bos taurus indicus (Bt x Bi) 

and Bos taurus indicus x Bos taurus indicus (Bi) (paternal genome is given first).a The means 

shown are biased because of significant interaction effects of conceptus sex with final maternal 

weight (see Figure 5.18). 
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Figure 5.18 Effects of interactions of conceptus sex and nested final maternal 

weight on allantoic fluid enzymes in midgestation (Day 153 of gestation).  

P values (GLM) for significant linear regressions within Bt and Bi maternal 

genomes on allantoic fluid gamma glutamyl transferase are indicated. Bt: Bos 

taurus taurus. Bi: Bos taurus indicus. 

 

5.3.3 Effects of non-genetic maternal factors on clinico-chemical parameters of fetal 

fluids in early gestation and midgestation 

Non-genetic maternal effects on fetal fluid parameters were captured by the effects of final 

maternal weight nested in maternal genome on fetal fluid parameters, either alone or in 

interaction with parental genome and conceptus sex effects (Supplementary Tables 5.2-4). 

Interactions with parental genomes and sex were discussed above. However, there were also a 

range of independent effects of maternal weight.  

At Day 48, nested final maternal weight affected levels of sodium in allantoic fluid (P 

< 0.05) (Figure 5.19A), and magnesium (P < 0.01), potassium (P < 0.05), Na/K ratio (P < 

0.01) and glucose (P < 0.05) in amniotic fluid (Figure 5.19B-E). Regression analyses 

demonstrated that effects were distinct for Bt and Bi maternal background and mostly in 

opposite directions. 
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Figure 5.19 Effects of final maternal weight nested within maternal genomes on 

allantoic and amniotic fluid parameters in early gestation (Day 48 of gestation). 

P-values (GLM) for significant linear regressions within Bt an Bi maternal genomes on 

(A) allantoic fluid sodium, and amniotic fluid (B) magnesium, (C) potassium, (D) 

sodium/potassium and (E) glucose are indicated. Bt: Bos taurus taurus. Bi: Bos taurus 

indicus. 

 

At Day 153, maternal weight affected allantoic fluid magnesium (P < 0.0001) and 

creatinine (P < 0.001) levels (Figure 5.20A) as well as amniotic fluid phosphorus (P < 0.05) 

concentrations (Figure 5.20B), where only concepti with Bi maternal genome showed 

significant positive relationships. 
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Figure 5.20 Effects of final maternal weight nested within maternal genomes on allantoic 

and amniotic fluid electrolytes in midgestation (Day 153 of gestation).  

P-values (GLM) for significant linear regressions within Bt and Bi maternal genomes on (A) 

allantoic fluid magnesium, (B) and amniotic fluid phosphorus are indicated. Bt: Bos taurus 

taurus. Bi: Bos taurus indicus. Log: log transformed data. 

 

5.3.4 Relationships between fetal fluid parameters and conceptus phenotype  

Relationships between allantoic and amniotic fluid parameters and conceptus 

traits in early gestation (Day 48 of gestation) 

At Day 48, Placenta fetalis weight correlated positively with sodium (r = 0.406, P < 0.01) 

(Figure 5.21A) and chloride (r = 0.357, P < 0.01), and negatively with magnesium (r = - 

0.293, P < 0.05) concentrations in allantoic fluid. Embryo weight correlated positively with 

ionised calcium in allantoic fluid (r = 0.278, P < 0.05), but was not related to any other 

allantoic electrolytes (Figure 5.21B). Embryo weight was negatively related to Ca/P ratio (r = 

- 0.316, P < 0.05) (Figure 5.21C) and magnesium (r = - 0.283, P < 0.05) in amniotic fluid at 

Day 48.  

Placenta fetalis weight at Day 48 was positively associated with glucose concentration 

in allantoic fluid (r = 0.418, P < 0.001) and lactate concentration in amniotic fluid (r = 0.365, 

P < 0.01) (Figure 5.21D, E). Embryo weight was positively related to glucose and lactate 
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fluid (r = 0.261, P < 0.10) (Figure 5.21H), and lactate levels in amniotic fluid (r = 0.245, P < 

0.10) (Figure 5.21I). No correlations were found between allantoic and amniotic fluid 

enzyme activity and conceptus traits. 

 

Figure 5.21 Relationships of selected electrolytes and metabolites in allantoic and 

amniotic fluids with conceptus phenotype in early gestation (Day 48 of gestation). 

Regressions of Placenta fetalis weight with allantoic fluid sodium (A), embryo weight 

with allantoic fluid ionised calcium (B) and amniotic fluid calcium/phosphorus ratio (C), 

Placenta fetalis with allantoic fluid glucose (D) and amniotic fluid lactate (E), and embryo 

weight with allantoic fluid glucose (F), lactate (G) and total protein (H), and amniotic 

fluid lactate (I) are shown with P values and Pearson correlation coefficients (r). 
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Relationships between allantoic and amniotic fluid parameters and conceptus 

traits in midgestation (Day 153 of gestation) 

Placenta fetalis weight was negatively related to potassium in allantoic fluid (r = - 0.359, P < 

0.01), and positively related to Na/K ratio in allantoic fluid (log transformed data) (r = 0.290, 

P < 0.05) (Figure 5.22A), magnesium concentration in allantoic fluid (r = 0.298, P < 0.05) 

and total calcium concentrations in amniotic fluid (r = 0.236, P < 0.05) (Figure 5.22B). Total 

fetal fluid volume was positively correlated to sodium concentration in allantoic fluid (r = 

0.327, P < 0.01) and potassium concentration in amniotic fluid (r = 0.558, P < 0.001), and 

negatively associated with total calcium concentration (r = - 0.253, P < 0.05) (Figure 5.22C), 

sodium levels (r = - 0.336, P < 0.01) and Na/K ratio in amniotic fluid (r = - 0.617, P < 0.001) 

(Figure 5.22D). 

Fetal weight was positively correlated with total calcium concentrations in allantoic 

fluid (log transformed data) (r = 0.251, P < 0.05), total calcium concentrations in amniotic 

fluid (r = 0.319, P < 0.01), and Na/K ratio in amniotic fluid (r = 0.269, P < 0.05) (Figure 

5.22E, F), and negatively related to potassium concentrations in amniotic fluid (r = - 0.244, P 

< 0.05). Electrolytes in allantoic fluid were not related to fetal kidney weight, whereas, kidney 

weight was positively related to total calcium in amniotic fluid (r = 0.338, P < 0.01). Fetal 

heart weight was negatively correlated to potassium concentrations in allantoic fluid (r = - 

0.276, P < 0.05), but positively related to total calcium concentrations in amniotic fluid (r = 

0.339, P < 0.01) and Na/K ratio in amniotic fluid (r = 0.331, P < 0.01) (Figure 5.22G, H).  

Total bone weight correlated positively with total calcium concentrations in allantoic 

(log transformed data) and amniotic fluid (r = 0.299, P < 0.05 and r = 0.269, P < 0.05, 

respectively) (Figure 5.22I, J). Similarly, combined muscle weight was positively correlated 

with total calcium levels in allantoic and amniotic fluid (r = 0.351, P < 0.01 and r = 0.330, P < 

0.05, respectively) (Figure 5.22K, L). 
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Figure 5.22 Relationships of selected fetal fluid electrolytes with conceptus phenotype in 

midgestation (Day 153 of gestation). 

Regressions of Placenta fetalis weight with allantoic fluid sodium/potassium ratio (A) and 

amniotic fluid total calcium (B). Regressions of fetal fluid volume with amniotic fluid total 

calcium (C) and sodium/potassium ratio (D). Regressions of fetal weight with amniotic fluid 

total calcium (E), sodium/potassium ratio (F). Regressions of heart weight with amniotic fluid 

total calcium (G), sodium/potassium ratio (H). Regressions of total bone weight with total 

calcium in allantoic fluid (I) and amniotic fluid (J), and regressions of combined muscle weight 

with total calcium in allantoic fluid (K) and amniotic fluid (L). P values and Pearson correlation 

coefficients (r) are shown. Log: log transformed data. 
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were not related to placental or fetal weight, but relative liver and heart weights were 

positively related to amniotic fluid glucose (r = 0.245, P < 0.05; r = 0.364, P < 0.01), lactate (r 

= 0.271, P < 0.05; r = 0.260, P < 0. 05) and urea (r = 0.284, P < 0.05; r = 0.270, P < 0.05), 

respectively, and negatively associated with total protein (r = - 0.253, P < 0.05; r = - 0.388, P 

< 0.001), respectively (Figure 5.23B-E).  

 

Figure 5.23 Relationships of selected fetal fluid metabolites and amniotic aspartate 

transferase activity with conceptus phenotype in midgestation (Day 153 of gestation). 

Regressions of Placenta fetalis and fetal weights with allantoic fluid lactate (A), relative fetal 

liver and heart weights with amniotic fluid glucose (B), lactate (C), total protein (D) and urea 

(E), and Placenta fetalis and fetal weights with amniotic fluid aspartate transferase activity (D). 

P values and Pearson correlation coefficients (r) are shown. 
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At Day 153, amniotic AST activity was related to Placenta fetalis weight (r = 0.356, P 

< 0.01), fetal weight (r = 0.412, P < 0.001) (Figure 5.23F), heart weight (r = 0.509, P < 

0.001) and combined muscle weight (r = 0.412, P < 0.001), but no correlations were observed 

for other enzymes.  

 Discussion 

The placenta is the sole interface for exchange between the fetal and maternal systems that 

program prenatal growth and postnatal performance. Along with the placenta, fetal fluids are 

an essential, but unexplored areas for prenatal growth. To our knowledge, this is the first 

study to dissect and quantify parental genomes, conceptus sex and non-genetic maternal 

effects on fetal fluid parameters and determine their relationships with conceptus phenotype 

in early and midgestation. The novel finding of this study is that there are widespread effects 

of maternal and paternal genome, conceptus sex and non-genetic maternal effects on the 

concentration of clinico-chemical parameters of allantoic and amniotic fluids. Our results 

showed greater maternal effects on allantoic fluid parameters in early gestation, reflecting the 

significance of placental phenotype and maternal intrauterine environment in embryonic 

development. Maternal genome and maternal by paternal genome interactions affected 

amniotic fluid parameters suggesting placental and fetal influences. In midgestation, paternal 

genome and maternal by paternal genome interactions exert stronger effects on amniotic fluid 

composition suggesting greater fetal influence at this advanced stage. Conceptus sex had 

greater effects on metabolite levels in fetal fluids in early gestation, while conceptus sex by 

parental genome interaction effects were mostly seen on amniotic fluid parameters at both 

developmental stages. Furthermore, paternal genome and sex interacted with non-genetic 

maternal effects to affect fetal fluid parameters at both stages. Significant relationships 

between maternally regulated fetal fluid parameters and embryo and Placenta fetalis weights 

could reflect a potentially critical nutritive role of allantoic fluid for early embryonic 

development. In midgestation, paternally regulated Na/K ratio in amniotic fluid showed 

significant relationships with fetal and heart weights and total fetal fluid volume, suggesting 
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paternal influence on amniotic fluid water and solute fluxes. We also showed significant 

relationships between fetal fluid parameters including calcium, glucose, lactate and total 

protein with conceptus phenotype, suggesting internal uptake of fetal fluid parameters by the 

developing fetus. 

Parental genome explained almost all variation in allantoic fluid parameters in early 

gestation. Effects of maternal genome accounted for most parental genome effects on 

allantoic fluid parameters, reflecting the significance of placental phenotype and maternal 

intrauterine environment in embryonic development. This is consistent with significant 

maternal effects on early growth in mice that have been reported using QTL mapping (Wolf 

et al. 2002). In mouse, the paternal X chromosome is preferentially inactivated in the placenta 

(Heard & Disteche 2006; Looijenga et al. 1999), which may in part explain the observed 

maternal genome effects on allantoic fluid composition. Similarly, there is evidence that 

random X inactivation occurs in the bovine placenta with preferential inactivation of the 

paternal X chromosome (Xue et al. 2002). Similarly, in midgestation, maternal genome 

effects on allantoic fluid parameters were still more evident, when compared to amniotic 

fluid. The predominant maternal genome effects on allantoic fluid parameters may represent 

overabundance of maternally expressed genes and maternal-offspring coadaptation influence 

on the placental phenotype in these stages (Wolf 2013; Wolf & Hager 2006). According to the 

coadaptation hypothesis an abundance of maternally expressed genes occurs at loci affecting 

traits that are vital for development and a functional placenta, such those expressed early in 

development or at the maternal-fetal interface (Wolf & Hager 2006). However, Bos taurus 

taurus and Bos taurus indicus cows represent two different intrauterine environments (Ferrell 

1991a; Ferrell 1991b), which may influence the exchange that occurs across the 

chorioallantoic membrane and uterine blood vessels (Mellor & Slater 1974), and provide 

alternative explanations for maternal genome effects on allantoic fluid composition at both 

gestational stages.  
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Parental genomes explain less variation in amniotic fluid parameters in early gestation 

than in midgestation, with conceptus sex and non-genetic maternal effects on amniotic fluid 

parameters evident in early gestation. Parent-of-origin effect is not completely established in 

early gestation (Nelissen et al. 2011), which may explain these results. Maternal genome and 

maternal by paternal genome interactions accounted for most parental genome effects on 

amniotic fluid parameters in early gestation, suggesting placental and embryo influences. In 

midgestation, paternal genome and maternal by paternal genome interactions exert stronger 

effects on amniotic fluid parameters indicating a greater fetal influence after fetal organs and 

the Placenta fetalis are more developed (Estrella et al. 2017; Mao et al. 2008; Xiang et al. 

2013; Xiang, Lee, et al. 2014). Amniotic fluid composition is affected by the exchange that 

occurs through the placenta and fetal skin via intramembrane transfer, as well as fetal 

production of urine and lung and salivary gland secretions (Brace 1994; Brace, Anderson & 

Cheung 2014). Thus, amniotic fluid parameters are more likely to be mediated by the fetus. In 

this study, the influence of the fetus on amniotic parameters is best presented by the effects of 

maternal by paternal genome interactions on amniotic fluid enzyme activity, including ALP, 

AST and GGT, at midgestation, suggesting that the fetus is the source of these enzymes. The 

co-exhibited maternal and paternal genome effects and their interactions on amniotic fluid 

parameters at both gestational stages suggest a greater influence of the fetus and (epi)genetic 

regulation in line with the conflict-of-interest hypothesis (Haig 1993; Moore & Haig 1991). 

Based on the conflict-of-interest hypothesis for genomic imprinting, fetal growth is regulated 

by conflicting interest of the mother and father in restricting and promoting fetal growth, 

where maternally expressed genes are growth restricting, while paternally expressed genes are 

growth promoting (Frost & Moore 2010; Moore & Haig 1991). The observed stage-specific 

predominant maternal and paternal genome effects and maternal by paternal genome 

interaction effects on amniotic fluid parameters may reflect differences in (epi)genetic 

regulation between stages, which in turn lead to different genomic expression patterns (Wolf 

et al. 2008) between stages. Monoallelic parent-of-origin specific gene expression in the fetus 
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is an evolving process (Nelissen et al. 2011) and may occur in certain organs at specific times 

in development (Inbar-Feigenberg et al. 2013), which could cause these stage specific 

parental genome effects for both fluids. 

Predominant maternal genome control over placental transfer is represented by 

maternal genome effects on allantoic fluid electrolytes in early and midgestation. Maternal 

genome affected Na/K ratios of allantoic fluid in a similar manner at both ages, with higher 

Na/K ratios seen in concepti with Bt maternal genome. Allantoic fluid parameters are 

influenced by production of fetal urine and exchanges through the epitheliochorial placenta 

via transmembranous and intramembranous transfer (Bazer et al. 2012; Brace 1994). In this 

study, Na/K ratio of allantoic fluid was not related to combined kidney weights and combined 

volume of allantoic and amniotic fluids. However, Na/K ratio tended to be related to Placenta 

fetalis weight in early gestation and was positively related to Placenta fetalis weight in 

midgestation, indicating a placental influence on Na/K ratios in allantoic fluid. The observed 

maternal genome effects on allantoic Na/K ratios might reflect maternal genomic differences 

in placental phenotype, perhaps Placenta fetalis vasculature, which facilitates transfer of 

maternal products through the epitheliochorial placenta into allantoic fluid (Bazer, Spencer & 

Thatcher 2012). Interestingly, placental nutrient transfer can be directly affected by genomic 

imprinting by modulating solute uptake from maternal blood (Charalambous, Da Rocha & 

Ferguson-Smith 2007). The imprinted Igf2r cluster contains three maternally expressed genes: 

Igf2r, Slc22a2 and Slc22a3 (Nelissen et al. 2011). Imprinted genes encode solute transporters, 

such as Slc22a1/Impt1, Slc22a2 and Slc22a3 which are organic cation transporters with broad 

substrate specificity (Charalambous, Da Rocha & Ferguson-Smith 2007). These transporters 

may influence the observed maternal genome effects on allantoic fluid Na/K ratios through 

effects on placental transfer in this study. 

The influence of the maternal genome on fetal fluid substrates in early gestation is 

supported by maternal genome effects on lactate levels in allantoic and amniotic fluids and 
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glucose levels in amniotic fluid. Prenatal growth is affected by nutrient availability, which 

depends on placental transfer and placental rate of consumption and production of nutrients 

(Fowden et al. 2008; Fowden et al. 2006). Lactate is produced by the placenta in significant 

concentrations in all species (Hay 1995), where uteroplacental lactate production rate depends 

directly on the placental glucose supply (Comline & Silver 1976). Placental phenotype 

determines placental capacity for glucose transfer and thereby significantly affects placental 

lactate production (Owens, Falconer & Robinson 1987). Genetic variation in the placental 

genome, which includes maternal and paternal genomes, can explain up to 56% of variation in 

placental weight, a crude marker of placental phenotype (Buresova et al. 2006). The maternal 

genome control of fetal fluid substrates in this study may result from a contribution of the 

maternal genome to genetic variation in placental phenotype. The placenta is the site of 

expression of many imprinted genes (Coan, Burton & Ferguson-Smith 2005; Nelissen et al. 

2011), and the majority of maternal genes are expressed in the placenta (Wolf & Hager 2006). 

Thus, the maternal genomic effects on fetal fluid substrates may be mediated by maternal 

imprinted genes involved in programming placental phenotype and functions. Maternally 

expressed genes, such as ASCl2, Phlda2, H19 and Grb10, which are responsible for proper 

placental morphology and function, and others, like Igf2r and Slc22a3, which are involved in 

nutrient supply regulation, (Nelissen et al. 2011; Smith, Garfield & Ward 2006) could be 

candidates for maternal genome effects on fetal fluid substrates observed in this study.  

Evidence for subspecies differences in placental phenotypes between Bt and Bi breeds 

has been previously reported (Ferrell 1991a) which in turn influence breed differences in 

concepti blood flow and nutrient fluxes (Ferrell 1991b). In the present study, concepti with Bt 

maternal genome had higher lactate levels in allantoic fluid, but lower amniotic glucose levels 

than those of Bi maternal genome in early gestation. The placenta has a high rate of glucose 

consumption, which can significantly reduce the amount of glucose available for transfer to 

the embryo/fetus (Fowden 2001). In bovine, only 15 to 20% of glucose taken up from 

maternal circulation by the placenta reaches the fetus as glucose (Battaglia & Meschia 1978; 
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Reynolds, Ferrell & Robertson 1986). In this study, amniotic lactate in early gestation was 

negatively correlated with amniotic glucose (r = - 0.477, p < 0.001), but was positively related 

to placental weight, suggesting greater placental glucose conversion to lactate by concepti 

with Bt maternal genome likely due to their higher placental weights (Ferrell 1991a). At Day 

48, placental weight is higher relative to embryo weight, when compared to Day 153, 

suggesting nutrient allocation favouring placental growth during early gestation (Estrella et al. 

2017). Thus, differences in substrate concentrations in allantoic and amniotic fluids between 

concepti with Bt and Bi maternal genomes may also indicate different nutrient allocation 

strategies between these subspecies. From this perspective, our results suggest that Bt 

maternal genome may permit greater investment in placental growth in early gestation than Bi 

maternal genome by allowing greater glucose allocation favouring placental growth. Our 

results showed positive relationships between glucose levels in allantoic and amniotic fluids 

and placental and embryo weights, and of lactate in allantoic fluid with embryo weight in 

early gestation. The importance of allantoic fluid in early conceptus nutrition has not been 

previously described in bovine, but evidence of the potential utilization of allantoic fluid 

substrates by the conceptus in bovine comes from observation of higher lactate concentrations 

in allantoic fluid of concepti produced through somatic cell nuclear transfer with fetal 

overgrowth (Li et al. 2005). Similar enhanced placental and fetal growth has been associated 

with increased substrates in fetal fluids of in-vitro derived bovine fetuses (Bertolini et al. 

2004). Collectively, the observed maternal genome effects on allantoic and amniotic fluid 

substrates in early gestation suggest maternal genome control of concepti substrate 

metabolism and energy production, which may be influenced by differences in maternal 

mitochondrial genome (Hiendleder, Lewalski & Janke 2008), allelic imbalances (Imumorin et 

al. 2011; Tilghman 1999) and genomic imprinting (Dillon et al. 2015; Moore & Haig 1991; 

Wolf 2013). Such differences may affect embryo and placental weights in early gestation, and 

contribute to programming prenatal growth trajectories (Ferrell 1991a; Fontes et al. 2019; 
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Mercadante et al. 2013) that influence the reported differences in birth weights in the 

purebred and crossbred Bt by Bi bovine model (Brown, Tharel, et al. 1993; Riley et al. 2007). 

In midgestation, lactate levels in allantoic fluid were also affected by maternal genome 

effects. In contrast to early gestation, concepti with Bt maternal genome had significantly 

lower allantoic fluid lactate levels than those with Bi maternal genome. A decrease in lactate 

levels was previously reported in bovine allantoic fluid between days 50 to 150, suggesting a 

switch to more aerobic metabolism with formation of the placentomes (Li et al. 2005). Early 

placental development occurs in a hypoxic environment, as the maternal-placental circulation 

is partially established at the end of the early gestation in human pregnancy (James, Stone & 

Chamley 2006). Similarly, in bovine, the chorionic villi at Day 48 are partially established 

with few emerging lateral branches compared to the extensive branching of the chorionic 

villous tree at Day 153 in the same conceptus resources (Estrella et al. 2017), which may 

explain the higher lactate levels observed in early gestation. Extensive remodelling of the 

placenta occurs between Days 48 to 153 of gestation, including an increase in placentome 

number and changes in placentome components to facilitate increased substance and oxygen 

transfer to the fetus (Estrella et al. 2017). Thus, lower allantoic lactate in concepti with Bt 

maternal genome in midgestation may imply advanced placental growth, whereas higher 

lactate levels in allantoic fluid of concepti with Bi maternal genome may result from 

prolonged physiological hypoxia due to less advanced placental growth of these concepti. 

This is supported by the observed negative relationship between allantoic lactate and Placenta 

fetalis and fetal weights in midgestation and the higher allantoic fluid GGT activity in 

concepti with Bi maternal genome, an enzyme that regulates the metabolism of glutathione, 

which is involved in maintaining cellular homeostasis during metabolic stress (Ikeda & 

Taniguchi 2005). The hypoxic environment during early development plays an important role 

in regulation of trophoblast differentiation and invasion in human and mouse placenta 

(Adelman et al. 2000; Aplin 2000; Genbacev et al. 1996). Hypoxia mediated by hypoxia 

inducible factor-1 (HIF1) activates several genes involved in glycolysis, glucose transport and 
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angiogenesis, such as transforming growth factor beta 3 and Igf2 (Adelman et al. 2000; 

Caniggia et al. 2000; James, Stone & Chamley 2006). There is a paucity of information on 

oxygen level in bovine concepti in early gestation. However, in ovine pregnancy, the 

expression of HIF1A mRNA in endometrium increased transiently on days 16–20 (Grazul-

Bilska et al. 2010), suggesting similar hypoxic conditions might occur in epitheliochorial 

placenta. Further, comparable low oxygen levels were found in human placental tissue and 

ovine umbilical cord in early gestation (PO2 10 mmHg and 17 mmHg in Day 56 and Day 55 

of gestation, respectively) (Barry & Anthony 2008). Thus, observed maternal genome effects 

on lactate levels in early and midgestation and their conflicting relationships with placental 

weights between early and midgestation may represent epigenetic factors that regulate the 

early placental environment and provide alternative explanations for maternal genome control 

over placental development during early gestation, which needs further investigation. 

Conversely, our results showed solid paternal genome effects on amniotic fluid 

potassium and Na/K ratios, which become predominant in midgestation. Significant 

relationships were seen between amniotic fluid Na/K ratio and fetal weight, heart weight and 

combined fetal fluid volume in midgestation. In ovine concepti, gestational changes in 

amniotic and allantoic fluid volume were associated with changes in Na/K ratios (Bazer et al. 

2012). Although osmolality was not measured in the present study, the significant relationship 

between combined fetal fluid volume and Na/K ratio in amniotic fluid may because 

electrolytes account for a greater percentage of osmolality in amniotic fluid than in allantoic 

fluid, 74% vs. 28%, respectively, as reported in ovine concepti (Alexander & Williams 1968). 

Our results are consistent with previous suggestions that a regulator substance present in 

amniotic fluid may influence amniotic fluid volume (Brace & Cheung 2014). The correlation 

of Na/K with combined fetal fluid volume suggests that a regulating mechanism in the 

amnion may influence fluid volume in both fluid compartments; however, this correlation 

may be also influenced by the fact that amniotic fluid volume is higher than allantoic fluid at 

midgestation (Arthur 1969; Bongso & Basrur 1976).  
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Amniotic volume and solute homeostasis is primarily regulated by intramembranous 

flow rate modulation (Brace & Cheung 2014; Gilbert & Brace 1989). The intramembranous 

fluxes of sodium, potassium, chloride and calcium are all positively correlated with 

intramembranous volume absorption rate (Brace, Vermin & Huijssoon 2004), indicating that 

water and solutes are transported by a single mechanism. During basal conditions, passive 

diffusion down a concentration gradient and unidirectional bulk transport via vesicular 

transcytosis contribute to net intramembranous water and solute transport (Brace, Vermin & 

Huijssoon 2004; Gesteland et al. 2009). There is an established association between fetal 

weight and fetal fluid volume (Anthony et al. 1986; Eley et al. 1978; Prior & Laster 1979). 

While excessive fetal fluid volume is usually associated with fetal overgrowth (Bertolini et al. 

2004; Li et al. 2005), low fetal fluid volume is commonly associated with placental 

insufficiency and intrauterine growth restriction in human (Gagnon, Harding & Brace 2002). 

In this study, the effect of paternal genome on Na/K ratio was parallel with the paternal 

genome effect on total fetal fluid weight (Xiang, Estrella, et al. 2014) with a strong correlation 

between both parameters, suggesting a significant paternal genome influence on amniotic 

fluid water and possibly fetal nutrient uptake. Our findings provide evidence for paternal 

genome control of fetal fluid water and nutrient resources that appears to influence fetal 

weight at midgestation and support the conflict-of-interest hypothesis of genomic imprinting, 

where paternally expressed genes boost fetal growth by increasing nutrient availability (Haig 

1993; Moore & Haig 1991). Paternally expressed genes, Igf2 and Igf2P0, were found to be 

major modulators of concepti growth, as they regulate the capacity of diffusional permeability 

of the placenta (Angiolini et al. 2006). Vascular endothelial growth factor (VEGF) receptors, 

which are expressed by the placenta and fetal membranes (Bogic, Brace & Cheung 2001), are 

candidate factors that may influence the significant differences between concepti of Bt and Bi 

paternal genome in fetal fluid volume and electrolytes. VEGF is essential for development 

and maintenance of placental vascular function by mediating angiogenesis and promoting 

intramembranous vascularity and permeability throughout gestation (Bogic, Brace & Cheung 
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2001; Brace & Cheung 2014). Another factor involved in regulation of passive 

intramembranous transportation of water is aquaporin water channels (Brace & Cheung 2014) 

which may be involved in paternal genome control of fetal fluid volume and electrolyte 

levels, and contribute to heterosis in fetal fluid volume of Bi x Bt concepti (Fitzsimmons et al. 

2008). 

Parental genome effects on glucose and lactate levels in amniotic fluid became more 

evident in midgestation when compared to early gestation. Paternal genome effects and 

paternal by final maternal weight interactions effect account for most variation in amniotic 

fluid glucose, whereas lactate levels were affected by interaction between maternal and 

paternal genomes and were lower in Bt x Bi concepti (paternal genome is listed first). The 

paternal genome and paternal genome interaction effects on glucose and lactate concentration 

represent (epi)genetic effects that might be established in midgestation, as an opportunity for 

conflict over maternal resources may be greater at this stage than in early gestation (Wolf & 

Hager 2006). Imprinted genes expressed in a parent-of-origin manner have an important role 

in regulating nutrient resources between mother and fetus in response to parental conflict-of-

interest hypothesis, where paternally expressed genes increase placental and fetal growth by 

increasing nutrient availability, while maternally expressed genes have the reverse effect 

(Fowden & Moore 2012; Moore & Haig 1991). Thus, paternal genome effects on amniotic 

fluid substrates may represent effects of important paternally expressed genes, such as IGF2, 

Peg3 and DLK1, which have central roles in placental nutrient transfer (Frost & Moore 2010; 

Nelissen et al. 2011), and fetal metabolic programming (Fowden, Ward & Forhead 2006) and 

potentially are able to manipulate maternal physiology to boost fetal growth by increasing 

nutrient availability (Haig 1996). Interestingly, concepti with Bi paternal genome had 

negative relationships between amniotic fluid glucose and maternal weight of both maternal 

genomes, suggesting (epi)genetic effects likely influenced by genomic imprinting controlled 

by Brahman X chromosome, which contribute to reciprocal differences (Dillon et al. 2015) 
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and hybrid vigour effects on birth weights (Brown, Tharel, et al. 1993; Riley et al. 2007) in 

this model. 

In the present study, amniotic fluid glucose tended to be related to Placenta fetalis 

weight, but both glucose and lactate levels showed similar positive relationships with relative 

fetal liver and heart weights. The nutritive value of internal uptake of amniotic fluid has been 

demonstrated in the ovine fetus (Trahair & Sangild 2000) and more recently in human (Bagci 

et al. 2016). The production and utilization rate of lactate by bovine fetal organs is still 

unclear. In ovine, the majority of fetal lactate is produced by the fetus despite large placental 

production, as fetal lactate uptake from the placenta is about one-third of fetal lactate 

utilization (Sparks et al. 1982). The relationships between amniotic fluid lactate and relative 

fetal liver and heart weights may indicate a net production of lactate by the fetus. However, as 

gluconeogenesis is absent from fetal liver during normal pregnancy (Hay 1995), these similar 

relationships of glucose and lactate with relative fetal liver and heart weights may indicate 

uptake of amniotic fluid substrates as a nutritional source for developing fetal organs in 

midgestation. Further, many imprinted genes regulate prenatal growth by controlling nutrient 

supply in the placenta, whereas in the fetus, they control nutritional demand by regulating the 

rate of fetal growth (Smith, Garfield & Ward 2006). Thus, the observed association between 

amniotic fluid substrates and fetal organ weights might represent imprinted growth regulators 

that act on both placenta and fetus, such as Igf2, Peg1, Peg 3, H19, Igf2r, Grb10 and Cdkn1c 

(Angiolini et al. 2006; Smith, Garfield & Ward 2006). 

Paternal genome influence on nutrient resources in fetal fluids is further supported by 

paternal genome influence on allantoic and amniotic fluid creatinine and amniotic fluid total 

protein and urea levels in midgestation. However, creatinine, total protein and urea levels 

were also affected by maternal weight interactions with paternal genome and conceptus sex 

(discussed below). Paternal genome effects on creatinine, total protein and urea levels in fetal 

fluid suggest a potential influence of paternal genome on fetal liver development and function 
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in midgestation. Interestingly, total protein and urea showed significant, but opposite, 

relationships with relative fetal liver and heart weights, where higher relative liver weight 

paralleled with lower total protein, but higher urea in amniotic fluid, while the opposite was 

seen for relative heart weight. The observed inverse patterns between amniotic total protein 

and concentrations of urea, the major nitrogen product of protein catabolism, indicate 

potential usage of amniotic proteins by the fetus in midgestation. The swallowing of amniotic 

fluid provides a source of amino acids, proteins and peptides and other nutrients for fetal 

utilization (Underwood, Gilbert & Sherman 2005). In bovine, the composition of amino acids 

in the fetal stomach was found to be highly correlated with their concentration in the amniotic 

fluid at Day 190 of gestation (Baetz, Hubbert & Grahma 1975). In humans, total protein 

concentration in amniotic fluid is negatively related to birth weight, where low protein levels 

at midgestation are associated with higher birth weights and large for gestational age fetuses 

likely because of increased amniotic fluid swallowing and absorption in these larger 

infants/fetuses (Tisi, Emard & Koski 2004). In this study, higher total protein levels were seen 

in concepti with Bt paternal genome and in females, consistent with previous reports of  their 

lower weights at birth (Brown, Tharel, et al. 1993). In contrast, the lower amniotic fluid total 

protein levels in concepti with Bi paternal genome and males, which have shown hybrid 

vigour effects in birth weights (Brown, Tharel, et al. 1993), suggest a potential contribution of 

higher amniotic protein absorption and turnover in midgestation to their prenatal growth 

trajectories. 

Additionally, we determined several interaction effects between paternal genome and 

final maternal weight on fetal fluid parameters in midgestation, including allantoic fluid 

creatinine, and amniotic fluid ionised and total calcium, magnesium, creatinine, glucose and 

urea. Fetal-maternal conflict in allocating maternal resources was proposed by Haig (1993), 

where paternal genes extract the maximum amount of maternal resources to promote fetal 

growth, whereas, maternal genes restrain resources to benefit maternal lifetime reproductive 

fitness (Constância, Kelsey & Reik 2004). Further, paternally expressed genes, such as Igf2 
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and Peg3, are involved in modulating prenatal growth, potentially by influencing the maternal 

system, representing complex (epi)genetic interactions between the fetus, placenta and 

mother. Paternally expressed fetal Igf2 is associated with increased maternal circulating 

glucose levels in human pregnancy, which is partially mediated by changes in placental Igf2 

expression (Petry et al. 2011). Whereas, Peg 3 is involved in regulating fetal resources 

acquisition by controlling the signal from the fetus to the mother to stimulate weight gain and, 

at the same time, it controls the mother’s tendency to gain weight independently of the fetus 

(Charalambous, Da Rocha & Ferguson-Smith 2007). Our results demonstrated unequal 

paternal genome effects on fetal fluid parameters with different maternal weights, which 

likely represent (epi)genetic and non-genetic factors that interact to control maternal resources 

and program prenatal growth. 

Interesting findings in this study include that parental genomes combined explained 

almost all variation in allantoic and amniotic fluid bone minerals, including calcium and 

phosphorus, which is consistent with previous reports of significant widespread maternal and 

paternal genome effects on bone phenotype of the bovine model in midgestation (Xiang, Lee, 

et al. 2014). In the present study, the maternal genome affected ionised and total calcium 

levels in allantoic fluid in early gestation, suggesting maternal influence on calcium transfer. 

However, the predominant paternal genome effects on phosphorus levels and Ca/P ratio of 

allantoic fluid in early gestation, and ionised calcium and total calcium levels in amniotic 

fluid at midgestation, reflect the important contribution of paternal genome to bone 

development. Relatively higher paternal genome effects were found for fetal skeletal 

components (paternal genome 95% vs. maternal genome 73% to 79%) in the same fetus 

resource (Xiang, Lee, et al. 2014). Bone development starts early with migration of 

mesenchymal cells derived from embryonic lineage to sites of the future bone, although bone 

formation and mineralization occurs in later gestational stages (Berendsen & Olsen 2015). 

Early parental genome effects and their interactions on Ca/P ratios of allantoic and amniotic 

fluids may reflect differences in fetal mineral demand influenced by a gnomically 
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predetermined bone growth trajectory in the bovine model. The paternal genome effects on 

Ca/P ratio in allantoic fluid in early gestation were mirrored by paternal genome effects on 

ALP, an enzyme which is involved in mineral metabolism (Kovacs 2016), suggesting paternal 

genome effects on mineral metabolism at this early stage. 

Calcium is involved in several important cellular processes, such as intracellular 

signalling, cell proliferation (Pinto et al. 2015) and migration (Minton 2014). Thus, along 

with its contribution to bone development, calcium has special importance during early 

gestation, as it is involved in cell-to-cell adhesion, implantation and placentation (Wu, 

Imhoff-Kunsch & Girard 2012). Interestingly, in this study, allantoic fluid ionised calcium in 

early gestation, and allantoic and amniotic fluids total calcium, showed positive relationships 

with embryo/fetal weights, whereas amniotic fluid Ca/P ratio showed a negative association 

with embryo weight in early gestation. The potential contribution of fetal fluid minerals to 

bone formation is not clear. However, it has been suggested that decreased calcium and 

increased phosphorus levels in bovine fetal fluids between days 50 to 150 are the result of 

increased fetal calcium retention because of growth and ossification of the bones and an 

increase in phosphorus turnover from bone remodelling during growth (Li et al. 2005). In this 

study, the potential uptake of fetal fluid minerals for bone formation is supported by the 

significant relationships between calcium concentrations in allantoic and amniotic fluids and 

fetal weight, bone weight and combined muscle weight, which is likely due to the well-

established link between bone and muscle development at midgestation (Xiang et al. 2013; 

Xiang, Lee, et al. 2014). Collectively, our results showed coexistence of maternal and paternal 

control of fetal fluid minerals that can be observed as early as Day 48 of gestation. Maternal 

genome effects likely represent maternal control of placental calcium transfer, whereas 

paternal genome effects are likely due to paternal control of fetal mineral metabolism. The 

modulation of calcium transport probably involves regulation of intracellular Ca-binding 

proteins (calbindin9k-D), a plasma membrane Ca2+ ATPase protein, which have been 

localized in placentomes and intercotyledonary membrane cells in ruminant placenta, whereas 
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parathyroid hormone related protein, produced by the placenta and fetal tissues, is one 

candidate hormone that could influence fetal mineral metabolism through its effect on 

calcitriol (Kovacs 2016), which requires further investigation. 

Conceptus sex effects on clinico-chemical parameters of fetal fluids were evident, 

especially in amniotic fluid in early and midgestation, reflecting fetal influence. In early 

gestation, conceptus sex affected lactate and creatinine levels in allantoic fluids, and glucose 

and lactate in amniotic fluid. Male concepti had higher lactate in allantoic and amniotic fluids, 

but lower glucose in amniotic fluid when compared to females at early gestation. Sexually 

dimorphic differences in fetal growth are mediated by the sex specific function of the 

placenta, where several mechanisms may influence sex differences including placental 

structure and function (Clifton 2010). Thus, sex effects on fetal fluid substrates may reflect 

placental phenotype and indicate greater placental glucose utilization, which likely contribute 

to heavier weights at Day 100 of gestation (Eley et al. 1978) and at birth (Brown, Tharel, et al. 

1993). However, lower glucose levels in amniotic fluid may help prevent male embryos from 

growing too large, which can occur under negative growth regulators, such as H19, which 

was reported to be higher in male than female concepti in human (Moore et al. 2015).  

Further, conceptus sex contributes to parental genome effects on amniotic fluid 

parameters. In early gestation, maternal genome by sex interaction effects affected Ca/P ratio, 

whereas maternal and paternal genomes by sex interactions affected both potassium and Na/K 

ratio. Similarly, in midgestation, amniotic fluid sodium, chloride and phosphorus were 

affected by interaction effects between maternal and paternal genomes and conceptus sex. 

The widespread conceptus sex by parental genome interaction effects on fetal fluid 

parameters is consistent with sex-specific genomic imprinting effects that contribute to 

reciprocal differences in the Bt x Bi bovine model (Dillon et al. 2015). The observed genomic 

by sex interaction effects on amniotic fluid electrolytes represent the complexity of amniotic 

fluid electrolyte exchange and homeostasis at both stages. Such effects imply complicated 
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epigenetic alterations that may involve intralocus sexual imprinting that favours different 

alleles in males and females (Day & Bonduriansky 2004), and sex-dependent imprinting 

effects (Hager et al. 2008) or sex-specific parent-of-origin allelic effects associated with X-

chromosome inactivation (Gregg et al. 2010). Further, conceptus sex by final maternal weight 

interaction effects were seen on amniotic fluid phosphorus and total protein in early gestation, 

and at midgestation on total protein, urea and GGT activities in allantoic fluid, as well as on 

total protein and urea in amniotic fluid. These differences may represent sex-specific 

adaptation growth strategies, where males invest more resources in growth compared to 

females who conserve resources and adjust their growth to match maternal condition (Clifton 

2010; Eriksson et al. 2010). The sex-specific maternal weight effects may also represent 

(epi)genetic and non-genetic interactions, where sex-specific placental imprinted genes act to 

govern maternal protein partitioning between maternal and fetal compartments, in an attempt 

to increase fetal resources (Haig 1996). This is consistent with previous reports on sexually 

dimorphic adaptations in maternal physiology during pregnancy (DiPietro et al. 2011; 

Giesbrecht et al. 2015; Walsh et al. 2015; Xiao et al. 2014). Interestingly, amniotic fluid total 

protein and urea showed opposite relationships with maternal weight in both sexes, 

supporting our previous observations that suggest potential amniotic protein absorption and 

turnover in midgestation which may contribute to sexually dimorphic prenatal growth 

trajectories (discussed above). 

Non-genetic maternal effects arise when environmental conditions the mother 

experiences lead to differences in maternal phenotype, such as maternal weight, that indirectly 

influence fetal growth (Wolf et al. 1998). Non-genetic maternal effects are exemplified by 

final maternal weight, which represents environmental factors that impacted dams prior to the 

experiment (Xiang et al. 2013; Xiang, Lee, et al. 2014) and potentially during the experiment. 

Marked non-genetic maternal effects were seen in allantoic and amniotic fluid parameters 

during early and midgestation. In allantoic fluid, final maternal weight affected sodium in 

early gestation, and magnesium and creatinine in midgestation. Allantoic fluid creatinine and 
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GGT enzyme activity were also affected by maternal weight by paternal genome and 

conceptus sex respectively (discussed above). In amniotic fluid, final maternal weight 

affected magnesium, phosphorus, potassium, Na/K ratio, glucose and total proteins in early 

gestation. Both phosphorus and total protein were also affected by maternal weight by 

conceptus sex interactions (discussed above). In midgestation, final maternal weight affected 

amniotic fluid phosphorus, total protein and urea. Moreover, paternal genome by maternal 

weight interactions affected allantoic fluid creatinine and amniotic fluid ionised calcium, total 

calcium, magnesium, creatinine, glucose and urea levels.  Whereas conceptus sex by maternal 

weight affected total protein and urea levels in both fluids in midgestation (discussed above). 

The composition of fetal fluid to some extent depends on maternal factors, such as nutrition 

(Kwon et al. 2004; Suliburska et al. 2016). A recent study on Angus-cross heifers showed that 

maternal nutrition can alter concentration of nutrients in fetal fluids and expression of genes 

impacting production efficiency in fetal liver (Crouse et al. 2018). Our study was conducted 

under standardized conditions after an adjustment period of three to four weeks before 

experiment commencement, thus all our animals were well nourished and fed the same way. 

Therefore, observed non-genetic maternal effects may stem from prior environmental insults 

that affected dam feeding habits and/or maternal physiological state and their metabolic 

adaptation to pregnancy. The maternal intrauterine environment and maternal pre-pregnancy 

body weight are well known factors that influence partitioning of nutrients during pregnancy 

(Bell & Ehrhardt 2000; Ferrell 1991a; Ferrell 1991b), and thus may have influenced observed 

non-genetic maternal effects on fetal fluid parameters in this study. Significant effects of final 

maternal weight on glucose and total protein levels in amniotic fluid at both gestational stages 

reflect the importance of non-genetic maternal effects in prenatal growth in bovine. Further, 

our results showed complex interaction effects between parental genomes, conceptus sex and 

non-genetic maternal factors, which appear to be widespread and may in part involve feto-

maternal bidirectional dialog, which needs further investigation. 
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In conclusion, we provided the first observations on maternal and paternal genomes, 

conceptus sex and non-genetic maternal effects on clinico-chemical parameters of allantoic 

and amniotic fluids in early and midgestation. We also described the relationships between 

these parameters and the conceptus phenotype including Placenta fetalis weight, embryo/fetal 

weights, fetal organ weights and bone and muscle weights. Greater maternal effects on 

allantoic fluid parameters in early gestation reflect the significance of placental phenotype and 

maternal environment in early embryonic development, and maternal controls over placental 

transfer and substrate metabolism at this early stage. Parental genomes combined explained 

most variation in amniotic fluid parameters at both stages, reflecting embryo/fetal influence. 

Paternal genome effects on amniotic fluid electrolytes and their relationships with fetal weight 

highlight the significance of paternal genome influence on amniotic fluid water fluxes and 

possibly fetal nutrient resources. Conceptus sex and observed genomic by sex interaction 

effects on amniotic fluid parameters represent the complexity of amniotic fluid dynamics and 

significance of fetal contribution to the amniotic fluid compartment at both gestational stages. 

Significant final maternal weight effects and their interactions with paternal genome and 

conceptus sex represent (epi)genetic and non-genetic factors that program prenatal growth. 

Further study is needed to determine the (epi)genetic mechanisms that influence fetal fluid 

composition including factors that regulate water and nutrient supply, such as 

intramembranous flow and placental transfer in the bovine model. 
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Abstract 

There is increasing evidence for an impact of fetal genotype on maternal physiology. 

However, data examining fetal sex- and genetic-specific differences in maternal clinico-

chemical and endocrine parameters are lacking. We designed an experiment with Bos taurus 

taurus (Bt) and Bos taurus indicus (Bi) crosses, to dissect effects of conceptus sex and 

genetics on maternal circulating electrolytes, metabolites, enzymes, insulin-like growth 

factors and thyroid hormones at Day 153, the early accelerated fetal growth stage. Results 

showed that Bt dams with female concepti had higher ionised calcium levels and 

calcium/phosphorus ratio, and lower triglyceride levels, than those with males. In contrast, Bi 

dams carrying females had lower calcium and glutamate dehydrogenase (GLDH) but higher 

glucose than those with males. Total thyroxine (T4) was higher in Bi and Bt dams carrying 

males, while free thyroxine was higher in dams with females for Bt only. Effects of conceptus 

genetics were mostly seen in Bi dams. Bt dams with Bi x Bt (sire first) concepti had higher 

GLDH than those with Bt x Bt concepti, while Bi dams with Bi x Bi concepti had higher 

ionised calcium, total protein, globulin and T4, than those with Bt x Bi fetuses. ALT was 

highest in Bi dams carrying Bi x Bi males. In conclusion, conceptus sex and genetics affect 

maternal mineral metabolism, liver function and thyroid status at midgestation in a maternal 

genetics dependent manner. This highlights the importance of considering both conceptus sex 

and genetics as factors that impact maternal physiology and demonstrates the need for 

maternal genetic background-specific assessment of clinico-chemical parameters. 
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 Introduction  

Pregnancy is characterized by substantial changes in maternal metabolism and endocrine 

milieu to meet the physiological demands of gestation (Donangelo & Bezerra 2016; Hadden 

& McLaughlin 2009). Metabolic adjustments in carbohydrate, lipid and protein metabolism 

are essential to ensure adequate fetal growth and meet increased energy needs of the mother 

(Hadden & McLaughlin 2009). These metabolic adaptations occur in response to hormonal 

changes, fetal nutrient demand and maternal nutrient supply (Donangelo & Bezerra 2016; 

Newbern & Freemark 2011). Interindividual variation in metabolic responses to pregnancy 

has long been recognized and is thought to represent biological plasticity that enables mothers 

to carry a pregnancy successfully to term under a wide range of nutritional conditions 

(Prentice et al. 1995). Multiple factors could account for this variation in metabolic adaptation 

to pregnancy, including lifestyle behaviours, environmental and genetic factors. However, to 

date, studies of the contributions of genetic factors to maternal metabolic adaptation have 

focused on gestational diabetes mellitus and pregnancy-induced hypertension, and the 

contribution of maternal genetic factors to physiological changes during normal pregnancy 

has not been examined (Lowe & Karban 2014; Lowe et al. 2016).  

There is growing evidence that fetal sex provides an additional, sex-chromosome 

mediated pathway to influence maternal physiology (Glynn & Sandman 2011), where the 

male conceptus has been reported as an independent risk factor for adverse pregnancy 

outcomes (Sheiner et al. 2004). Aside from potential effects of fetal sex on maternal risk of 

developing gestational diabetes and pregnancy-induced hypertension (Petry 2010; Petry, 

Beardsall & Dunger 2014; Petry, Ong & Dunger 2007), several studies have shown that fetal 

sex is associated with differences in maternal glycaemic control, blood pressure, cortisol 

regulation and cytokine production (DiPietro et al. 2011; Giesbrecht et al. 2015; Hocher et al. 

2009; Mitchell, Palettas & Christian 2017; Petry, Beardsall & Dunger 2014; Retnakaran et al. 

2015; Walsh et al. 2015; Xiao et al. 2014). Fetal sex-dependent maternal adaptations during 

pregnancy are consistent with sexually dimorphic fetal developmental adaptation strategies 
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for fetal growth and survival (Clifton 2010). In bovine, few studies have examined the effects 

of fetal sex on maternal physiology. Sex-biased milk synthesis has been reported with 

variation between studies, with Danish Holstein cows producing more milk after delivering a 

bull calf, while the opposite was observed in Holstein cattle in the USA (Graesboll et al. 

2015; Hinde et al. 2014). The precise mechanisms that cause such effects are still unknown, 

but one possibility is that fetal hormones reach the maternal circulation and bind directly to 

mammary gland receptors, influencing functional development and subsequent milk synthesis 

(Hinde et al. 2014). Sex of offspring can also influence serum metabolites during the early 

postpartum period in dairy cows, which may reflect a long-term effect of fetal sex hormones 

on maternal liver metabolism (Alberghina et al. 2015). However, to our knowledge, effects of 

fetal sex on maternal circulating clinico-chemical and endocrine parameters have not been 

investigated. 

The fetal genome is potentially able to alter maternal physiology (Petry, Ong & 

Dunger 2007). Following Haig’s (1993) kinship or conflict hypothesis that paternally 

expressed fetal imprinted genes tend to increase fetal growth, whereas maternally expressed 

genes tend to restrain it (Haig 1993; Moore & Haig 1991), Haig (1996) suggested that 

variation in the fetal genome could manipulate maternal metabolism in pregnancy to boost 

fetal growth by increasing nutrient availability. Interestingly, several maternal complications 

during pregnancy associated with increased risk of restricted or enhanced fetal growth appear 

to be influenced by the fetal genome, including gestational diabetes (Petry 2010) and 

pregnancy induced hypertension (Petry, Beardsall & Dunger 2014). Nevertheless, current 

evidence for a role of fetal genes in influencing physiology and metabolism of the mother is 

still limited (Lowe et al. 2016). The best evidence in human comes from a study that reported 

a trend of increased risk of gestational diabetes in women carrying offspring with Beckwith-

Wiedemann syndrome, which is frequently associated with fetal macrosomia, as compared 

with pregnancies carrying non-affected siblings (Wangler et al. 2005). Further evidence was 

provided by Petry et al. (2011) who reported an association between a polymorphism in the 
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paternally expressed imprinted fetal IGF2 gene and maternal glucose concentration in 

pregnancy. 

Further support for the potential effect of fetal genetics on maternal physiology comes 

from animal models (Petry, Ong & Dunger 2007). Transgenic mice expressing human 

angiotensinogen II become hypertensive in late gestation only when carrying fetuses with 

paternally expressed human renin (Takimoto et al. 1996). In bovine, Charolais cows carrying 

Charolais fetuses release more oestrone sulphate from the uterus into maternal circulation 

than those with Brahman fetuses (Ferrell 1991b). In dairy cows, effects of sire on variation in 

milk production were estimated to be between 8.2% and 11.8% in Holstein and Jersey cows, 

respectively (Adkinson, Wilcox & Thatcher 1977). Recently, differences in concentrations of 

circulating pregnancy associated glycoprotein (PAG) have been reported between cows 

receiving Bt vs. Bi embryos, with greater levels found in cows receiving Bi embryos (Fontes 

et al. 2018; Fontes et al. 2019). The biological function of PAG in maternal physiology is still 

unknown, but normal early production of PAG is essential for maintenance of pregnancy to 

term in bovine (Gábor et al. 2007) and humans (Smith et al. 2002). However, the potential 

influence of fetal genetics on maternal clinico-chemical and endocrine parameters, including 

serum electrolytes, metabolite, enzymes and hormones, to our knowledge has not been 

previously investigated in any species. 

The domestic cow, Bos taurus, is an important agricultural species (Hiendleder, 

Lewalski & Janke 2008; Sequencing et al. 2009) and biomedical model (Bahr & Wolf 2012; 

Carter 2007), especially for human female reproductive biology (Adams, Singh & Baerwald 

2012; Malhi, Adams & Singh 2005). Similar to humans, cows have a singleton fetus, 

comparable gestation length (280 Days), growth rate and maturity at birth (Estrella et al. 

2017; Prentice et al. 1995). We designed an experiment with purebred and reciprocal cross 

Bos taurus taurus and Bos taurus indicus fetuses to examine effects of fetal sex and genetics 

on maternal parameters in respective purebred dam genetics at midgestation (Day 153). This 



212 

is an important developmental time point where the fetus enters the accelerated growth phase 

(Ferrell 1989). Our model provides fetal genetic and phenotypic variation (Estrella et al. 

2017; Xiang, Estrella, et al. 2014; Xiang et al. 2013; Xiang, Lee, et al. 2014) that exemplify 

diverse levels of fetal demand, and represents different levels of maternal constraint of supply 

to the conceptus, where Bos taurus indicus dams control fetal growth more strictly than Bos 

taurus taurus dams (Brown, Tharel, et al. 1993; Ferrell 1991b). A fetal sex-specific elevation 

in circulating maternal insulin-like peptide 3 (INSL3) has been reported previously in the 

bovine model, providing the first example of a sex-specific fetal hormone with the potential to 

influence maternal physiology (Anand-Ivell et al. 2011). Here, we determined effects of 

conceptus sex and genetics on maternal clinico-chemical and endocrine parameters including 

electrolytes, metabolites, enzymes, insulin-like growth factors and thyroid hormones.  

 Materials and methods 

6.2.1 Animals and experimental design 

All animal and experimental procedures were approved by the Animal Ethics Committee of 

The University of Adelaide (No. S-094-2005). We used Bos taurus taurus (Angus, Bt) and 

Bos taurus indicus (Brahman, Bi) dams to generate purebred and reciprocal cross concepti in 

the two types of purebred dams. Nulliparous Bt and Bi heifers aged 16-20 months were 

managed in one group on pasture and supplemented by silage, and after an adjustment period 

of three weeks underwent standard commercial oestrous cycle synchronization procedures as 

previously described (Anand-Ivell et al. 2011). Purebred and reciprocal cross pregnancies 

were established using three Bt and two Bi sires and confirmed by ultrasound scanning. Dams 

were sacrificed in an abattoir on Day 153 ± 1 post insemination and a total of 72 fetuses were 

recovered.  

6.2.2 Samples 

Pregnant dams were fasted for 24 h before being weighed and sacrificed under standardized 

conditions in an abattoir at 153 ± 1 days post-conception. Blood samples from the jugular 
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vein were collected in Lithium-Heparin-LH and Serum Z S-Monovettes® (Sarstedt, 

Nümbrecht, Germany) and serum and plasma stored frozen at -80ᵒC until further analyses. 

Fetuses were recovered and weighed, and sex was recorded. Placental weights and combined 

fetal fluid volume were recorded. Temperature recordings for Keith, South Australia, where 

the abattoir was located, were obtained from The Bureau of Meteorology of the Australian 

Government.  

6.2.3 Analysis of maternal clinico-chemical parameters  

Clinico-chemical parameters of maternal serum were determined using a Beckman-Coulter 

AU Clinical Chemistry Analyser, AU480 (Beckman Coulter Australia Pty Ltd, Lane Cove, 

Australia) with the exception of lactate and ionised calcium, which were measured using a 

Radiometer ABL 700 Blood Gas Analyser (Radiometer, Australia). Measured electrolytes 

were ionised calcium, total calcium, calcium/phosphorus ratio, chloride, magnesium, 

phosphorus, potassium, sodium and sodium/potassium ratio. Measured metabolites were 

albumin, cholesterol, creatinine, globulin, glucose, lactate, total protein, triglycerides and 

urea. Enzymes measured were alanine transaminase (ALT), alkaline phosphatase (ALP), 

aspartate transaminase (AST), gamma glutamyl transferase (GGT) and glutamate 

dehydrogenase (GLDH). 

6.2.4 Analysis of maternal insulin-like growth factors and total IGF binding proteins in 

maternal plasma 

Concentrations of IGF1, IGF2 and total IGF binding proteins (tIGFBPs) were measured in 

maternal plasma by radioimmunoassay (RIA) following separation of IGFs and IGFBPs by 

size-exclusion HPLC under acidic conditions, as described previously for bovine plasma 

samples (Micke et al. 2010). Recovery of 125I-IGF1 was 92.5 ± 0.5% for nine HPLC runs of 

maternal plasma. The concentration of IGF1 in maternal plasma was determined by triplicate 

analyses of neutralized HPLC fraction 3 in an RIA specific for IGF1 using a rabbit polyclonal 

antibody to human IGF1 (GroPep, Adelaide, Australia) (Francis et al. 1989). In the same 
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assay, tIGFBP concentrations were measured by analysis of neutralized fraction 1. As 

IGFBPs bind to and sequester 125I-IGF1 in this assay, they can be measured due to their effect 

of reducing the amount of 125I-IGF1 in the immunoprecipitated pellet, giving an apparent IGF 

concentration that reflects the total amount and binding affinity of IGFBP present in plasma 

(Carr et al. 1995). Plasma IGF2 concentrations were measured by analysis of HPLC fraction 3 

in an RIA specific for IGF2 (Sullivan et al. 2009). The inter-assay CV for HPLC separation 

and RIA of IGF1 was 5.4% (n = 5 assays) and the intra-assay CV for extraction and assay was 

10.9% for a bovine plasma QC sample containing 43.9 ng/mL of IGF1. The inter-assay CV 

for HPLC separation and RIA of IGF2 was 2.1% (n = 3 assays) and the intra-assay covariance 

for extraction and assay was 13.7% for the bovine plasma QC sample containing 94.2 ng/mL 

of IGF2. 

6.2.5 Analysis of maternal thyroid hormones  

Maternal total thyroxine (T4) and free thyroxine (fT4) were assayed in 20 ul and 25 ul of 

plasma using coated tube radioimmunoassay IM 1447 and IM 1363 (Immunotech/Beckman 

Coulter, Prague, Czech Republic), respectively, according to the manufacturer’s instructions. 

Sensitivity of the assay defined by the lowest standard was 24 nM and 2.7 pM, respectively. 

The intra-assay coefficient of variation was < 10% for both analyses. The inter-assay 

coefficient of variation for T4 was 14.9% at 64 nM and 15.5% at 144 nM across 3 assays, and 

for fT4 was 12.2% at 17.5 pM. Total triiodothyronine (T3) and free triiodothyronine (fT3) were 

assayed in 50 ul and 100 ul plasma by coated tube radioimmunoassay IM 1699 and IM 1579 

(Immunotech/Beckman Coulter), respectively, according to the manufacturer’s instructions. 

Sensitivity of the assay, defined by the lowest standard, was 0.77 nM and 1.8 pM 

respectively. The intra-assay coefficient of variation was <10 %. The inter-assay coefficient 

of variation for T3 was 11.4% at 1.8 nM and 5.8% at 4.3 nM across three assays and for fT3 

was 11.9% at 4.6 pM. Reverse triiodothyronine (rT3) was assayed in 100 ul plasma using 

reagents from double antibody radioimmunoassay kit BC 1115 (Biocode-Hycel, Liege, 

Belgium). Precipitation of bound radioactive rT3 was achieved using 100 ul antibody coated 
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cellulose (Sac-Cel, AA-SAC1, IDS Ltd., Boldon, UK), rather than polyethylene glycol. 

Sensitivity of the assay defined by the lowest standard was 0.04 nM. The intra-assay 

coefficient of variation was <10%. The inter-assay coefficient of variation across three assays 

was 2.1% at 0.7 nM. 

6.2.6 Statistical analyses 

We analysed the effects of conceptus sex and genetics on maternal serum parameters for each 

dam genetics separately to avoid confounding of fetal and maternal genetic effects. Conceptus 

phenotypes and maternal clinico-chemical parameters and hormone data were analysed with 

the linear model (GLM) procedure in SPSS (IBM® SPSS® Statistics 24, New York, United 

States) using the following model: 

Yik = Intercept + Fj + Sk + Fj x Sk +MW + MaxT +MinT + eik 

Where Yik is maternal parameter level, Fj is fetal genetics effect, for Bt dams (j = [Bt x Bt], 

[Bi x Bt]) and for Bi dams (j = [Bi x Bi], [Bt x Bi]) (paternal genome given first), Sk is fetal 

sex (k = male, female), Fj x Sk is interaction between fetal genetics and fetal sex, MW is a 

covariate, maternal weight at slaughter, MaxT is a covariate, maximum temperature day of 

slaughter, MinT is a covariate, minimum temperature day of slaughter and eik is random error.  

Backward elimination procedures were conducted (Nelder 1994) and only interactions 

and covariates significant at P < 0.05 were retained in the final models. Least square means 

and standard errors of means were computed for genetics and sex groups and two-tailed t-test 

was used to compare statistical differences between groups. Results were considered 

significant at P < 0.05. Extreme observations with standardized residuals larger than +3 or 

lower than -3 were spotted and outliers were confirmed with the Outlier Labelling Rule 

(Hoaglin, Iglewicz & Turkey 1986). Actual numbers of observations analysed are indicated in 

bar graphs. Data that was not normally distributed were normalized by logarithmic 

transformation. Data with unequal variances were analysed using the Welch test.  
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 Results 

Significance of statistical models, factors and co-variates for phenotypic conceptus 

parameters, and electrolytes, metabolites, enzymes and hormones in blood of Bos taurus 

taurus (Bt) and Bos taurus indicus (Bi) dams are detailed below in Tables 6.1 and 6.2.  

Table 6.1 R-squared values and significance (P-value) of linear models, factors and 

covariates for Bos taurus taurus (Angus) conceptus phenotype and maternal circulating 

electrolytes, metabolites, enzymes and hormones at Day 153 of gestation 

 
Model 

 
Factors 

 
Covariates 

    Fetal 

genetics 

Fetal  

sex 

Genetic 

x Sex 

 Maternal 

weight 

Temp. 

Max. 

Temp. 

Min. 

Parameters R2 P-value  P-valuea 

Conceptus phenotype      

Fetal weight  0.352 <0.001  0.148 <0.001 -  - - - 

Total placenta weight  0.075 0.201  0.145 0.151 -  - - - 

Placenta fetalis weight  0.057 0.298  0.125 0.789 -  - - - 

Placenta materna weight  0.109 0.094  0.543 0.031 -  - - - 

Fetal fluid volume 0.288 <0.001  <0.001 0.931 -  - - - 

Electrolytes      

Ionised calcium  0.176 0.023  0.085 0.009 -  - - - 

Total calcium 0.334 0.003  0.347 0.768 0.015  - - <0.001 

Calcium/Phosphorusb 0.418 <0.001  0.717 0.020 -  - - <0.001 

Chloride  0.009 0.834  0.550 0.884 -  - - - 

Magnesium  0.038 0.451  0.234 0.455 -  - - - 

Phosphorus  0.251 0.008  0.446 0.064 -  - - 0.002 

Potassium  0.021 0.641  0.592 0.370 -  - - - 

Sodium  0.069 0.250  0.281 0.410 -  - - - 

Sodium/Potassium  0.027 0.571  0.890 0.300 -  - - - 

Metabolites           

Albumin  

 

0.059 0.289  0.317 0.145 -  - - - 
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Table 6.1 continued           

Cholesterol  0.002 0.964  0.836 0.818 -  - - - 

Creatinine 0.386 <0.001  0.527 0.865 -  0.011 0.020 - 

Globulin  0.112 0.188  0.647 0.617 -  0.034 - - 

Glucose  0.012 0.796  0.626 0.779 -  - - - 

Lactateb 0.269 0.005  0.786 0.369 -  - - <0.001 

Total protein  0.024 0.612  0.414 0.438 -  - - - 

Triglycerides  0.269 0.007  0.638 0.029 -  - - 0.003 

Urea 0.297 0.003  0.325 0.644 -  - - <0.001 

Enzymes           

Alanine transaminase  0.104 0.106  0.843 0.051 -  - - - 

Alkaline phosphatase  0.031 0.538  0.377 0.369 -  - - - 

Aspartate transaminase b 0.213 0.027  0.840 0.234 -  0.026 - - 

Gamma-glutamyl transferase 0.084 0.166  0.324 0.207 -  - - - 

Glutamate dehydrogenasec - -  0.019 0.086 -  - - - 

Hormones           

Insulin-like growth factor 1 0.007 0.878  0.795 0.734 -  - - - 

Insulin-like growth factor 2b 0.028 0.553  0.648 0.405 -  - - - 

Insulin-like growth factor binding protein 0.220 0.018  0.764 0.710 -  - 0.005 - 

Free thyroxine 0.103 0.114  0.274 0.046 -  - - - 

Free triiodothyronine 0.045 0.395  0.225 0.340 -  - - - 

Reverse triiodothyronineb 0.007 0.884  0.702 0.831 -  - - - 

Total thyroxine 0.375 <0.001  0.975 0.049 -  - <0.001 0.011 

Total triiodothyronine 0.140 0.106  0.568 0.712 -  - 0.049 - 

 

Maternal weight is final weight at slaughter. Temp. Max., Temp. Min. are maximum and 

minimum temperatures on day of slaughter. a Only P-values for factors, interactions and 

covariates retained in the final model are shown b Log 10 transformed data. c Welch test. 
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Table 6.2 R-squared values and significance (P-value) of linear models, factors and 

covariates for Bos taurus indicus (Brahman) conceptus phenotype and maternal 

circulating electrolytes, metabolites, enzymes and hormones at Day 153 of gestation 

 
Model 

 
Factors  Covariates  

    Fetal 

genetics 

Fetal 

sex 

Genetic 

x Sex 

 Maternal 

weight 

Temp. 

Max. 

Temp. 

Min. 

Parameters R2 P-value  P-valuea 

Conceptus phenotype      

Fetal weight 0.546 <0.001  0.018 <0.001 -  - - - 

Total placenta weight 0.185 0.095  0.387 0.078 -  - - - 

Placenta fetalis weight 0.136 0.186  0.473 0.137 -  - - - 

Placenta materna weightb 0.242 0.042  0.278 0.043 -  - - - 

Fetal fluid volume 0.109 0.251  0.130 0.297 -  - - - 

Electrolytes      

Ionised calcium 0.418 0.015  0.036 0.025 -  0.008 - 0.031 

Total calcium  0.018 0.801  0.723 0.653 -  - - - 

Calcium/Phosphorus  0.001 0.987  0.880 0.986 -  - - - 

Chloride  0.256 0.074  0.059 0.369 -  - - 0.024 

Magnesium  0.084 0.350  0.286 0.224 -  - - - 

Phosphorus 0.001 0.988  0.981 0.880 -  - - - 

Potassiumb 0.005 0.947  0.853 0.762 -  - - - 

Sodium  0.106 0.260  0.320 0.308 -  - - - 

Sodium/Potassium  0.025 0.734  0.558 0.727 -  - - - 

Metabolites           

Albumin  0.321 0.028  0.408 0.296 -  - - 0.027 

Cholesterol  0.288 0.047  0.458 0.100 -  0.017 - - 

Creatinine  0.572 <0.001  0.969 0.842 -  - <0.001 - 

Globulin  0.290 0.023  0.021 0.375 -  - - - 

Glucose  0.172 0.126  0.663 0.044 -  - - - 

Lactate 0.310 0.033  0.909 0.113 -  0.025 - - 

Total protein  0.360 0.009  0.018 0.135 -  - - - 

Triglycerides  0.316 0.030  0.707 0.773 -  - 0.010 - 

Urea  

 

0.703 <0.001  0.518 0.582 -  - <0.001 - 
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Table 6.2. continued           

Enzymes           

Alanine transaminase 0.307 0.035  0.086 0.346 0.008  - - - 

Alkaline phosphataseb 0.012 0.872  0.962 0.608 -  - - - 

Aspartate transaminase 0.108 0.270  0.131 0.369 -  - - - 

Gamma-glutamyl transferase 0.000 0.999  0.987 0.977 -  - - - 

Glutamate dehydrogenaseb 0.211 0.084  0.140 0.045 -  - - - 

Hormones           

Insulin-like growth factor 1 0.230 0.043  0.144 0.093 -  - - - 

Insulin-like growth factor 2  0.041 0.607  0.527 0.563 -  - - - 

Insulin-like growth factor binding protein 0.006 0.930  0.712 0.979 -  -  - 

Free thyroxine  0.132 0.183  0.989 0.077 -  - - - 

Free triiodothyronine  0.042 0.608  0.964 0.342 -  -  - 

Reverse triiodothyronine  0.374 0.028  0.066 0.942 -  - - 0.019 

Total thyroxine 0.562 <0.001  <0.001 0.003 -  0.027 - - 

Total triiodothyronine  0.552 0.001  0.527 0.387 -  0.027 - 0.001 
 

Maternal weight is final weight at slaughter. Temp. Max., Temp. Min. are maximum and 

minimum temperatures on day of slaughter. a Only P-values for factors, interactions and 

covariates retained in the final model are shown. b Log 10 transformed data.  

 

6.3.1 Effects of conceptus sex and genetics on conceptus phenotype at midgestation 

Fetal weight and placental materna weight were higher for male fetuses of Bt and Bi dams as 

compared with female fetuses (+14%, P < 0.001; +12%, P < 0.05, respectively) (Figure 

6.1A). Conceptus sex did not affect Placenta fetalis weight or fetal fluid volume (Figure 

6.1A). Conceptus genetics affected fetal weight only in Bi dams, where Bt x Bi fetuses (sire 

first) had higher weight (+10%, P < 0.05) than Bi x Bi fetuses. Conceptus genetics affected 

fetal fluid volume only in Bt dams, where Bi x Bt concepti (sire first) had higher fetal fluid 

volume (+38%, P < 0.001) than Bt x Bt concepti (see above Figure 6.1B). 
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Figure 6.1 Key parameters of Bos taurus taurus and Bos taurus indicus conceptus 

phenotype at Day 153 of gestation. 

(A) Conceptus sex and (B) genetics effects on feto-placental weights and fetal fluids 

weights. Bars show least square means with SEM. Numbers of individuals sampled 

for males and females and for each fetal genetics are indicated in bars. n.s. is not 

significant. Fetal genetics are: Bos taurus taurus x Bos taurus indicus (Bt x Bt), Bos 

taurus indicus x Bos taurus taurus (Bi x Bt), Bos taurus indicus x Bos taurus indicus 

(Bi x Bi) and Bos taurus taurus x Bos taurus indicus (Bt x Bi) 
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6.3.2 Effects of conceptus sex on maternal clinico-chemical parameters and hormones 

Maternal serum concentration of chloride, magnesium, potassium and sodium were not 

affected by fetal sex in either dam breed. Bt dams carrying female concepti had higher serum 

levels of ionised calcium (+9%, P < 0.01), a tendency for lower phosphorus levels (P < 0.10), 

and higher Ca/P ratio (+17%, P < 0.05) as compared to those carrying males (Figure 6.2A). 

In contrast, Bi dams carrying females had lower ionised calcium levels (-13%, P < 0.05), but 

Ca/P ratio and phosphorus levels were not influenced (P > 0.10) by fetal sex (Figure 6.2A). 

Maternal glucose was not affected by fetal sex in Bt dams, but was higher in Bi dams carrying 

females (+18%, P < 0.05), compared to those carrying males (Figure 6.2B). Maternal serum 

triglyceride concentration was higher in Bt dams carrying males, compared to females (+14%, 

P < 0.05), but was not affected by fetal sex in Bi dams (Figure 6.2B). Bt dams with male 

fetuses tended to have lower levels of GLDH (P < 0.10) than those carrying females, whereas 

Bi dams with male fetuses had higher (+38% P < 0.05) serum GLDH levels than those with 

female fetuses (Figure 6.2B). 

Conceptus sex did not affect maternal plasma levels of IGF1, IGF2 or IGFBPs, 

although, Bi dams with male fetuses tended to have higher IGF1 concentrations (P < 0.10) 

than dams with female fetuses (Figure 6.2C). However, maternal thyroid hormones were 

affected by fetal sex, where Bt (P < 0.05) and Bi (P < 0.01) dams with male fetuses had 15% 

and 22% higher T4 concentration, respectively (Figure 6.2C). On the contrary, Bt dams with 

males had 9% lower fT4 levels (P < 0.05), while Bi dams with males tended to have higher 

fT4 levels (P < 0.10) (Figure 6.2C). Maternal plasma concentrations of T3, fT3 and rT3 were 

not affected by conceptus sex.
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Figure 6.2 Effects of conceptus sex on circulating maternal parameters. 

(A) Electrolytes, (B) metabolites and enzymes, and (C) hormones of Bos taurus taurus and Bos taurus indicus. 

Bars show least square means with SEM. Numbers of males and females are indicated in bars. n.s. is not 

significant. 
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6.3.3 Effects of conceptus genetics and genetic by sex interactions on maternal clinico-

chemical parameters and hormones 

Bt dams carrying Bt x Bi fetuses tended to have higher serum ionised calcium levels (P < 

0.10) and increased serum GLDH activity (+43% P < 0.05) than those carrying Bt x Bt 

fetuses (Figures 6.3A, 6.3C), but there were no other effects of fetal genetics on serum 

parameters in Bt dams. In contrast, Bi dams carrying Bi x Bi fetuses had higher serum levels 

of ionised calcium (+11%, P < 0.05), total protein (+4%, P < 0.05) and globulin (+7%, P < 

0.05) when compared to Bi dams with Bt x Bi fetuses (Figure 6.3A, 6.3B). Additionally, in 

Bi dams, plasma T4 levels were 25% higher in dams carrying Bi x Bi fetuses (P < 0.001) and 

rT3 tended to be lower in those dams (P < 0.10) (Figure 6.3D). 

In Bt dams, the effect of fetal genetics on maternal serum total calcium concentration 

interacted with effects of fetal sex, with 6% higher total calcium in dams carrying Bi x Bt 

males (P < 0.05) as compared to those with Bt x Bt males (Figure 6.3A). Serum ALT activity 

was also affected by an interaction between fetal genetics and sex in Bi dams, where ALT 

activity was higher in Bi dams carrying Bi x Bi males compared to those with Bt x Bi male 

fetuses (+48%, P < 0.01) and those with Bi x Bi female fetuses (+39%, P < 0.05) (Figure 

6.3C).  
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Figure 6.3 Effects of conceptus genetics and genetic by sex interactions on maternal 

circulating parameters. 

(A) Electrolyte, (B) metabolite, (C) enzyme and (D) hormone levels of Bos taurus taurus and 

Bos taurus indicus. Bars show least square means with SEM. Numbers of individuals sampled 

for each fetal genetics and genetics x sex groups are indicated in bars. n.s. is not significant. 

Fetal genetics are: Bos taurus taurus x Bos taurus indicus (Bt x Bt), Bos taurus indicus x Bos 

taurus taurus (Bi x Bt), Bos taurus indicus x Bos taurus indicus (Bi x Bi) and Bos taurus taurus 

x Bos taurus indicus (Bt x Bi) (Sire genetics given first). Male (M); Female (F). 
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 Discussion 

We utilized a bovine model with purebred and reciprocal cross Bos taurus taurus (Bt) and 

Bos taurus indicus (Bi) concepti to demonstrate effects of conceptus sex and genetics on 

maternal clinico-chemical and endocrine parameters in purebred Bt and Bi dams at 

midgestation. The two types of cattle show fundamental differences in phenotype, physiology 

and genetics with adaptations to temperate (Bt) and tropical climates (Bi) (Frisch & Vercoe 

1977; Hiendleder, Lewalski & Janke 2008; Hunter & Siebert 1985; Rudder, Seifert & Bean 

1975; Sartori et al. 2016) and thus represent two different intrauterine environments. Our 

results revealed conceptus sex- and genetics-based differences in levels of minerals, 

metabolites, liver enzymes and thyroid hormones in maternal serum that were dependent on 

maternal genetics. These differences indicate conceptus sex and genetic effects on maternal 

mineral metabolism, liver function and thyroid status during pregnancy and highlight the 

importance of considering conceptus sex and genetics as factors impacting maternal 

physiology. 

Conceptus sex significantly affected key parameters of maternal mineral metabolism, 

energy metabolism and thyroid function. Ionised calcium levels in Bt and Bi dams were 

affected by fetal sex. Bt dams carrying females had higher ionised calcium levels compared to 

those carrying males, whereas the opposite was observed in Bi dams. Fetal sex affected 

maternal metabolites, including glucose and triglycerides, and serum enzyme activity of 

glutamate dehydrogenase (GLDH). Bt dams with males had higher triglycerides and tended to 

have lower GLDH serum activities than those carrying females, whereas, Bi dams with males 

had lower glucose and higher GLDH. Additionally, sex effects were observed on maternal 

thyroid hormones, where total thyroxine (T4) was higher in Bi and Bt dams carrying males, 

while free thyroxine (fT4) was higher in dams with females for Bt only. Bi dams with male 

concepti tended to have higher IGF1 and fT4 than dams of females. Evidence of an influence 

of fetal sex on maternal physiology during normal pregnancy is still lacking, but our findings 

extend prior observations of an association between fetal sex and differences in maternal 
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glycaemic control, blood pressure, cortisol regulation and immune function (DiPietro et al. 

2011; Giesbrecht et al. 2015; Hocher et al. 2009; Mitchell, Palettas & Christian 2017; Petry, 

Beardsall & Dunger 2014; Retnakaran et al. 2015; Walsh et al. 2015; Xiao et al. 2014). 

Effects of conceptus sex on maternal parameters that we observed are consistent with sexually 

dimorphic developmental adaptation strategies that regulate fetal growth and are suggested to 

be mediated by sex specific function of the human placenta (Clifton 2010). Epigenetic 

regulation through random X-chromosome inactivation (Pessia et al. 2012) and genomic 

imprinting, by means of the intralocus sexual conflict hypothesis where genomic imprinting is 

caused by sex-specific selection favouring different alleles in males and females (Day & 

Bonduriansky 2004), may mediate sex-specific differences. Placental hormones, such as 

placental growth hormone, lactogen and prolactin can influence maternal metabolism 

(Freemark 2006; Newbern & Freemark 2011), however, hormones that may cause sex-

specific differences in maternal physiology remain largely unknown. The first example of a 

sex-specific fetal hormone with potential to influence maternal physiology was previously 

described in this bovine model (Anand-Ivell et al. 2011). Significant elevation in circulating 

maternal INSL3 in Bt dams carrying Bt male fetuses implies that INSL3 from the male fetus 

is able to cross the placenta and enter the maternal bloodstream (Anand-Ivell et al. 2011). 

Interestingly, elevation of circulating INSL3 in pregnant cows is likely to have a positive 

effect on bone density, reflecting the significant role of INSL3-RXFP2 in bone metabolism 

(Anand-Ivell et al. 2011; Ivell & Anand-Ivell 2018). Therefore, INSL3 could be a potential 

fetal hormone that influenced our observed conceptus sex effects on maternal minerals and 

further investigation is needed. 

Observed conceptus sex effects on maternal ionised and total calcium and Ca/P ratio 

suggest sex-specific influence on maternal mineral metabolism. Profound changes in maternal 

mineral and bone metabolism occur during gestation, including increased intestinal calcium 

absorption, renal calcium excretion and skeletal resorption of calcium (Kovacs 2016; Prentice 

2000). Observed conceptus sex effects on calcium may facilitate variations in bone phenotype 
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between male and female fetuses reported in the same midgestation fetal resources, where 

male fetuses had higher bone wet weight and growth plate height, while females had longer 

limb length (Xiang, Lee, et al. 2014). Specific mechanisms by which conceptus sex influences 

maternal calcium levels are unknown. However, evidence suggests that the conceptus may be 

the driver(s) of maternal calcium adaptation. In pregnant rats, neither maternal bone mineral 

loss nor increased intestinal calcium absorption depend on ovarian or adrenal hormones 

(Brommage & DeLuca 1985). Maternal calcium metabolism also appears to be largely 

independent of maternal calcium intake and calcium supplements have little effect on 

maternal calcium levels (Donangelo & Bezerra 2016; Prentice 2000). Furthermore, 

adaptations in calcium metabolism during pregnancy are accompanied by an increase in 1, 25-

dihydroxyvitamin D (calcitriol), but little or no alteration in parathyroid hormone or 

calcitonin levels (Kovacs 2016; Ritchie et al. 1998). There is some evidence to suggest that 

prolactin and placental lactogen may influence maternal mineral adaptations, including 

increased intestinal transport of calcium, altered urinary calcium excretion and increased 

synthesis of parathyroid hormone related protein (PTHrP) (Charoenphandhu, Wongdee & 

Krishnamra 2010; Kovacs 2016). PTHrP produced by placenta and fetal tissues is a candidate 

hormone that may influence maternal calcitriol and regulate placental calcium transfer 

(Kovacs 2016). Deletion of the PTHrP gene in fetal mouse appeared to abolish the positive 

fetal-maternal gradient of ionised calcium (Bond et al. 2008). There is an established link 

between PTHrP, Ca levels and blood hypertension (KiriyamaKa et al. 1994; Pilz et al. 2009). 

Interestingly, conceptus sex is associated with differences in maternal blood pressure and 

incidence of preeclampsia (Hocher et al. 2009; Petry, Beardsall & Dunger 2014; Petry, Ong & 

Dunger 2007), suggesting a common genetic mechanism, potentially via PTHrP, that 

influences maternal calcium metabolism and blood pressure during pregnancy. 

Conceptus sex mediates differential strategies that favour growth for males and 

conservation of resources for females (Clifton 2010) which may influence observed conceptus 

sex effects on maternal glucose, triglycerides and GLDH enzyme serum activity. In the 
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present study, Bi dams carrying males had lower glucose and higher GLDH, a liver enzyme 

involved in energy metabolism (Bunik et al. 2016; Tornheim & Ruderman 2011). Maternal 

blood glucose can be influenced by cortisol which stimulates hepatic gluconeogenesis and 

inhibits insulin-dependent glucose uptake in skeletal muscle and adipose tissue (Freemark 

2006). Maternal cortisol was not measured in this study, but in human, higher maternal 

salivary cortisol was seen in women carrying female fetuses compared with those carrying 

males (DiPietro et al. 2011). In this study, Bi dams carrying males also tended to have higher 

IGF1 plasma concentration suggesting conceptus sex influence on the maternal insulin/IGF 

axis that influences maternal glucose levels. Differences in maternal glucose in Bi dams may 

also reflect differences in fetal glucose uptake between male and female concepti. In the 

present study, we found a negative correlation between fetal weight and maternal glucose of 

Bi dams only in those carrying a male fetus (r = -0.758, P = 0.011, n = 10), with males 

significantly heavier than females at midgestation (2.55 ± 0.07 kg in males vs. 2.17 ± 0.06 kg 

in females, P = 0.001). Male fetuses invest more maternal resources in growth which likely 

contributes to their larger size at birth compared to females who conserve resources and adjust 

growth to match maternal condition (Clifton 2010; Eriksson et al. 2010). 

Triglycerides are another product of maternal liver influenced by conceptus sex. Bt 

dams with males had higher triglyceride levels and tended to have lower GLDH than those 

with females. During pregnancy, maternal triglycerides levels double between six and nine 

months in bovine (Tainturier et al. 1984). Similarly, human pregnancy is associated with 

hypertriglyceridemia, principally due to increased lipogenesis and suppression of lipolysis 

(Butte 2000; Hadden & McLaughlin 2009). High maternal triglycerides are associated with an 

increased prevalence of human infants who are large for gestational age (Nolan et al. 1995 ; 

Son et al. 2010; Vrijkotte et al. 2011). Whereas, in bovine, higher birthweights are related to 

higher maternal non-esterified fatty acids levels (Abeni et al. 2004). In this study, higher 

triglyceride levels in Bt dams with male fetuses were associated with higher fetal weight at 

midgestation (3.14 ± 0.09 kg in males vs. 2.71 ± 0.06 kg in females, P < 0.001), which may 
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explain their heavier weights at birth (Brown, Tharel, et al. 1993). This is further supported by 

positive correlations between serum triglycerides of Bt dams and fetal weights (r = 0.355, P = 

0.018, n = 44) in this study. Taken together, conceptus sex effects on maternal serum levels of 

glucose, triglycerides and GLDH activity likely reflect effects on maternal liver function 

which appeared to influence fetal growth at midgestation. 

Conceptus sex may influence maternal endocrine status via sex hormones and 

placental growth factors (Clifton 2010). In this study, IGF1 was higher in Bi dams with a 

male fetus. Placental growth hormone is a major factor regulating the release of IGF1 from 

maternal liver (Newbern & Freemark 2011). Maternal IGF1 increases nutrient availability, 

placental growth and nutrient transfer, and promotes fetal growth (Sferruzzi-Perri et al. 2011), 

which may explain the higher fetal weights observed for males compared to females. Another 

important finding in this study is significant conceptus sex effects on maternal total T4 and 

fT4. Male fetuses were associated with higher T4 levels in both dam genetic groups, but only 

Bt dams with female fetuses had higher fT4 levels than those with males. Rapid increase in 

thyroxine-binding globulin in pregnancy is associated with a reduction in fT4 levels which 

stimulates thyroid-stimulating hormone and mediates T4 production through pituitary-thyroid 

feedback mechanisms (Glinoer 1997). Fetal sex effects on thyroid hormones have not been 

reported in human pregnancy, but maternal fT4 in early pregnancy was more strongly 

inversely associated with birthweight in males than in females. Male infants also have 

increased odds of being born large for gestational age in mothers with subclinical 

hypothyroidism in early gestation (Vrijkotte, Hrudey & Twickler 2017). In this study, higher 

conceptus weights in males of Bt dams paralleled lower maternal fT4. We found that fT4 in Bt 

dams was negatively correlated with total placental weight (r = -0.456, P = 0.002, n = 43) and 

tended to be negatively related to fetal weight (r = -0.282, P = 0.071, n = 43).  

A novel finding of this study is significant fetal genetic effects on maternal parameters 

mostly in Bi dams. Bi dams with purebred fetuses had higher ionised calcium, total protein, 
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globulin, ALT and T4 compared with dams with Bt x Bi (sire listed first) concepti. Genomic 

imprinting plays a critical role in fetal growth and development, where fetal imprinted genes 

controlling fetal growth may also alter maternal physiology (Haig 1993; Moore & Haig 

1991). Based on kinship theory, genomic imprinting can arise from sole expression of 

paternally derived alleles that act to increase maternal resource allocation to the fetus, while 

maternally inherited copies remain silent (Haig 1993; Moore & Haig 1991), but can also arise 

from selection favouring coadaptation of gene expression in the mother and offspring (Wolf 

2013; Wolf & Hager 2006). Genetic coadaptation mostly occurs when the maternal genome 

and offspring genome share locus affect traits involved in maternal-fetal interaction via 

pleiotropy, or when alleles expressed by the fetus complement those expressed by the mother 

via linkage disequilibrium (Wolf & Hager 2006), which may influence the observed 

conceptus genetic-specific maternal differences. The observed differences between Bi dams 

carrying purebred and reciprocal crosses may be caused by different selection that favours a 

specific pattern of parent-of-origin effects when carrying purebred versus hybrid cross that are 

able to influence maternal physiology. This is consistent with the assumed causes of 

reciprocal differences in the Bt x Bi bovine model, which include maternal breed 

heterozygosity, genomic imprinting, probability of Brahman X chromosome and genomic 

imprinting × sex effect (Dillon et al. 2015). Differences between the Bt and Bi maternal 

genome contribute to phenotypic diversity between these subspecies (Hiendleder, Lewalski & 

Janke 2008) and the reported differences in maternal constraint (Ferrell 1991a; Ferrell 1991b) 

and birth weights between these genetics (Brown, Tharel, et al. 1993; Comerford et al. 1987; 

Riley et al. 2007; Sacco et al. 1989). However, these observations could also be caused by X-

chromosome inheritance from Bi paternal genome, as higher levels of maternal calcium, total 

protein, globulin and T4 in Bi dams, and higher GLDH in Bt dams, were associated with Bi-

sired concepti. Interestingly, Bi sired-calves are frequently associated with macrosomia and 

known to have the highest birthweights with different dam breeds (Brown, Tharel, et al. 1993; 

Comerford et al. 1987). However, further investigation is needed to determine the genetic 
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mechanisms causing the observed differences in maternal blood parameters between dams 

carrying purebred and reciprocal crosses. 

Conceptus genetics affected ionised calcium, whereas conceptus genetics by sex 

interactions affected total calcium levels, supporting the previous results of conceptus sex 

effects on maternal minerals. The observed genetic effects on maternal calcium levels 

emphasize the critical role of epigenetic mechanisms in fetal bone development and maternal 

mineral metabolism. A previous study in the bovine model estimated contribution of maternal 

genome (73% to 79%) and paternal genome (95%) effects on components of the fetal skeletal 

system, demonstrating the importance of epigenetic factors in prenatal skeletal growth and 

development (Xiang, Lee, et al. 2014). The observed fetal genetic x sex interaction effects on 

total calcium in Bt dams may contribute to variations in bone phenotype of these fetuses at 

midgestation (Xiang, Lee, et al. 2014). Here, higher maternal total calcium levels in dams 

carrying male Bi x Bt fetuses may represent higher mineral demand at midgestation, not only 

due to higher bone weight of fetuses with Bt maternal genome, but also to advanced limb 

ossification as previously reported for Bi-sired fetuses (Xiang, Lee, et al. 2014). In this study, 

the concept of fetal genomic effects on maternal liver function at midgestation is further 

supported by fetal genetics effects on maternal total protein and globulin levels, as well as 

maternal serum activity of GLDH, a hepatic enzyme involved in nitrogen metabolism 

(González et al. 2011). Higher levels of total protein and globulin were seen in Bi dams with 

Bi x Bi fetuses, while higher GLDH serum activity was seen in Bt dams with Bi x Bt concepti 

(sire listed first). Conceptus genetics x sex-dependent differences were also seen in serum 

activity of ALT in Bi dams and were higher in dams carrying male Bi x Bi fetuses. During 

pregnancy, several changes occur in maternal protein metabolism including an increase in 

fractional rate of hepatic protein synthesis and accretion and an apparent decrease in hepatic 

amino acid catabolism (Bell & Ehrhardt 2000). These results indicate the potential influence 

of conceptus genetics on hepatic protein synthesis and enzyme activity during pregnancy. 
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In the present study, conceptus genetics affected thyroid hormones, as higher 

concentrations of T4 and lower rT3 levels were seen in Bi dams carrying Bi x Bi fetuses 

compared to Bt x Bi (sire listed first). The liver has an important role in thyroid hormone 

metabolism as it is the main site of thyroxine-binding globulin formation and thyroid 

hormone peripheral metabolism where extra thyroidal conversion of T4 to T3 and rT3 occurs 

(Glinoer 1997). Observed higher T4 accompanied by lower reverse triiodothyronine (rT3) and 

higher globulin levels in Bi dams with Bi x Bi fetuses may explain part of the observed T4 

elevation. The adaptive endocrine response during pregnancy involves changes in thyroid 

function, mediated by the central hypothalamic–pituitary unit and fetal-placental unit 

(Chatzitomaris et al. 2017). Human chorionic gonadotropin can stimulate thyroid stimulating 

hormone receptors due to high structural similarity with thyroid stimulating hormone which 

enables the placenta to gain parallel control over the thyroid system in early gestation 

(Chatzitomaris et al. 2017). Higher concentrations of human chorionic gonadotropin are 

associated with higher risk of (subclinical) hyperthyroidism and hypothyroxinemia in human 

pregnancy (Korevaar et al. 2017). However, subspecies differences in maternal thyroid 

hormones role in prenatal growth are well known between human and bovine pregnancies. In 

humans, there is significant delivery of T4 to the fetus before 16 weeks of gestation (Patel et 

al. 2011), whereas, in bovine, transplacental passage of thyroid hormones to the fetus is still 

unclear. Further studies are needed to understand potential maternal-fetal thyroid hormone 

transfer and interactions in the bovine model.  

Another important finding is that effects of conceptus sex and genetics on maternal 

parameters occur in a maternal genetic manner (as discussed above). Conceptus sex affected 

ionised calcium levels in Bt and Bi dams, but in a different manner. Higher ionised calcium 

levels were seen in Bt dams carrying females, compared to males, whereas the opposite was 

observed in Bi dams. Significant dam genetic dependent sex effects were also noted for 

glucose and triglycerides, GLDH, IGF1 and fT4. While Bt dams with males had higher 

triglyceride levels, lower fT4 and tended to have lower GLDH serum activities than those 
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carrying females, Bi dams with males had lower glucose, higher GLDH and tended to have 

higher IGF1 and fT4 than dams of females. In humans, no definite effect of fetal sex on 

maternal glycaemic control has been described. But, there are conflicting reports of sex 

effects on maternal insulin resistance (Retnakaran et al. 2015; Walsh et al. 2015; Xiao et al. 

2014) which may also be due to differences in population background. This conclusion is 

supported by differing maternal genotype dependent effects of fetal sex on maternal 

glycaemic control in human pregnancy. Mothers with the GG genotype for PPARγ2 Pro12Ala 

polymorphism carrying a female fetus had higher levels of total glycated haemoglobin 

(HBA1C), as compared to GG genotype mothers carrying a male (Hocher et al. 2010). 

Similarly, mothers with an AA genotype in the progesterone receptor gene PROGINS 

polymorphism or a DD genotype in the ACE I/D polymorphism had higher HBA1C when 

carrying a male, compared to mothers of the same genotype delivering a female fetus, 

whereas the opposite was observed in mothers with the II genotype for the ACE I/D 

polymorphism (Hocher et al. 2009; Hocher et al. 2011). Similar contradictory reports were 

seen in bovine regarding the influence of fetal sex on maternal milk production. While 

Holstein cows showed higher milk production in favour of heifers, Danish Holsteins favour 

bull offspring (Graesboll et al. 2015; Hinde et al. 2014). Therefore, our results lend further 

support to the concept that conceptus sex effects may occur in a maternal genetic dependent 

manner and should be analysed in the context of defined maternal genetic background. 

Taken together, results of this study show conceptus sex- and genetics-based 

differences in concentration of maternal clinico-chemical parameters and hormones at 

midgestation indicating novel effects of conceptus sex and genetics on maternal mineral 

metabolism, liver function and thyroid status. This highlights the importance of considering 

both conceptus sex and genetics as factors that impact maternal physiology. Our results also 

show that the effects of conceptus sex and genetics on maternal parameters occur in a 

maternal genetics dependent manner, indicating dynamic bidirectional communication 

between the fetus and mother that influences maternal ability to support pregnancy and 
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program prenatal growth and postnatal phenotype. Further studies are needed to better 

understand genetic and epigenetic mechanisms through which conceptus genes may alter 

maternal physiology. 
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Prenatal growth is affected by maternal, placental and fetal factors that interact to program 

fetal growth and postnatal phenotype. The domestic cow, Bos taurus, is an important 

agricultural species and biomedical model that carries a singleton fetus with a comparable 

growth rate and gestation length as human. This study used Bos taurus taurus (Angus, Bt) and 

Bos taurus indicus (Brahman, Bi) cows, and their purebred and reciprocal cross concepti, to 

examine clinico-chemical parameters in fetal fluids and maternal blood at two critical 

developmental time points: the early gestational stage (Day 48) and midgestation (Day 153). 

The data generated provides fundamental information regarding fetal fluid clinico-chemical 

parameters and their relationships with conceptus phenotype and dissects maternal and 

paternal genome effects, fetal sex and non-genetic maternal effects on fetal fluid parameters. 

Additionally, we assessed clinico-chemical parameters in maternal blood, and their 

relationship with placenta/embryo weights, and used maternal clinico-chemical and endocrine 

parameters at midgestation to investigate the effects of conceptus sex and genetics on 

maternal physiology.  

 The importance of proper index references during pregnancy 

Pregnancy is associated with physiological changes that impact on concentrations of maternal 

blood parameters over the gestational period (Donangelo & Bezerra 2016; Hadden & 

McLaughlin 2009; Larsson et al. 2008). The aim of the first study (Chapter 3) was to measure 

clinico-chemical parameters including electrolytes, metabolites, and enzymes in maternal sera 

of Bos taurus taurus (Angus, Bt) and Bos taurus indicus (Brahman, Bi) cows and examine 

their relationships with embryo/feto-placental weights in early and midgestation. Differences 

in maternal electrolytes including calcium, magnesium and sodium between Bt and Bi dams 

were in disagreement with a previous study in Bt and Bi lactating cows (Cole, Brown & 

Phillips 2001), suggesting differences in maternal mineral metabolism during pregnancy. 

Further, our study showed that Bt cows had higher lactate and ALT in early gestation, 

whereas Bi dams had higher creatinine, glucose, triglycerides and GLDH and ALP serum 

activity in midgestation, confirming previous reports of breed differences in serum/plasma 
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metabolites between Bt and Bi cows in late gestation and lactation (Obeidat et al. 2002), and 

in lactating cows (Cole, Brown & Phillips 2001). Differences in serum metabolites and 

enzyme activity suggest differences in maternal liver function between Bt and Bi dams during 

pregnancy. The significance of breed differences in maternal serum parameters on conceptus 

growth was demonstrated by the significant relationships between maternal parameters and 

placental and/or embryo/fetal weights at both gestational stages. Similarly, significant breed 

differences in maternal creatinine, which is a kidney function indicator (Silva et al. 2012), and 

its negative relationships with conceptus phenotype in midgestation suggest breed differences 

in kidney function that may have an impact on conceptus growth. Our study is the first to 

determine breed differences in clinico-chemical parameters of maternal blood of Angus and 

Brahman at early and midgestation in well-defined genetic backgrounds and under controlled 

environment factors. This study highlights the need for genetic-based reference values during 

pregnancy, supported by our results presented in Chapter 6, where conceptus sex and genetic 

effects on maternal serum parameters were found to occur in a maternal genetic-dependent 

manner. In this study, several correlations between maternal parameters and conceptus 

phenotype were approaching significance (P < 0.10) which is likely due to the sample size, 

especially in early gestation, where there were only five Bi dams. It would be interesting to 

assess breed effects on maternal blood parameters in a bigger data set. A recent study showed 

that Bt cows experienced greater pregnancy failure when nutrient restricted during early 

gestation than Bi cows (Fontes et al. 2019). Thus, a proper index for maternal parameters 

based on maternal genetic background remains a great need, to allow better maternal health 

monitoring during pregnancy. Further, having insight into changes in clinico-chemical 

parameters in Bt and Bi healthy pregnancies adds to understanding genetic and physiological 

mechanisms that impact the trajectory of prenatal growth in the bovine model. 
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 Clinico-chemical parameters of fetal fluids: Stage- and genetic-specific 

differences 

In Chapter 4, we provided fundamental information and reference values for key clinico-

chemical parameters in embryo/fetal fluids of Bt and Bi concepti at important developmental 

time points: early gestation at Day 48, the transition from embryo to fetus and a major 

predicting period of fetal and postnatal growth (Burns et al. 2018), and midgestation, Day 

153, the beginning of accelerated fetal growth (Ferrell 1989). Amniotic fluid electrolytes, 

glucose and lactate were similar in both stages, but other allantoic and amniotic fluids 

parameters showed stage-specific differences. Some of our results were inconsistent with the 

most recent study in cattle, including calcium, phosphorus, potassium, creatinine, total 

protein, urea and the activity of all studied enzymes in both fetal fluids (Tabatabaei & 

Mamoei 2011). This inconsistency might be influenced by differences in study design, as 

Tabatabaei and Mamoei (2011) used samples from an abattoir with indefinite conceptus age, 

different genetic background and nutritional status. However, our values were comparable to 

(Li et al. 2005) who evaluated concentrations of fetal fluid electrolytes and metabolites at 

similar gestation stages, Day 50 and Day 150 of gestation, emphasizing the significance of 

stage-specific effects on the concentration of fetal fluids parameters. Significant relationships 

(Chapter 5) were seen between fetal fluid parameters and conceptus phenotypes in early and 

midgestation, further supporting the importance of studying fetal fluid parameters at well-

defined time points. 

The present study identified significant subspecies differences in clinico-chemical 

parameters of fetal fluids in Bt and Bi concepti, mostly seen in midgestation. In early 

gestation, differences were mostly observed in fetal fluid electrolytes, whereas at 

midgestation subspecies differences were widely seen in fetal fluid electrolytes as well as in 

allantoic fluid metabolites and amniotic fluid enzyme activity of AST and GGT. Significant 

parental genomes and parental genome by sex interaction effects on fetal fluid parameters in 
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Bt and Bi purebred and reciprocal cross concepti in early and midgestation were also found in 

(Chapter 5) and by using a different statistical modelling approach for assessing effects of 

fetal genetics and sex (see Appendix 3), demonstrating the importance of considering fetal 

genetics as a factor that contributes to differences in fetal fluid parameters. Interestingly, the 

study of Li et al. (2005) used Bos taurus (Friesian) concepti, which could contribute to the 

observed similar concentrations in fetal fluid parameters with this study. 

Conceptus sex had fewer effects on allantoic and amniotic fluid parameters in 

purebred Bt and Bi concepti (Chapter 4), but sex effects on fetal fluid parameters were 

significantly evident (Chapter 5) in both gestational stages where we used the four genetic 

groups. The lack of sex effects reported in Chapter 4 may be due to smaller data size 

compared to data presented in Chapter 5, where reciprocal crosses were included. Sex 

differences probably represent differences in sex-specific epigenetic mechanisms, which 

would be more evident between reciprocal crosses (Dillon et al. 2015). By using a different 

approach in Chapter 5 that included reciprocal crosses and non-genetic maternal effects in 

our model, we were able to identify conceptus sex and parental genome by sex interaction 

effects as well as parental genomes and sex by maternal weight interaction effects on fetal 

fluid parameters. Collectively, stage-specific genetic- and sex-specific differences in fetal 

fluid parameters (Chapters 4 and 5) demonstrate the need for well-defined stage-, genetic- 

and sex-specific experiments and emphasis the need to incorporate these factors when 

conducting prenatal screening using amniocentesis. 

 The missing link: the significant role of fetal fluids in bovine prenatal 

growth  

An important aim of our study was to investigate the importance of fetal fluids for 

embryo/fetal growth in the bovine model in early gestation and midgestation (Chapter 5). We 

used regression and Pearson and correlation coefficients to evaluate the relationships between 

selected allantoic and amniotic fluid parameters and conceptus phenotype, including Placenta 
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fetalis weights and embryo weight in early gestation, and Placenta fetalis and fetal weight, 

absolute and relative organ weights, and total muscle and total bone weights in midgestation. 

The potential nutritive role of allantoic fluid for the developing placenta and embryo 

was suggested by positive relationships between Placenta fetalis and embryo weights and 

allantoic fluid glucose concentration. Embryonic weight was also positively related to 

allantoic lactate level and approaching significance to be positively related to allantoic fluid 

total protein. In the same embryonic resources, the role of haemotrophic nutrition for early 

embryonic growth has been reported to be evident due to the significant positive relationship 

of embryo weight with placental and umbilical cord weights in early gestation (Estrella et al. 

2017). However, our results suggest that histotrophic nutrition from surrounding allantoic 

fluid remains important for early placental and embryonic development. Further, significant 

positive relationships were also seen between allantoic ionised calcium and embryo weight, 

and allantoic fluid sodium and Placenta fetalis weights in early gestation. Calcium is involved 

in several important cellular processes, such as intracellular signalling, cell proliferation 

(Pinto et al. 2015) and migration (Minton 2014), and thus can influence early embryonic 

growth. Similarly, sodium is important for transplacental water flux, which is essential for 

normal conceptus growth (Sulyok 2012), as well as for the transport of key nutrients for 

embryo/fetal growth, including glucose (Zhao & Keating 2007) and amino acids (Jansson 

2001). Interestingly, in this study, we found similar relationships between embryo weight and 

maternal serum concentration of ionised calcium, and Placenta fetalis weight and maternal 

serum sodium level in early gestation (Chapter 3) highlighting the importance of maternal 

supply of these electrolytes during early embryonic development. 

In midgestation, amniotic fluid appeared to have a more significant role for fetal growth than 

allantoic fluid, as evident from significant relationships between amniotic fluid parameters 

and conceptus phenotype at this stage (Chapter 5). Amniotic fluid glucose and lactate were 

positively related to relative weights of fetal liver and heart. Fetal liver metabolizes a large 
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amount of lactate in ovine (Apatu & Barnes 1991). As fetal liver has no net glucose 

production (Hay 1995), the observed positive relationships between amniotic metabolites and 

fetal organ weights suggest potential utilization of amniotic fluid substrates by developing 

fetal organs in midgestation. The nutritive role of amniotic fluid for fetal organ growth in 

midgestation was further supported by negative relationships between amniotic fluid total 

protein and relative fetal liver and heart weights. Unlike glucose, which is transported by 

active transport and depends on maternal-fetal glucose concentration gradient, amniotic fluid 

proteins are completely made by conceptus tissue, as only amino acids are actively 

transported across the placenta from maternal blood (Fowden 2001). Thus, unlike glucose, 

proteins cannot be restored rapidly from the maternal system, which may influence the 

observed negative relationships of total protein in this study. In humans, total protein 

concentration in amniotic fluid in midgestation has been negatively associated with infant 

weights at birth, likely due to increased amniotic fluid swallowing (Tisi, Emard & Koski 

2004). Similarly, lower amniotic fluid total protein concentrations seen in concepti with Bi 

paternal genome and males, which are reported to have higher weight at birth, may reflect 

increased amniotic fluid protein uptake and turnover by these concepti in midgestation. The 

nutritive value of swallowed amniotic fluid has been demonstrated in several species: rabbit 

(Mulvihill et al.1985), ovine (Trahair & Sangild 2000), and more recently human (Bagci et al. 

2016). In bovine, the composition of amino acids in the fetal stomach was found to be highly 

correlated with their concentration in the amniotic fluid at Day 190 of gestation (Baetz, 

Hubbert & Grahma 1975). A recent systematic review and meta-analysis combining human 

and animal studies showed beneficial effects of arginine and (N-Carbamoyl) glutamate on 

fetal and birth weights (Terstappen et al. 2020). It would be interesting to examine fetal fluid 

amino acids, especially glucogenic amino acids such as alanine, glutamine, and glutamate and 

amino acids in the urea cycle such as arginine and their relationships with feto-placental 

phenotype in the bovine model to better understand the observed relationships in this study. 

However, our study is the first to show the relationships of individual nutrients within 
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amniotic fluid to fetal organ weights, demonstrating their significance for fetal growth and 

development.  

Interesting relationships were also seen between amniotic fluid electrolytes and 

conceptus phenotype in midgestation. Amniotic fluid Na/K ratio showed significant 

relationships with fetal weight and total amniotic and allantoic fluid weights (Chapter 5). 

These results are consistent with the established association between fetal weight and fetal 

fluid volume (Anthony et al. 1986; Eley et al. 1978; Prior & Laster 1979). Our results 

highlight the significance of amniotic fluid water and solute fluxes for fetal growth, 

potentially by providing greater nutrient resources. In the bovine model, hybrid vigour in 

birthweight (Brown, Tharel, et al. 1993) is linked to similar vigour in fetal fluid volume 

(Fitzsimmons et al. 2008). Our study supports this observation and the need for further study 

to determine the mechanisms that regulate water and solute fluxes in the bovine model, such 

as intramembranous flow. Further, our results suggest that fetal fluids might provide a 

calcium pool that facilitates increased fetal and bone development in midgestation. The 

potential utilization of fetal fluid calcium by the fetus is supported by a noticeable decrease in 

allantoic fluid calcium concentration between early and midgestation (Chapter 4), and 

significant relationships between fetal fluid calcium levels and conceptus phenotype including 

fetal weight and total bone and muscle weights in midgestation (Chapter 5). 

In this study, amniotic AST activity was positively related to fetal weight, Placenta 

fetalis weight, combined muscle weight and organ weights in midgestation, which is in 

agreement with the early suggestion by (Mohamed & Noakes 1985) who suggested that the 

progressive increase in AST activity in bovine amniotic fluid was due to an increase in 

functionality of fetal organs. In this study, no correlations were observed with activity of other 

enzymes in both fetal fluids, probably because we did not test the activity of all different 

isozymes, for example ALP, or because of multiple sources for the same isozyme, such as 

GGT, which might originate from fetal membranes, fetal liver and fetal kidney.  
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Part of our hypothesis is that fetal fluids are a potential medium for feto-maternal 

interactions, thus assessment of fetal fluid and maternal blood would provide a better picture 

of factors that influence prenatal growth. However, fetal fluids are complex and not a result of 

simple filtration from maternal blood, which justifies why, to a large extent, few correlations 

could be observed between maternal serum and fetal fluid parameters in this study. 

Correlations of detected parameters between maternal serum and allantoic and amniotic fluids 

are presented in supporting information (Appendix 4). Given the nature of our data, we could 

not fully answer this question, but overall, determining effects of genetics and sex on maternal 

blood and fetal fluids identifies potential areas important to prenatal growth needing further 

investigation. For example, the potential significance of lactate metabolism in early gestation 

was demonstrated by positive relationships between lactate levels in maternal serum 

(Chapter 3) and fetal fluids (Chapter 5) with placental weight and/or embryo weights. 

Information about lactate production in early gestation is lacking, but uteroplacental lactate 

production in late gestation accounts for 4.69 ±0.49 mg/kg/min of lactate that enters fetal and 

maternal circulation (Comline & Silver 1976). Further, lactate levels were significantly higher 

in Bt maternal serum (Chapter 3) and in fetal fluid of concepti with Bt maternal genome in 

early gestation (Chapter 5), likely due to differences in uteroplacental lactate production, 

representing differences in placental phenotype between these subspecies. Moreover, in early 

gestation lactate production could be related to the placental hypoxic environment, which is 

essential for early placental development (Adelman et al. 2000; Aplin 2000; Genbacev et al. 

1996). Oxygen is an important component of the uterine environment that have important 

roles in regulating in ruminant preimplantation embryonic development, particularly through 

the regulation of metabolism (Harvey 2007). However, there is a paucity of information on 

oxygen level in early gestation in bovine concepti. Despite anatomical differences between 

ovine and human placenta, data demonstrate that placental oxygen consumption, transfer, and 

fetal oxygen consumption rates are similar between these species. Further investigation is 

needed to determine whether similar hypoxic conditions occur in epitheliochorial placenta 
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and genetic regulation of uteroplacental lactate production in early gestation, such as hypoxia 

inducible factor-1 α, which recently reported to be increased in hypoxic bovine endometrial 

epithelial cells model (Wu et al. 2018). Another limitation of this study is that we did not 

analyse fructose concentrations in fetal fluids due to the unavailability of this test in the 

laboratory. Fructose and lactate are by-product of glucose metabolism by the placenta that 

directly depend on placental glucose supply (Hay 1995). The role of fructose remains unclear, 

but it may prevent glucose loss to the mother, as fructose does not transported into maternal 

blood. Although, glucose and lactate are the major substrates for bovine fetal growth that 

account for 90% of total fetal oxidative metabolic requirements together (Fowden, A. L. 

2001), studying the relationships of fetal fluid fructose would give us better understanding of 

placental/fetal substrate metabolism during early and midgestation.  

Similarly, calcium is important during gestation because it is involved in cell-to-cell 

adhesion, implantation and placentation (Wu, Imhoff-Kunsch & Girard 2012). Our results 

demonstrate significant relationships of maternal and fetal fluid calcium levels with placental 

and/or fetal weights in early and midgestation (Chapter 3 and 5), respectively. At the genetic 

level, calcium in maternal serum differed between Bt and Bi dams at both gestational stages 

(Chapter 3). Similarly, in fetal fluids, calcium levels showed subspecies differences 

(Chapter 4), parental genomes and sex effects (Chapter 5) and were significantly affected by 

interaction effects between paternal genome and non-genetic maternal factors (Chapter 5). 

Further, maternal serum calcium levels were affected by conceptus sex and genetic effects 

(Chapter 6), suggesting fetal-maternal bidirectional interactions that regulate calcium 

resources between maternal and fetal systems. Thus, understanding the molecular basis of 

factors that regulate placental calcium transfer and maternal mineral metabolism, such as 

intracellular Ca-binding proteins and parathyroid hormone related proteins, could be new 

areas for further investigation in the bovine model.  
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Collectively, our study is the first to describe the relationships between clinico-

chemical parameters of allantoic and amniotic fluid and conceptus phenotype in early and 

midgestation, which allows better understanding of the role of allantoic and amniotic fluid in 

prenatal growth of bovine concepti and open new potential areas for research in the bovine 

model.  

 Effects of parental genome, fetal sex and non-genetic maternal factors 

on clinico-chemical parameters of fetal fluids in early and midgestation 

Effects of maternal and paternal genome, fetal sex and non-genetic maternal factors on 

clinico-chemical parameters of fetal fluids were described in Chapter 5. Our data show 

developmental stage-specific effects of parental genomes on clinico-chemical parameters of 

fetal fluids, reflecting the dynamic and evolving process of genomic imprinting during 

gestation (Nelissen et al. 2011). Stronger effects of parental genome were observed on 

allantoic fluid parameters in early gestation, whereas, in midgestation parental genome mostly 

affected amniotic fluid parameters, reflecting the significance of these compartments to fetal 

growth at these different stages. 

7.4.1 Maternal genome effects 

We identified greater maternal genome effects on allantoic fluid parameters in early gestation, 

reflecting the significance of placental phenotype and maternal environment in early 

embryonic development. In amniotic fluid, maternal genome effects were also evident, but 

several parameters showed significant parental genome and/or sex interaction effects, 

reflecting fetal influence. This is in agreement with significant maternal effects on early 

growth in mice reported using QTL mapping (Wolf et al. 2002). Predominant maternal effects 

on the majority of fetal fluid parameters in early gestation likely represent maternally 

expressed genes that influence placental phenotype and functions via imprinting, such as 

ASCl2, Phlda2, H19, Grb10, Igf2r and Slc22a3 (Nelissen et al. 2011; Smith, Garfield & Ward 

2006) that favours maternal and offspring coadaptation (Wolf & Hager 2006). Predominant 
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maternal genome effects on allantoic fluid electrolytes, especially Na/K ratios, at both stages 

represented maternal genome control over placental transfer. Whereas maternal genome 

control of fetal fluid substrates in early gestation, including allantoic fluid lactate and 

amniotic fluid glucose, provided evidence of early maternal genome control on conceptus 

substrate metabolism and energy production, which was mirrored by significant relationships 

with embryo/Placenta fetalis weights. Early gestational nutrition can alter DNA methylation, 

which in turn can impact prenatal growth and postnatal phenotype (Waterland & Jirtle 2004). 

Our results suggest maternal control over placental transfer and substrate metabolism in early 

gestation, which might contribute to reported differences in conceptus phenotype at early and 

midgestation (Ferrell 1991; Fontes et al. 2019; Mercadante et al. 2013; Xiang et al. 2014), 

birth weights (Brown, Tharel, et al. 1993) and postnatal phenotype (Brown, Brown, et al. 

1993) between Bt and Bi carried concepti/calves.  

7.4.2 Paternal genome effects 

Paternal gnome effects were more evident in midgestation than early gestation, especially on 

amniotic fluid parameters, which is likely because parent-of-origin effect is not established 

completely in early gestation (Nelissen et al. 2011). The paternal genome influence on 

nutrient resources in fetal fluid was supported by several predominant paternal genome effects 

on fetal fluid parameters. Paternally imprinted genes, which are expressed in a parent-of-

origin manner, have an important role in regulating nutrient resources between mother and 

fetus in response to parental conflict-of-interest hypotheses, in an attempt to promote fetal 

growth (Constância, Kelsey & Reik 2004; Haig 1993; Moore & Haig 1991). In early 

gestation, the paternal genome showed predominant effects on allantoic fluid phosphorus and 

calcium/phosphorus ratio as well as alkaline phosphatase, an enzyme produced by the 

placenta and bone, and involved in mineral absorption and metabolism, reflecting the early 

contribution of paternal genome to bone development. Along with the contribution of 

phosphorus to bone formation, phosphorus is involved in ATP production, cell signalling and 
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during pregnancy it is important for embryonic survival, energy metabolism and fetal growth 

and development (Wu, Imhoff-Kunsch & Girard 2012). 

In midgestation, the paternal genome showed predominant effects on glucose levels in 

amniotic fluids, which was related to relative fetal liver and heart weights. Paternal genome 

by maternal weight interaction effects on amniotic fluid glucose concentrations potentially 

represent effects of important paternally expressed genes, such as IGF2 and Peg3 which 

promote fetal and placental growth and have central roles in placental nutrient transfer  

(Fowden et al. 2006; Frost & Moore 2010; Nelissen et al. 2011) and are possibly able to 

influence maternal physiology (Charalambous, Da Rocha & Ferguson-Smith 2007; Petry et 

al. 2011). Paternal genome or/and paternal genome by maternal weight interaction effects 

were also seen on allantoic fluid creatinine and amniotic fluid creatinine, total protein and 

urea in midgestation. Both total protein and urea were related to the relative fetal liver and 

heart weights, suggesting paternal genome control over fetal liver development and function 

in midgestation. Amniotic fluid proteins contain growth factors and cytokines that can affect 

cellular growth and proliferation (Tong 2013) and are associated with birth weights in human 

pregnancy (Tisi, Emard & Koski 2004). Thus, paternal genome influence on amniotic fluid 

glucose and total protein is critical for fetal growth, and might contribute to the reported 

reciprocal differences and hybrid vigour in birth weight of calves with Bi paternal genome in 

this model.  

Paternal genome effects on amniotic fluid nutrient resources are further supported by 

the influence of the paternal genome on amniotic fluid electrolytes and their relationships 

with fetal weight. The effects of paternal genome on Na/K ratio was parallel with the paternal 

genome effect on total fetal fluid weight (Xiang, Estrella, et al. 2014) with a strong correlation 

between both parameters, suggesting a significant paternal genome influence on amniotic 

fluid water and nutrient resources. In the bovine model, total fetal fluid weights showed polar 

overdominance of paternal genome Bi, which may contribute to the heterosis effect in Bi x Bt 



255 

concepti (sire listed first) (Fitzsimmons et al. 2008). Therefore, determining factors 

responsible for paternal genome effects on amniotic fluid volume and solute homeostasis is 

important in order to understand their contribution to fetal growth. Amniotic volume and 

solute homeostasis is primarily regulated by modulation of intramembranous flow rate (Brace 

& Cheung 2014), thus further studies are need to investigate the molecular basis of factors 

that may influence intramembranous flow rate in the bovine model, such as vascular 

endothelial growth, which is involved in regulation of vesicular transcytosis (Bogic, Brace & 

Cheung 2001; Brace & Cheung 2014), and aquaporin water channels, which are involved in 

regulation of passive intramembranous transportation of water (Brace & Cheung 2014). 

7.4.3 Interaction effects of parental genomes 

Significant interaction effects of parental genomes were observed in allantoic and amniotic 

fluids parameters, reflecting genomic imprinting that leads to manifestation of parent-of-

origin effects (Lawson, Cheverud & Wolf 2013). Based on genomic imprinting patterns 

described in mice by Wolf et al. (2008), our results showed several patterns that follow the 

expected patterns produced from expression of parent-of-origin dependent monoallelic 

expression of a single gene. In early gestation, allantoic magnesium showed polar 

underdominance of paternal genome Bi, whereas total protein showed polar overdominance 

of paternal genome Bt. At midgestation, polar underdominance of paternal genome Bt was 

seen for lactate. These different polar dominance effects on fetal fluid parameters of Bi x Bt 

and Bt x Bi (paternal genome listed first) may represent differences in growth trajectories that 

lead to the reciprocal differences in birth weights (Brown, Tharel, et al. 1993; Riley et al. 

2007). In this study, several phenotypic expression patterns were not consistent with 

imprinting patterns described in the mouse model (Wolf et al. 2008). Parental genome 

interactions that were seen for allantoic creatinine and amniotic fluid magnesium in early 

gestation, and on amniotic fluid enzyme activity of ALP and AST in midgestation showed 

unexpected patterns, where observed differences were mostly seen between purebred and 

hybrid crosses. These unexpected patterns may be caused by differences in (epi)genetic 
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mechanisms between mice and bovine, or may be due to multiple potential sources of fetal 

fluid parameters (Brace 1994), which would represent different (epi)genetic regulating 

mechanisms for different sources. 

7.4.4 Conceptus sex effects and parental genome by conceptus sex interactions effects 

We identified significant conceptus sex effects and parental genomes by sex interaction 

effects on allantoic and amniotic fluid parameters at both stages. In early gestation, sex 

affected fetal fluid metabolites, including allantoic fluid creatinine and lactate and amniotic 

fluid glucose and lactate, suggesting early sex-specific differences in placental metabolism. 

Parental genomes by sex interaction effects were mostly seen in amniotic fluid parameters in 

early and midgestation reflecting fetal influence, and representing the complexity of amniotic 

fluid electrolyte exchange and homeostasis at both stages. Our results emphasize the role of 

sex-specific epigenetic mechanisms in the reported reciprocal differences in the bovine model 

(Dillon et al. 2015), which may involve intralocus sexual imprinting that favours different 

alleles in males and females (Day & Bonduriansky 2004), and sex-dependent imprinting 

effects (Hager et al. 2008), and sex-specific parent-of-origin allelic effects associated with X-

chromosome inactivation (Gregg et al. 2010). The observed sex-specific differences in fetal 

fluid parameters may also reflect sexually dimorphic developmental adaptation strategies for 

prenatal growth (Clifton 2010). 

7.4.5 Non-genetic maternal effects and their interactions with paternal genome and 

conceptus sex effects 

We identified significant non-genetic maternal effects on allantoic and amniotic fluid 

parameters in both gestational stages. Environmental factors could influence maternal 

phenotype and contribute indirectly to maternal effects beyond direct inheritance of alleles 

(Wolf et al. 1998). This study was conducted under standardized conditions after an 

adjustment period of three to four weeks before commencement of the experiment. Thus, the 

observed non-genetic maternal effects are caused by prior environmental factors that may 
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have affected dam feeding habit and/or maternal physiological state and ability to adapt to 

pregnancy not erased during the adjustment period. The significant effects of final maternal 

weight on glucose and total protein levels in amniotic fluid at both studied stages, reflects the 

importance of non-genetic maternal effects in prenatal growth in bovine. 

Interestingly, we identified several interaction effects between paternal genome and 

conceptus sex by final maternal weight on fetal fluid parameters. Our results demonstrated the 

unequal sex- and paternal genome-specific effects on fetal fluids parameters of concepti from 

dams with different weights. The observed paternal by final maternal weight interaction 

effects were seen on amniotic fluid glucose and minerals, and likely represent (epi)genetic 

and non-genetic factors that interact to control maternal resources. These results support the 

hypothesis of fetal-maternal conflict in allocating maternal resources (Moore & Haig 1991), 

where paternal genes extract the maximum amount of maternal resources to promote fetal 

growth, while maternal genes restrain resources to the mother’s benefit (Constância, Kelsey & 

Reik 2004; Haig 1993). Whereas, the significance of conceptus sex by maternal weight 

interaction effects on fetal fluid phosphorus, total protein, urea and GGT represent sex-

specific adaptive fetal growth strategies (Clifton 2010; Eriksson et al. 2010) and sexually 

dimorphic adaptations in maternal physiology (DiPietro et al. 2011; Giesbrecht et al. 2015; 

Walsh et al. 2015; Xiao et al. 2014). Thus, our results may represent (epi)genetic and non-

genetic interaction effects, where sex-specific imprinted genes act to govern maternal nutrient 

partitioning between maternal and fetal compartments by influencing maternal physiology. 

This is consistent with our results (Chapter 6), which showed significant conceptus sex and 

genetic influence on maternal mineral metabolism and liver and thyroid function in 

midgestation. Our study highlights the complex interactions between (epi)genetic and non-

genetic maternal factors that influence fetal fluid parameters and regulate conceptus-maternal 

glucose, minerals and protein metabolism, and provides a base for further proteomic and 

molecular studies in the bovine model to identify factors involved in feto-maternal 

bidirectional dialogue. 
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 Sex-and genetic-specific feto-maternal bidirectional dialogue in bovine 

pregnancy 

Feto-maternal bidirectional dialogue is becoming increasingly recognized during pregnancy 

(Clifton et al. 2012; Glynn & Sandman 2011), yet few studies have focused on the mother as 

a recipient of signals from the fetus. We designed an experiment with purebred and reciprocal 

cross Bos taurus taurus and Bos taurus indicus concepti to examine effects of conceptus sex 

and genetics on maternal circulating electrolytes, metabolites, enzymes, insulin-like growth 

factors and thyroid hormones at Day 153of gestation. This is an important developmental time 

point where the fetus enters the accelerated growth phase (Ferrell 1989), but fetal demand is 

still relatively minor compared to late gestation. Our results showed that conceptus sex and 

genetics affect maternal mineral metabolism, liver function and thyroid status in a maternal 

genetics dependent manner at midgestation. 

Conceptus sex had greater influence than conceptus genetics on maternal parameters 

and affected maternal minerals including calcium and Ca/P in Bt and calcium levels Bi dams 

and metabolites including triglycerides in Bt dams and glucose and GLDH serum activity in 

Bi dams as well as maternal hormones including total thyroxine in Bi and Bt dams, free 

thyroxine in Bt dams and tended to affect free thyroxine and IGF1 in Bi dams. These results 

extend prior observations of sex-based maternal differences in human pregnancy, including 

maternal cortisol regulation (DiPietro et al. 2011; Giesbrecht et al. 2015), glycaemic control 

and blood pressure (Hocher et al. 2009; Petry, Beardsall & Dunger 2014; Petry, Ong & 

Dunger 2007) and maternal inflammatory immune function (Mitchell, Palettas & Christian 

2017). The effects of conceptus sex on maternal parameters are consistent with sexually 

dimorphic developmental adaptation strategies that regulate fetal growth and are proposed to 

be mediated by sex specific function of human placenta (Clifton 2010). Epigenetic regulation 

through random X-chromosome inactivation (Pessia et al. 2012), and genomic imprinting, by 

the mean of the intralocus sexual conflict hypothesis (Day & Bonduriansky 2004) that are 
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responsible for sex-specific differences in growth strategies in the bovine model (Dillon et al. 

2015), may also influence sex-specific effects on maternal physiology. 

Our finding of effects of conceptus genetics on maternal parameters was novel, as 

evidence for fetal genetic effects on maternal physiology is lacking (Lowe et al. 2016; Petry, 

Beardsall & Dunger 2014). Effects of conceptus genetics on maternal blood parameters were 

mostly seen in Bi dams of, including calcium, total protein, globulin, ALT and total 

thyroxine, while only GLDH was affected by conceptus genetics in Bt dams. Epigenetic 

mechanisms that program fetal growth, including genomic imprinting, X-chromosome 

inactivation and Y-chromosome inheritance (Haig 1993; Tilghman 1999; Wolf & Hager 

2006), may also influence physiological changes that occur in the mother. Imprinted genes 

subject to epigenetic mechanisms, such as Peg3 and Dio3, may act coordinately to regulate 

fetal resource acquisition and maternal resource allocation (Charalambous, Da Rocha & 

Ferguson-Smith 2007). Our results showed that Bi dams may be more vulnerable to 

epigenetic mechanisms that attempt to optimize fetal growth than Bt dams, suggesting that the 

Brahman X chromosome may be responsible for part of the imprinting genetic effects 

observed in this study. Further investigation is needed to determine genetic mechanisms 

causing genetic-specific differences in maternal blood parameters.  

Further, our results show that the effects of conceptus sex and genetics on maternal 

parameters occur in a maternal genetics dependent manner, which adds a layer of complexity 

to bidirectional dialogue between fetus and mother. These results were consistent with several 

human studies that showed maternal genome dependent effects of fetal sex on maternal 

physiology (Hocher et al. 2009; Hocher et al. 2011; Hocher et al. 2010). Significant breed 

differences were seen between Bt and Bi dams in concentration of ionised and total calcium, 

glucose, triglyceride and GLDH in maternal serum in midgestation (Chapter 3), which likely 

contributes to the observed sex- and genetic-specific differences between Bt and Bi dams in 
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this study. Our results support the concept that conceptus sex and genetic effects should be 

studied in context of defined maternal genetic background.  

Our novel findings of conceptus sex and genetic effects on maternal parameters 

support the concept of dynamic bidirectional dialogue between fetus and mother that 

influences maternal ability to support pregnancy and program prenatal growth. Yet, endocrine 

and molecular mechanisms that influence feto-maternal bidirectional dialogue need to be 

investigated. The secretion of hormones and cytokines by the placenta and their effect on 

maternal physiology during pregnancy are well-recognized (Newbern & Freemark 2011). 

However, evidence of sexually dimorphic release of feto-placental products into maternal 

circulation comes only from common complications of pregnancy, such as asthma (Clifton & 

Murphy 2004) and gestational diabetes mellitus and pregnancy-induced hypertension (Petry 

2010; Petry, Beardsall & Dunger 2014). Our results provide evidence of conceptus sex and 

genetic effects on maternal parameters in normal pregnancy. We propose that conceptus 

products under regulation of sex- and genetic-specific (epi)genetic mechanisms can influence 

maternal physiology during pregnancy to enhance nutrient supply and support fetal growth. 

Several pathways that can mediate sex-specific developmental differences in fetal growth, 

including steroid and growth factor pathways (Clifton 2010) are potential mechanisms for 

conceptus effects on maternal physiology that need more study in the bovine model. Further, 

the passing of conceptus derived products in the form of cells, placental microparticles and 

placental exosomes into maternal circulation with a potential role in altering maternal 

physiology (Clifton et al. 2012) would be novel areas of future investigation. 
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 General conclusion  

This study was carried out in the major cattle subspecies Bos taurus taurus (Bt) and Bos 

taurus indicus, which are important for Australian agriculture and as biomedical models for 

prenatal growth in the early gestational stage (Day 48) and midgestation (Day 153), providing 

fundamental information regarding maternal blood and fetal fluid clinico-chemical parameters 

and their relationships with conceptus phenotype. We determined parental genome effects and 

effects of fetal sex and non-genetic maternal factors on clinico-chemical parameters of fetal 

fluids to better understand genetic regulation and contribution to embryo/fetal growth and 

development. In addition, this study investigated the effects of conceptus sex and genetics on 

maternal clinico-chemical and endocrine parameters in midgestation (Day 153).  

Results showed breed differences in maternal serum electrolytes, metabolites and 

enzyme activity and their relationships with placental and embryo/fetal weights, providing 

evidence of breed effects on maternal mineral metabolism, and liver and kidney function, that 

can impact conceptus growth. In fetal fluids, stage- and genetic-specific differences were seen 

in clinico-chemical parameters of amniotic and allantoic fluids, where subspecies differences 

in fetal fluid parameters likely reflect differences in conceptus phenotypes. Our data show 

developmental stage-specific effects of parental genomes on clinico-chemical parameters of 

fetal fluids. Greater maternal genome effects on allantoic fluid in early gestation reflect the 

significance of intrauterine environment and placenta for early embryonic development and 

maternal-offspring coadaptation. Paternal genome and maternal by paternal genome 

interactions exert stronger effects on amniotic fluid parameters at both stages, reflecting the 

greater influence of the fetus and (epi)genetic regulation in line with the conflict-of-interest 

hypothesis. Conceptus sex had strong effects on fetal fluid metabolites in early gestation, 

while parental genome by sex interactions affected amniotic fluid parameters at both 

gestational ages. Furthermore, paternal genome and sex interacted with non-genetic maternal 

effects to affect fetal fluid parameters at both stages. Significant relationships between 

maternally controlled allantoic fluid parameters and embryo-placental weights indicate 
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critical roles of allantoic fluid for embryonic development. At midgestation, paternally 

controlled amniotic fluid Na/K ratio showed significant relationships with fetal weight and 

fetal fluid volume, suggesting a paternal influence on amniotic fluid water and nutrient 

transfer. Significant relationships between fetal fluid parameters and conceptus phenotype 

suggest internal uptake of fetal fluid parameters by the developing embryo/fetus. Our 

maternal data showed that conceptus sex and genetics affected maternal physiology in a 

maternal genetics dependent manner by influencing key parameters of maternal mineral 

metabolism, liver function and thyroid status.  

In conclusion, this study provides fundamental information regarding clinico-chemical 

parameters of maternal blood and fetal fluids in Bt and Bi concepti in early and midgestation. 

Results support the hypothesis that clinico-chemical parameters of fetal fluids are affected by 

parental genomes, conceptus sex and non-genetic maternal effects. The significant 

relationships between fetal fluid parameters with conceptus phenotype demonstrate their vital 

roles in prenatal growth. This study highlights the importance of considering conceptus sex, 

genetics and maternal genetics as factors that impact maternal physiology, demonstrating the 

need for maternal genetic background-specific assessment. 
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Supplementary tables 

Supplementary Table 4.1 Estimated means and SEM are shown with R-squared values of general linear models (Type III 

sums of squares) and significance (P-value) of models and effects of genetics and sex. 

 

Conceptus phenotypes Genetics 
is 

Sex 
is 

Models 
is 

Factors 

Bos t. taurus Bos t. indicus   Male Female     Genetics Sex 

Means ± SEM  Means ± SEM  R2 P-value  P-values 

Early gestation, Day 48            

Numbers  19 6  14 11       

Embryo weight (g) 3.7 ± 0.1 2.8 ± 0.1  3.4 ± 0.1 3.1 ± 0.1  0.64 <0.001  <0.001 0.027 

Placental weight (g) 43.1 ± 2.9 37.3 ± 5.0  39.8 ± 4.7 40.6 ± 3.9  0.04 0.609  0.326 0.876 

Midgestation, Day 153             

Numbers  23 15  15 23       

Fetal weight (kg) 3.0 ± 0.1 2.6 ± 0.1  2.8 ± 0.1 2.4 ± 0.1  0.64 <0.001  <0.001 0.002 

Placental weight (kg) 1.4 ± 0.0 1.0 ± 0.1  1.6 ± 0.1 1.1 ± 0.0  0.50 <0.001  <0.001 0.070 
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Supplementary Table 4. 2 Clinico-chemical parameters of allantoic fluid of Bos taurus 

taurus (Angus, Bt) and Bos taurus indicus (Brahman, Bi) concepti in early and 

midgestation. Number of concepti, estimated means and standard error of the means for 

allantoic fluid parameters of Angus and Brahman concepti at Day 48 and Day 153 of 

gestation are shown. 

Parameters Early gestation (Day 48)  Midgestation (Day 153) 

Angus, Bt  Brahman, Bi  Angus, Bt  Brahman, Bi 

 

No 

Means 

±SEM 

  

No 

Means 

±SEM 

  

No 

Means 

±SEM 

  

No 

Means 

±SEM 

Electrolytes 
     0      

Ionised calcium (mmol/L) 18 1.98±0.19  6 2.15±0.32  21 0.77±0.09  13 0.34±0.08 

Total calcium (mmol/L) 18 3.35±0.24  6 3.42±0.41  21 2.28±0.12  13 0.57±0.13 

Calcium/Phosphorous (ratio) 18 5.75±1.20  6 9.20±1.40  22 0.92±0.13  13 0.39±0.15 

Chloride (mmol/L) 18 65.09±2.27  6 67.47±3.86  22 27.63±2.60  13 33.81±3.5 

Magnesium (mmol/L) 18 1.05±0.08  6 1.36±0.13  22 6.00±0.12  11 5.85±0.17 

Phosphorous (mmol/L) 18 0.61±0.07  6 0.50±0.12  21 2.35±0.11  12 1.31±0.12 

Potassium (mmol/L) 18 3.99±0.55  6 7.15±0.94  22 23.55±3.80  13 24.37±5.23 

Sodium (mmol/L) 18 91.95±2.01  6 91.25±3.42  22 36.83±3.00  13 47.98±4.12 

Sodium/Potassium (ratio) 18 27.42±1.15  6 13.31±1.26  22 3.26±0.14  13 2.12±0.16 

Metabolites  
           

Creatinine (µmol/L) 18 46.93±3.53  6 58.51±5.99  22 3527.3±149.8  12 2679.1±211.8 

Glucose (mmol/L) 18 1.38±0.10  6 1.27±0.17  22 2.15±0.10  13 2.08±0.13 

Lactate (mmol/L) 18 5.40±0.41  6 4.38±0.71  22 0.74±0.08  13 1.28±0.11 

Total protein (g/L) 18 0.68±0.06  5 0.54±0.12  22 3.33±0.17  13 2.59±0.23 

Urea (mmol/L) 18 5.49±0.59  6 4.60±1.00  22 6.04±0.51  13 7.59±0.79 

Enzymes 
           

Alanine aminotransferase (IU) 18 1.07±0.13  5 0.93±0.25  22 ND  13 ND 

Alkaline phosphatase (IU) 17 9.11±1.50  5 14.40±2.9  22 ND  13 ND 

Aspartate aminotransferase (IU) 18 20.45±2.61  5 19.24±4.88  14 0.75±0.16  13 0.55±0.14 

Gamma-glutamyl transferase (IU) 16 0.75±0.13  5 0.81±0.23  22 7.49±0.70  13 7.43±0.10 
 

ND is not detectable. 
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Supplementary Table 4. 3 Clinico-chemical parameters of amniotic fluid of Bos taurus 

taurus (Angus, Bt) and Bos taurus indicus (Brahman, Bi) concepti in early and 

midgestation. Number of concepti, estimated means and standard error of the means for 

amniotic fluid parameters of Angus and Brahman concepti at Day 48 and Day 153 of 

gestation are shown. 

Parameters Early gestation (Day 48)  Midgestation (Day 153) 

Angus, Bt  Brahman, Bi  Angus, Bt  Brahman, Bi 

 

No 

Means 

±SEM 

  

No 

Means 

±SEM 

  

No 

Means 

±SEM 

  

No 

Means 

±SEM 

Electrolytes 
     0      

Ionised calcium (mmol/L) 17 1.26±0.03  6 1.20±0.05  21 1.19±0.03  15 1.07±0.04 

Total calcium (mmol/L) 17 1.57±0.06  6 1.53±0.01  21 1.44±0.03  15 1.31±0.04 

Calcium/Phosphorous (ratio) 17 1.99±0.07  6 2.28±0.12  21 2.04±0.08  15 2.19±0.10 

Chloride (mmol/L) 15 121.68±0.46  6 123.57±0.73  19 117.93±0.78  15 121.65±0.92 

Magnesium (mmol/L) 17 0.47±0.03  6 0.46±0.05  21 0.65±0.03  15 0.563±0.03 

Phosphorous (mmol/L) 17 0.80±0.05  6 0.70±0.08  21 0.73±0.03  15 0.62±0.04 

Potassium (mmol/L) 17 13.49±0.42  6 14.12±0.70  21 7.82±0.10  15 9.51±0.11 

Sodium (mmol/L) 15 133.19±0.51  6 133.95±0.81  19 130.80±0.98  15 133.27±1.14 

Sodium/Potassium (ratio) 17 9.70±0.32  6 9.62±0.53  21 16.76±0.79  15 14.20±0.58 

Metabolites  
           

Creatinine (µmol/L) 17 3.90±0.63  6 4.43±1.10  21 146.18±8.89  15 92.01±10.96 

Glucose (mmol/L) 17 2.23±0.07  6 2.18±0.11  21 2.13±0.08  15 2.12±0.10 

Lactate (mmol/L) 17 1.65±0.10  6 1.47±0.17  21 1.47±0.06  15 1.43±0.07 

Total protein (g/L) 16 0.09±0.01  6 0.09±0.01  21 0.69±0.07  15 0.69±0.09 

Urea (mmol/L) 17 3.18±0.31  6 3.63±0.51  21 5.66±0.51  15 6.90±0.68 

Enzymes 
           

Alanine aminotransferase (IU) 15 0.33±0.06  5 0.20±0.11  19 0.52±0.11  15 0.54±0.12 

Alkaline phosphatase (IU) 17 ND  6 ND  19 6.37±0.13  15 3.60±0.14 

Aspartate aminotransferase (IU) 16 1.05±0.12  5 1.62±0.20  21 9.40±0.11  15 6.52±0.11 

Gamma-glutamyl transferase (IU) 15 0.16±0.029  5 0.19±0.05  21 39.25±2.59  15 50.43±3.19 
 

ND is not detectable. 
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Supplementary Table 5. 1 Conceptus phenotypes in early gestation (Day 48) and midgestation (Day 153). Estimated means and SEM are 

shown with R-squared values of general linear models (Type III sums of squares) and significance (P-value) of models and effects of parental 

genomes and fetal sex. 

Conceptus 

phenotypes 

 

Maternal genome Paternal genome 
is 

Sex 
is 

Models 
is 

Factors 

Bos t. 

taurus 

Bos t. 

indicus 

Bos t. 

taurus 

Bos t. 

indicus 

 Male Female     Maternal 

genome 

Paternal 

genome 

sex 

Means ± SEM  Means ± SEM  R2 P-

value 

 P-values  

Early gestation, Day 48               

Numbers  41 19 32 28  29 31        

Embryo weight (g) 3.6 ± 0.1 2.7± 0.1 3.2 ± 0.1 3.0 ± 0.1  3.3 ± 0.1 2.9 ± 0.1  0.62 <0.0001  <0.0001 0.086 <0.001 

Placenta fetalis weight (g) 48.5 ± 2.0 31.9 ± 3.0 35.1± 2.3 45.3 ± 2.7  39.8 ± 

4.7 

40.6 ± 

3.9 

 0.40 <0.0001  <0.0001 <0.01 0.106 

Midgestation, Day 153                

Numbers  45 28 36 37  27 46        

Fetal weight (kg) 2.9 ± 0.0 2.4 ± 0.1 2.7 ± 0.1 2.6 ± 0.1  2.9 ± 0.1 2.4 ± 0.0  0.60 <0.0001  <0.0001 0.033 <0.0001 

Placenta fetalis weight 

(kg) 

0.83 ± 0.0 0.60 ± 0.0 0.70 ± 0.0 0.73 ± 0.0  0.74 ± 

0.0 

0.69 ± 

0.0 

 0.41 <0.0001  <0.0001 0.407 0.181 

Total fetal fluid volume 

(kg) 

5.9 ± 0.2 5.3± 0.3 4.9 ± 0.2 6.4 ± 0.3  5.8 ± 0.3 5.5 ± 0.2  0.22 <0.001  0.112 <0.0001 0.401 
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Supplementary Table 5. 2 Effects of maternal and paternal genomes and conceptus sex on allantoic fluid parameters in early gestation 

(Day 48). 

 
 
Clinico-chemical parameters 

 
 

R2 

 
P-valuesa 

Model Maternal 
genome 

Paternal 
genome 

Fetal sex FMW(Mat) Mat x Pat Mat x Fetal sex 

Electrolytes  

Ionised calcium 0.201  0.010 0.001 0.732 0.947    

Total calcium 0.174  0.018 0.022 0.082 0.651    

Calcium/Phosphorusb 0.174  0.018 0.293 0.006 0.684    

Chloride 0.159  0.028 0.081 0.034 0.770    

Magnesium 0.227  0.009 0.002 0.459 0.495  0.013  

Phosphorus 0.167  0.022 0.235 0.009 0.890    

Potassium 0.316  <0.001 <0.0001 0.871 0.229    

Sodium 0.292  0.004 0.008 0.155 0.924 0.022   

Sodium/Potassiumb 0.316  <0.001 <0.0001 0.989 0.216    

Metabolites          

Creatinine 0.267  0.006 0.023 0.241 0.042  0.026 0.006 

Glucose 0.071  0.271 0.090 0.848 0.475    

Lactate 0.192  0.010 0.021 0.499 0.024    

Total protein 0.086  0.200 0.034 0.605 0.999    

Urea 0.024  0.733 0.541 0.618 0.344    

Enzymes          

Alanine transaminase 0.029  0.685 0.453 0.474 0.360    

Alkaline phosphatasec    0.636 0.027 0.100    

Aspartate transaminaseb 0.004  0.974 0.686 0.799 0.941    

Gamma-glutamyl transferaseb 0.037  0.616 0.747 0.912 0.221    
 

a Only P-values for factors, interactions and nested effects retained in the final general linear models (type III sums of squares) are shown. b Log 

transformed data. c Non-parametric (Mann-Whitney U) Test. Mat: Maternal genome effects. Pat: paternal genome effects. FMW(Mat): Effect of 

final maternal weight nested in maternal genetics. 
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Supplementary Table 5. 3 Effects of maternal and paternal genomes and conceptus sex on amniotic fluid parameters in early gestation 

(Day 48). 

 

 
 
Clinico-chemical parameters 

 
 

R2 

 
P-valuesa 

Model Maternal 
genome 

Paternal 
genome 

Fetal 
sex 

FMW(Mat) Mat x Pat Mat x 
Fetal sex 

Mat x Pat x 
Fetal sex 

FMW(Mat) x 
Fetal sex  

Electrolytes   

Ionised calcium 0.031  0.651 0.660 0.486 0.347      

Total calcium 0.018  0.813 0.753 0.510 0.546      

Calcium/Phosphorus 0.247  0.006 0.009 0.179 0.384   0.015   

Chloride 0.168  0.069 0.061 0.736 0.208   0.049   

Magnesium 0.328  0.003 0.023 0.713 0.068 0.002 0.018    

Phosphorus 0.288  0.021 0.013 0.634 0.521 0.015    0.027 

Potassium 0.341  0.019 0.007 0.001 0.017 0.021   0.037  

Sodium 0.239  0.004 0.004 0.069 0.783      

Sodium/Potassium) 0.416  0.002 0.002 0.001 0.026 0.004 0.006  0.012  

Metabolites            

Creatinineb 0.106  0.141 0.043 0.417 0.843      

Glucose  0.214  0.036 0.016 0.577 0.030 0.047     

Lactate 0.148  0.043 0.091 0.734 0.045      

Total protein 0.347  0.010 0.004 0.024 0.121 0.003 0.010   0.010 

Ureab 0.057  0.394 0.662 0.639 0.124      

Enzymes            

Alanine transaminase 0.046  0.590 0.752 0.211 0.809      

Alkaline phosphatase ND           

Aspartate transaminase 0.111  0.147 0.034 0.202 0.733      

Gamma-glutamyl transferaseb 0.210  0.022 0.297 0.008 0.402      
a Only P-values for factors, interactions and nested effects retained in the final general linear models (type III sums of squares) are shown. b Log 

transformed data. Mat: Maternal genome effects. Pat: paternal genome effects. FMW(Mat): Effects of final maternal weight nested in maternal 

genetics. ND is undetectable. 
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Supplementary Table 5. 4 Effects of maternal and paternal genomes and conceptus sex on allantoic fluid parameters in midgestation 

(Day 153). 

 

 
 
Clinico-chemical parameters 

 
 

R2 

 
P-valuesa 

Model Maternal 
genome 

Paternal 
genome 

Fetal sex FMW(Mat) Mat x  
Fetal sex 

FMW(Mat) x 
Pat 

FMW(Mat) x 
 Fetal sex 

Electrolytes   

Ionised calciumb 0.131  0.034 0.032 0.069 0.827     

Total calciumb 0.227  0.001 0.008 0.004 0.996     

Calcium/Phosphorusb 0.043  0.409 0.891 0.146 0.646     

Chlorideb 0.052  0.321 0.073 0.755 0.734     

Magnesiumb 0.484  <0.0001 <0.0001 0.742 0.452 <0.0001    

Phosphorusb 0.125  0.041 0.109 0.022 0.309     

Potassiumb 0.127  0.032 0.007 0.197 0.992     

Sodium (mmol/L) 0.084  0.128 0.914 0.021 0.263     

Sodium/Potassiumb 0.129  0.029 0.007 0.188 0.934     

Metabolites           

Creatinine 0.318  0.001 0.001 0.006 0.415 <0.001  0.040  

Glucose 0.033  0.533 0.444 0.959 0.235     

Lactate 0.212  0.001 0.001 0.054 0.091     

Total protein 0.295  0.003 0.062 0.074 0.009 0.104   0.010 

Urea 0.210  0.042 0.731 0.038 0.292 0.744   0.023 

Enzymes           

Alanine transaminase ND          

Alkaline phosphatase ND          

Aspartate transaminaseb 0.151  0.084 0.798 0.346 0.860  0.008   

Gamma-glutamyl transferase 0.352  <0.001 0.009 0.276 <0.001 0.007   0.001 
a Only P-values for factors, interactions and nested effects retained in the final general linear models (type III sums of squares) are shown.  b Log 

transformed data. Mat: Maternal genome effects. Pat: paternal genome effects. FMW(Mat): Effects of final maternal weight nested in maternal 

genetics. ND is undetectable.  
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Supplementary Table 5. 5 Effects of maternal and paternal genomes and conceptus sex on amniotic fluid parameters in midgestation 

(Day 153). 

 
 
Clinico-chemical parameters 

 
 

R2 

 
P-valuesa 

Model Maternal 
genome 

Paternal 
genome 

Fetal 
sex 

FMW(Mat) Mat x Pat Mat x Pat x 
Fetal Sex 

Pat x 
FMW(Mat) 

Fetal sex x 
FMW(Mat) 

Electrolytes   

Ionised calcium 0.273  0.004 0.779 0.052 0.030 0.054   0.044  

Total calcium 0.335  <0.001 0.048 0.129 0.096 0.058   0.001  

Calcium/Phosphorus 0.034  0.517 0.360 0.499 0.318      

Chloride 0.323  0.001 0.007 0.450 0.095  0.016 0.001   

Magnesium 0.361  <0.001 0.544 0.002 0.032 0.059   0.001  

Phosphorus 0.324  0.003 0.003 0.848 0.252 0.020  0.005   

Potassium 0.168  0.006 0.610 0.002 0.403      

Sodium  0.245  0.021 0.082 0.976 0.159   0.010   

Sodium/Potassium 0.150  0.011 0.431 0.001 0.791      

Metabolites            

Creatinine 0.288  0.003 0.847 0.021 0.205 0.518   0.033  

Glucose 0.211  0.032 0.680 0.011 0.266 0.626   0.018  

Lactate 0.148  0.029 0.057 0.050 0.726  0.026    

Total protein 0.420  <0.0001 0.890 0.002 0.237 0.0001    0.015  

Ureab 0.508  <0.0001 0.291 0.300 0.004 0.001 0.003  0.016 <0.0001 

Enzymes            

Alanine transaminaseb 0.003  0.972 0.663 0.825 0.939      

Alkaline phosphataseb 0.180  0.017 0.089 0.979 0.636  0.002    

Aspartate transaminase 0.252  <0.001 0.016 0.009 0.586  0.027    

Gamma-glutamyl transferaseb 0.247  0.009 0.157 0.092 0.307  0.002 0.048   
 

a Only P-values for factors, interactions and nested effects retained in the final general linear models (type III sums of squares) are shown. b Log 

transformed data. Mat: Maternal genome effects. Pat: paternal genome effects. FMW(Mat): Effects of final maternal weight nested in maternal 

genetics. 
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Appendix 1 

Reactions and Reagents involved with the use of Beckman-Coulter AU480 Clinical 

Chemistry and Radiometer ABL 700 series analysers 

Parameters/ Reagents Significance  Reactions and Reagents 

Chloride, potassium and 

sodium* 

Cl- Electrode: 

 MU9196  

K+ Electrode: 

 MU9195 

Na+ Electrode: MU9194 

Reference Electrode:

 MU9197 

Electrolytes affect most 

metabolic processes.  They 

serve to maintain osmotic 

pressure and hydration of 

various body fluid 

compartments, proper body pH, 

and regulation of appropriate 

heart and muscle functions. 

Ion selective electrodes method of 

determining electrolyte ions employs crown 

ether membrane electrodes for sodium and 

potassium, and a molecular oriented PVC 

membrane for chloride that are specific for 

ion of interest in the sample. An electrical 

potential is developed according to the 

Nernst Equation for a specific ion, which 

compared to the Internal Reference Solution 

and then translated into voltage and later into 

the ion concentration of the sample. The test 

is linear within a concentration ranges of 15 – 

400 mmol/L, 1.0 - 200 mmol/L and 10 – 400 

mmol/L for chloride, potassium and sodium 

respectively. 

Ionised calcium** 

E733 

The ionised calcium is 

physiologically most significant 

calcium form because it is the 

only form of calcium that can be 

used by the cell for its 

physiological and metabolic 

functions.  

Ionised calcium concentration is measured 

by the means of ion-selective electrodes 

electrode (E733). When a sample is brought 

in contact with the electrode, a potential 

develops across the PVC and cellophane 

membranes. The potential depends on the 

difference between the calcium in the 

electrolyte and the sample. The status limits 

of the calcium electrodes is 0.1 – 20 mmol/L.   

Total Calcium* OSR6113 

OSR6213 

Total serum calcium is 

composed of three fractions: 

ionised calcium, 50%; protein 

bound calcium most of which is 

bound to albumin, 45%; and 

complex-bound calcium, mainly 

to phosphate, citrate, and 

bicarbonate, 5%. 

Calcium oCPC procedure is based on 

calcium ions reacting with o-cresolphthalein 

complexone in an alkaline solution to form 

purple coloured complex. In this method the 

absorbance of the Ca-oCPC complex is 

measured bichromatically at 570/660 nm. 

The resulting increase in absorbance of the 

reaction mixture is directly proportional to the 
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calcium concentration in the sample. The test 

is linear within a concentration range of 0 – 

10 mmol/L. The lowest detectable level was 

estimated at 0.03 mmol/L. 

Magnesium* 

 OSR6189 

Magnesium is an essential 

factor in many important 

enzymatic reactions, and plays 

an important role in glycolysis, 

cellular respiration and 

transmembranous calcium 

transport. 

Magnesium procedure utilizes a direct 

method in which magnesium forms a 

coloured complex with xylidyl blue in a 

strongly basic solution, where calcium 

interference is eliminated by 

glycoletherdiamine-N,N,N`,N`-tetraacetic 

acid. The colour produced is measured 

bichromatically at 520/800 nm and is 

proportional to the magnesium concentration. 

The test is linear within a concentration range 

of 0.2 – 9.25 mmol/L. The lowest detectable 

level was estimated at 0.01 mmol/L. 

Phosphorus* 

OSR6122 

OSR6222 

In serum most of the phosphate 

exists in the inorganic form, 

about 15% bound to protein and 

the remainder in complexed 

and free forms. 

Inorganic phosphorus method is based on 

the method, where inorganic phosphate 

reacts with molybdate to form a 

heteropolyacid complex. The absorbance at 

340/380 nm is directly proportional to the 

inorganic phosphorus level in the sample. 

The test is linear within a concentration range 

of 0 – 113 mmol/L. 

Albumin* 

OSR6102 

OSR6202 

Albumin is the most abundant 

protein in serum, representing 

55-65% of the total protein. The 

primary biological functions are 

to transport and store a wide 

variety of ligands, to maintain 

the plasma oncotic pressure 

and to serve as a source of 

endogenous amino acids. 

At pH 4.2, bromocresol green reacts with 

albumin to form an intense green complex. 

The absorbance of the albumin-BCG 

complex is measured bichromatically 

(600/800nm) and is proportional to the 

albumin concentration in the sample. The 

test is linear within a concentration range of 

15 – 60 g/L. The lowest detectable was 

estimated at 0.07 g/L. 

Cholesterol* 

OSR6116 

OSR6216 

Cholesterol is synthesized 

ubiquitously throughout the 

body and is an essential 

component of cell membranes 

and lipoproteins as well as is a 

Cholesterol esters in serum are hydrolysed 

by cholesterol esterase. The free cholesterol 

produced is oxidized by cholesterol oxidase 

to cholestene-3-one with the simultaneous 

production of hydrogen peroxide, which 

oxidatively couples with 4-aminoantipyrine 
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precursor for the synthesis of 

steroid hormones. 

and phenol in the presence of peroxidase to 

yield a chromophore. The red quinoneimine 

dye formed can be measured 

spectrophotometrically at 540/600 nm as an 

increase in absorbance. The test is linear 

within a concentration range of 0.5 – 18.0 

mmol/L. The lowest detectable level was 

estimated at 0.07 mmol/L. 

Creatinine* 

OSR6178 

Creatinine is a metabolic 

product of creatine and 

phosphocreatine, which are 

both found only in muscle. 

Creatinine production is 

proportional to muscle mass. 

Creatinine is used in the 

evaluation of kidney glomerular 

function. 

Creatinine reacts with picric acid at alkaline 

medium to form a yellow-orange complex. 

The rate of change in absorbance at 

520/800nm is proportional to the creatinine 

concentration in the sample. The test is linear 

within a concentration range of 5 – 35360 

μmol/L. The lowest detectable level was 

estimated at 0.1 μmol/L 

Glucose* 

OSR6121 

OSR6221 

OSR6521 

Glucose is the main substrate 

blood sugar levels are regulated 

by the liver, which ensures that 

levels are maintained within 

precise limits. 

Glucose is phosphorylated by hexokinase in 

the presence of adenosine triphosphate and 

magnesium ions to produce glucose-6-

phosphate and adenosine diphosphate. 

Glucose-6-phosphate dehydrogenase 

specifically oxidizes glucose-6-phosphate to 

6-phosphogluconate with the concurrent 

reduction of nicotinamide adenine 

dinucleotide (NAD+) to nicotinamide adenine 

dinucleotide (NADH). The change in 

absorbance at 340/380 nm is proportional to 

the amount of glucose present in the sample. 

The test is linear within a concentration range 

of 0 – 45.0 mmol/L. The lowest detectable 

level was estimated at 0.04 mmol/L. 

Globulin*  Globulin is determined as the difference 

between total protein and albumin. 

Lactate** 

E7077 

Lactate is the end product of 

anaerobic glycolysis. It is 

derived predominantly from 

white skeletal muscle, brain, 

skin, renal medulla and 

Lactate concentrations is measured by the 

means of electrodes with enzymatic 

membranes. The enzyme lactate oxidase 

immobilized between the inner and outer 

membrane layers converts the lactate into 
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erythrocytes. During pregnancy 

there is a net production of 

lactate by the placenta. 

pyruvate and H2O2. The H2O2 produces an 

electrical current proportional to the 

amount of H2O2, which in turn is directly 

related to the amount of lactate. The 

status limits of the lactate electrodes is + 

0.2 mmol/L.   

Total protein* 

OSR6132 

OSR6232 

The total serum protein is the 

sum of all circulating proteins 

and is a major component of 

blood. Measurements of total 

protein are used in the 

diagnosis of a variety of 

diseases involving the liver, 

kidney, or bone marrow as well 

as other metabolic and 

nutritional disorders. 

Cupric ions in an alkaline solution react with 

proteins and polypeptides to produce a violet 

coloured complex. The absorbance of the 

complex at 540/660 nm is directly 

proportional to the concentration of protein in 

the sample. The test is linear within a 

concentration range of 30 – 120 g/L. The 

lowest detectable level was estimated at 0.77 

g/L. 

Triglycerides* 

OSR60118 

OSR61118 

Measurements of triglycerides 

are used in classify lipid 

metabolic disorders and 

endocrine disorders. 

The triglycerides in the sample are 

hydrolysed by a combination of microbial 

lipases to give glycerol and fatty acids. The 

glycerol is phosphorylated by adenosine 

triphosphate in the presence of glycerol 

kinase to produce glycerol-3-phosphate. The 

glycerol-3-phosphate is oxidized by 

molecular oxygen in the presence of glycerol 

phosphate oxidase to produce hydrogen 

peroxide (H2O2) and dihydroxyacetone 

phosphate. The formed H2O2 reacts with 4 

aminophenazone and N,N-bis(4-sulfobutyl)-

3,5-dimethylaniline, disodium salt in the 

presence of peroxidase to produce a 

chromophore, which is read at 660/800nm. 

The increase in absorbance at 660/800 nm is 

proportional to triglycerides content of the 

sample. The test is linear within a 

concentration range of 0.1 – 11.3 mmol/L. 

The lowest detectable level was estimated at 

0.01 mmol/L. 

Urea* 

OSR6134 

Urea is synthesized in the liver 

as the final product of protein 

Urea is hydrolysed enzymatically by urease 

to yield ammonia and carbon dioxide. The 



282 

OSR6234 

OSR6534 

and amino acid metabolism. 

Urea syntdependentttherefore 

dependent on daily protein 

intake and endogenous protein 

metabolism. Serum urea and 

creatinine determinations are 

used together in the diagnosis 

of kidney function. 

ammonia with 2-oxoglutarate and NADH in 

the glutamate-dehydrogenase are converted 

to glutamate and NAD. The decrease in 

NADH absorbance per unit time is 

proportional to the urea concentration. The 

test is linear within a concentration range of 

0.8 – 50 mmol/L. The lowest detectable level 

was calculated as 0.38 mmol/L. 

Alanine transaminase 

(ALT)* 

OSR6007 

OSR6107 

OSR6507 

OSR60180 

60106 

60100 

 

ALT is an aminotransferase, a 

group of enzymes which 

catalyse the reversible 

transformation of α-keto acids 

into amino acids. The specific 

activity of ALT in the liver is 

approximately 10 times that of 

heart and skeletal muscle, thus 

elevated serum ALT activity is 

mainly regarded as liver activity. 

ALT transfers the amino group from alanine 

to α-oxoglutarate to form pyruvate and 

glutamate. 

The pyruvate enters a lactate dehydrogenase 

catalysed reaction with NADH to produce 

lactate and NAD+. The decrease in 

absorbance due to the consumption of NADH 

is measured at 340nm and is proportional to 

the ALT activity in the sample. The test is 

linear within an enzyme activity range of 3 – 

500 U/L. The lowest detectable level was 

estimated at 1 U/L, which represents the 

lowest measurable level of ALT that can be 

distinguished from zero. 

Alkaline phosphatase 

(ALP)* 

OSR6004 

OSR6104 

OSR6204 

ALP is found at high levels in 

interstitial epithelium, kidney, 

bone, liver and placenta. The 

enzyme is associated with 

intestinal transport and bone 

calcification. Physiological 

increases in ALP are found in 

pregnancy from the 2nd 

trimester onwards due to 

placental ALP and in growing 

chi ldren due to bone ALP. 

ALP activity is determined by measuring the 

rate of conversion of p-nitro-phenyl-

phosphate to p-nitrophenol (pNP) in the 

presence of magnesium and zinc ions and 2-

amino-2-methyl-1 propanol at pH 10.4. The 

rate of change in absorbance due to the 

formation of pNP is measured bichromatically 

at 410/480 nm and is directly proportional to 

ALP activity in the sample. The test is linear 

within an enzyme activity range of 5 – 1500 

U/L. The lowest detectable level was 

estimated at 1 U/L, which represents the 

lowest measurable level of ALP that can be 

distinguished from zero. 

Aspartate transaminase 

(AST)* 

OSR6108 

AST occurs in a wide variety of 

tissues including liver, cardiac 

muscle, skeletal muscle, brain, 

AST catalyses the transamination of 

aspartate and α-oxoglutarate, forming L-

glutamate and oxaloacetate. The 
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OSR6108 kidneys, lungs, pancreas, 

erythrocytes and leucocytes, 

with highest activities found in 

liver and skeletal muscle. 

oxaloacetate is reduced to L-malate by 

malate dehydrogenase, while NADH is 

simultaneously converted to NAD+. The 

decrease in absorbance due to the 

consumption of NADH is measured at 340 

nm and is proportional to the AST activity in 

the sample. The test is linear within an 

enzyme activity range of 3 – 1000 U/L. The 

lowest detectable level was estimated at 1 

U/L, which represents the lowest measurable 

level of AST that can be distinguished from 

zero. 

Gamma-glutamyl 

transferase 

(GGT)* 

 OSR6020 4 

OSR6120 

OSR6520 

GGT act as amino acid 

transferases. GGT is present in 

all cells of the body except 

those in muscle, however the 

enzyme present in serum 

appears to originate primarily 

from the hepatobiliary system 

GGT catalyses the transfer of the gamma-

glutamyl group from the substrate, gamma-

glutamyl-3-carboxy-4-nitroanilide, to 

glycylglycine, yielding 5-amino-2-

nitrobenzoate. The change in absorbance at 

410/480 nm is due to the formation of 5-

amino-2-nitrobenzoate and is directly 

proportional to the GGT activity in the 

sample. The test is linear within an enzyme 

activity range of 5 - 1200 U/L. The lowest 

detectable level was estimated at 1 U/L, 

which represents the lowest measurable 

level of AST that can be distinguished from 

zero. 

Glutamate dehydrogenase 

(GLDH)* 

 Glutamate dehydrogenase catalyses the 

reduction of oxoglutarate and the 

simultaneous oxidation of NADH to NAD. 

The decrease in absorbance at 340nm is 

directly proportional to the activity of GLDH in 

the sample. 

*Beckman Coulter Inc. 2016, Clinical Chemistry Reagent Guide. **Radiometer 2009, ABL 700 

series reference manual. 

 

  



284 

Appendix 2 

Calibration and quality controls protocols involved with the use of Beckman-Coulter 

AU480 Clinical Chemistry and Radiometer ABL 700 series analysers 

Parameter Calibration and Quality Controls Protocols 

Chloride, potassium and sodium* Perform a multipoint calibration by using the automated ISE calibration. 

Calibration of the ISE methods is accomplished by the use of the 

Beckman Coulter ISE standards for serum and urine (Cat No.  

AUH1014, AUH1015 and AUH1016). The frequency of calibration is 

daily or when the following occur: change in reagent lot, significant shift 

in control values or major preventative maintenance was performed on 

the analyser. During operation at least two levels of an appropriate 

quality control material should be tested a minimum of once a day. 

Ionised calcium** The electrolyte electrodes are calibrated by determining the status and 

sensitivity from 1-point and 2-point calibrations respectively. 

Performance of the electrode from calibration to calibration is 

monitored by measuring the drift. 1-point calibration is performed using 

the calibration solution S1720 with 1.25 mmol/L concentration. 2-point 

calibration is performed using the calibration solution S1730 with 5.0 

mmol/L concentration. The sensitivity limits of the electrolyte electrodes 

for calcium is 90-105%. 

Total calcium* System Calibrator Cat. No. 66300 for serum/plasma application and 

Urine Calibrator Cat. No. ODC0025 for urine application. The calcium 

values of both calibrators are traceable to the National Institute of 

Standards and Technology (NIST) Standard Reference Material 

(SRM) 909b Level 1. Recalibrate the assay every day or, when change 

in reagent bottle or significant shift in control values or major 

preventative maintenance was performed on the analyser. Controls 

Cat. No. ODC0003 and ODC0004 for the serum/plasma application 

and Biorad Liquichek Urine Chemistry Controls Cat. No. 397 and 398 

for the urine application are used each day. 

Magnesium* System Calibrator Cat. No. 66300 for serum/plasma application and 

Urine Calibrator Cat. No. ODC0025 for urine application are used. 

Recalibrate the assay every 7 days or when the following occur: 

change in reagent lot, significant shift in control values or major 

preventative maintenance was performed on the analyser. Controls 

Cat. No. ODC0003 and ODC0004 for serum application and Biorad 
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Liquichek Urine Chemistry Controls Cat. No. 397 and 398 for the urine 

application are used daily. 

Phosphorus* Use System Calibrator Cat. No. 66300 for serum application and Urine 

Calibrator Cat. No. ODC0025 for urine application. Recalibrate the 

assay every 30 days, or when the following occur: change in reagent 

lot, significant shift in control values or major preventative maintenance 

was performed on the analyser. 

Controls Cat. No. ODC0003 and ODC0004 for the serum application. 

And Biorad Liquichek Urine Chemistry Controls Cat. No. 397 and 398 

for urine are used daily. In addition, controls should be performed after 

calibration 

Albumin* Calibration of this albumin procedure is accomplished by use of system 

Calibrator Cat. No. 66300. 

The calibrator albumin value is traceable to IFCC (International 

Federation of Clinical Chemistry) standard CRM 470. Recalibrate the 

assay when the following occur, change in reagent lot number or 

significant shift in control values or major preventative maintenance 

was performed on the analyser. The frequency of calibration is every 

30 days. During operation of the Beckman Coulter AU analyser at least 

two levels of an appropriate quality control material should be tested a 

minimum of once a day. Controls Cat. No. ODC0003 and ODC0004 or 

other control materials with values determined by this Beckman Coulter 

system may be used. 

Cholesterol* System Calibrator Cat. No. 66300. The calibrator cholesterol value is 

traceable to the National Institute of Standards and Technology (NIST) 

Standard Reference Material (SRM) 909b Level 1 (Isotope Dilution 

Mass Spectrometry). Calibration stability is 7 days. Recalibrate the 

assay after change in reagent lot number, significant shift in control 

values, or major preventative maintenance was performed on the 

analyser. Controls Cat. No. ODC0003 and ODC0004 or other control 

materials with values determined by this Beckman Coulter system are 

used once a day. In addition, controls should be performed after each 

calibration. 

Creatinine* System Calibrator Cat. No. 66300 for serum and plasma application 

and Urine Calibrator Cat. No. ODC0025 for urine application. 

Recalibrate the assay every day, or when the following occur: Change 

in reagent bottle, significant shift in control values or major preventative 

maintenance was performed on the analyser. Controls Cat. No. 

ODC0003 and ODC0004 for serum and Biorad Liquichek Urine 
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Chemistry Controls Cat. No. 397 and 398 for urine, are used daily at a 

minimum of every eight hours. 

Glucose* System Calibrator Cat. No. 66300 for serum and Urine Calibrator Cat. 

No. ODC0025 for urine are used. Recalibrate the assay every 30 days, 

or when the following occur: change in reagent lot, significant shift in 

control values or major preventative maintenance was performed on 

the analyser. Serum controls Cat. No. ODC0003 and ODC0004 and 

Biorad Liquichek Urine Chemistry Controls Cat. No. 397 and 398 are 

used daily. In addition, controls should be performed after calibration. 

Lactate** The sensitivity of the metabolite electrodes is calculated by measuring 

the current on Calibration Solution 1 (Cal 1) and then correcting for the 

zero-current using the extrapolated I0 baseline. Cal 1 has a nominal 

lactate concentration of 4 mmol/L. The current due to the lactate 

presence in the sample is then calculated as the difference between 

the current at the final updating and the zero current at that time point. 

The sensitivity limit of the metabolite electrodes for lactate is 150-2000 

pA/mM. 

Total protein* System Calibrator Cat. No. 66300. The frequency of calibration is every 

7 days. Recalibrate the assay when the following occur: change in 

reagent bottle, significant shift in control values or major preventative 

maintenance was performed on the analyser. Controls Cat. No. 

ODC0003 and ODC0004 are used daily. In addition, controls should be 

performed after each calibration. 

Triglycerides* System Calibrator Cat. No. 66300 is used. Recalibrate the assay every 

30 days, or when the following occur: change in reagent lot number, 

significant shift in control values major preventative maintenance was 

performed on the analyser. Controls Cat. No. ODC0003 and ODC0004 

are used daily. In addition, controls should be performed after each 

calibration. 

Urea* Use System Calibrator Cat. No. 66300 for serum application and Urine 

Calibrator Cat. No. ODC0025 for urine application. The frequency of 

calibration is every 7 days. Recalibrate the assay when the following 

occur: change in reagent lot, significant shift in control values major 

preventative maintenance was performed on the analyser. Controls 

Cat. No. ODC0003 and ODC0004 for the serum application and Biorad 

Liquichek Urine Chemistry Controls Cat. No. 397 and 398 are used for 

the urine application daily. In addition, controls should be performed 

after each calibration. 
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Alanine transaminase 

(ALT)* 
Five separate calibration events are used. A fresh vial of calibrator, 

utilizing System Calibrator Cat No. 66300 in the AB calibration mode is 

used for each of these runs. Quality control procedures are undertaken 

immediately following calibration. Two levels of an appropriate quality 

control material should be tested a minimum of once a day. Controls 

Cat. No. ODC0003 and ODC0004 or other control materials with values 

determined by this Beckman Coulter system may be used. Controls 

should be performed with each new lot of reagent and after specific 

maintenance or troubleshooting steps. 

Alkaline phosphatase 

(ALP)* 

The test is run in MB-mode. To provide a robust approach to generate 

the analyser specific MB factor five separate calibration events are 

used. A fresh vial of calibrator, utilizing System Calibrator Cat No. 

66300 in the AB calibration mode is used for each of these runs. Quality 

control procedures are undertaken immediately following calibration. 

Two levels of an appropriate quality control material should be tested a 

minimum of once a day. Controls Cat. No. ODC0003 and ODC0004 or 

other control materials with values determined by this Beckman Coulter 

system may be used. 

Aspartate transaminase (AST)* The test is run in MB-mode. To provide a robust approach to generate 

the analyser specific MB factor five separate calibration events are 

used. A fresh vial of calibrator, utilizing System Calibrator Cat No. 

66300 in the AB calibration mode is used for each of these runs. Quality 

control procedures are undertaken immediately following calibration. 

Two levels of an appropriate quality control material should be tested a 

minimum of once a day. Controls Cat. No. ODC0003 and ODC0004 or 

other control materials with values determined by this Beckman Coulter 

system may be used. 

Gamma-glutamyl transferase 

(GGT)* 

The test is run in MB-mode. To provide a robust approach to generate 

the analyser specific MB factor five separate calibration events are 

used. A fresh vial of calibrator, utilizing System Calibrator Cat No. 

66300 in the AB calibration mode is used for each of these runs. Quality 

control procedures are undertaken immediately following calibration. 

Two levels of an appropriate quality control material should be tested a 

minimum of once a day. Controls Cat. No. ODC0003 and ODC0004 or 

other control materials with values determined by this Beckman Coulter 

system may be used. 

Glutamate dehydrogenase 

(GLDH)* 

The test is run in MB-mode. To provide a robust approach to generate 

the analyser specific MB factor five separate calibration events are 
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used. A fresh vial of calibrator, utilizing System Calibrator Cat No. 

66300 in the AB calibration mode is used for each of these runs. Quality 

control procedures are undertaken immediately following calibration. 

Two levels of an appropriate quality control material should be tested a 

minimum of once a day. Controls Cat. No. ODC0003 and ODC0004 or 

other control materials with values determined by this Beckman Coulter 

system may be used 

*Beckman Coulter Inc. 2016, Clinical Chemistry Reagent Guide. **Radiometer 2009, ABL 

700 series reference manual. 
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Appendix 3 

Appendix 3.1. Effects of fetal genetics and sex on allantoic fluid clinico-chemical 

parameters at early gestation (Day 48) and midgestation (Day 153) 

 Early gestation Midgestation 

 

 

Parameters 

 

 

R2 

Model Fetal 

genetics 

Fetal 

sex 

Genetic 

x sex 

 

 

R2 

Model Fetal 

genetics 

Fetal 

sex 

Gene

tic 

x sex 

P-value P-value 

Electrolytes  

Ionised calciuma 0.201 0.012 0.012 0.946 - 0.147 0.046 0.027 0.803 - 

Total calciuma 0.220 0.012 0.006 0.828 - 0.241 0.002 0.001 0.955 - 

Calcium/Phosphorusa,b 0.192 0.026 0.012 0.790 - 0.047 0.539 0.494 0.671 - 

Chloridea 0.173 0.043 0.021 0.871 - 0.073 0.301 0.193 0.669 - 

Magnesiumc 0.230 0.009 0.005 0.488 -   0.587 0.239 - 

Phosphorusa 0.168 0.048 0.024 0.921 - 0.161 0.030 0.016 0.377 - 

Potassium 0.330 <0.001 <0.001 0.292 - 0.105 0.132 0.072 0.527 - 

Sodium 0.184 0.032 0.015 0.871 - 0.085 0.225 0.148 0.263 - 

Sodium/Potassiuma,b,d 0.319 <0.001 <0.001 0.227 -   0.004 0.599 - 

Metabolites            

Creatinine 0.276 0.023 0.052 0.040 0.052 0.181 0.015 0.007 0.409 - 

Glucose  0.081 0.353 0.298 0.547 - 0.034 0.698 0.893 0.244 - 

Lactate 0.198 0.022 0.131 0.032 - 0.261 <0.001 <0.001 0.066 - 

Total protein (g/L) 0.115 0.182 0.108 0.909 - 0.124 0.076 0.043 0.350 - 

Urea (mmol/L)b 0.021 0.890 0.919 0.407 - 0.227 0.025 0.063 0.027 0.019 

Enzymes           

Alanine transaminaseb 0.062 0.538 0.476 0.294 - ND     

Alkaline phosphataseb 0.110 0.205 0.132 0.403 - ND     

Aspartate transaminase a,b 0.005 0.994 0.976 0.967 - 0.027 0.849 0.724 0.955 - 

Gamma-glutamyl transferaseb 0.147 0.121 0.092 0.607 - 0.068 0.341 0.399 0.117 - 
 

aLog transformed data in midgestation. bLog transformed data in early gestation. cNon-

parametric (Mann-Whitney U) Test. dWelch test. ND is not detectable. 
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Appendix 3.2. Effects of fetal genetics and sex on amniotic fluid clinico-chemical 

parameters at early gestation (Day 48) and midgestation (Day 153)  

 Early gestation Midgestation 

  

 

R2 

Model Fetal 

genetics 

Fetal 

sex     

Genetic 

x sex 

 

 

R2 

Model Fetal 

genetics 

Fetal 

sex 

Genetic 

x sex 

Parameters P-value P-value 

Electrolytes 

Ionised Calcium 0.078 0.395 0.386 0.246 - 0.157 0.022 0.015 0.087 - 

Total calcium 0.065 0.500 0.390 0.697 - 0.228 0.002 0.001 0.095 - 

Calcium/Phosphorus 0.263 0.039 0.047 0.320 0.088 0.035 0.677 0.694 0.315 - 

Chloride 0.283 0.035 0.069 0.110 0.046 0.323 0.002 0.005 0.096  0.002 

Magnesiuma 0.127 0.147 0.204 0.239 - 0.232 0.002 <0.001 0.124 - 

Phosphorus  0.077 0.404 0.274 0.651 - 0.184 0.009 0.006 0.250 - 

Potassium 0.157 0.073 0.069 0.121 - 0.169 0.016 0.020 0.416 - 

Sodium 0.241 0.011 0.005 0.758 - 0.245 0.021 0.020 0.159 0.015 

Sodium/Potassium 0.165 0.061 0.036 0.277 - 0.173 0.013 0.006 0.829 - 

Metabolites           

Creatinine 0.117 0.202 0.128 0.867 - 0.181 0.010 0.004 0.549 - 

Glucose 0.112 0.205 0.690 0.054 - 0.107 0.109 0.251 0.117 - 

Lactate 0.155 0.077 0.306 0.040 - 0.148 0.030 0.020 0.727 - 

Total protein 0.142 0.119 0.077 0.216 - 0.215 0.027 0.127 0.217 0.067 

Ureab 0.066 0.490 0.847 0.109 - 0.261 0.006 0.007 0.425 0.026 

Enzymes           

Alanine transaminasea 0.086 0.466 0.325 0.914 - 0.020 0.865 0.737 0.946 - 

Alkaline phosphataseb ND    - 0.180 0.018 0.008 0.631 - 

Aspartate transaminase 0.125 0.201 0.116 0.796 - 0.252 <0.001 <0.001 0.586 - 

Gamma-glutamyl transferasea,b 0.271 0.013 0.009 0.332 - 0.248 0.010 0.008 0.307 0.048 
 

aLog transformed data in midgestation. bLog transformed data in early gestation. ND is not 

detectable. 
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Appendix 4 

Appendix 4.1. Correlations between maternal serum and allantoic and amniotic fluid electrolytes.  

 

 Ionised 

calcium 

 Total 

calcium 

 Chloride  Magnesium  Phosphorus  Potassium  Sodium 

 ALF AMF  ALF AMF  ALF AMF  ALF AMF  ALF AMF  ALF AMF  ALF AMF 

Maternal serum Day 48 - 0.010a 0.165a  0.066a  0.119a  0.102a 0.024a  0.071a 0.075a  0.126a - 

0.005a 

 - 

0.159a 

0.159a  0.167a - 

0.029a 

Maternal serum Day 

153 

0.149a 0.148a  0.148a 0.031a  - 

0.159a 

- 

0.034a 

 0.244* - 

0.004a 

 - 

0.010a 

- 

0.079a 

 0.095a - 

0.057a 

 - 

0.013a 

0.056a 

ALF: Allantoic fluid. AMF: Amniotic fluid. a is not significant 
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Appendix 4.2. Correlations between maternal serum and allantoic and amniotic fluid metabolites. 

 

 Creatinine  Glucose  Lactate  Total protein  Urea 

ALF AMF  ALF AMF  ALF AMF  ALF AMF  ALF AMF 

Maternal serum Day 48 0.356** 0.145a  - 0.020a 0.302*  0.040a 0.155a  - 0.218a  - 0.008a  0.295* 0.646*** 

Maternal serum Day 153 0.298* 0.192a  0.494*** 0.200+  0.013a 0.283*  0.055a - 0.221+  0.856*** 0.916*** 

ALF: Allantoic fluid. AMF: Amniotic fluid. *** P < 0.001, ** P < 0.01, * P < 0.05, + P < 0.10 and a is not significant 

 

Appendix 4.3. Correlations between maternal serum and allantoic and amniotic fluid enzyme activities. 

 

 Alanine transaminase  Alkaline phosphatase  Aspartate transaminase  Gamma-glutamyl transferase 

ALF AMF  ALF AMF  ALF AMF  ALF AMF 

Maternal serum Day 48 - 0.069a 0.139a  - 0.024a ND  0.048a 0.205a  0.171a 0.382** 

Maternal serum Day 153 ND - 0.087a  ND - 0.076a  0.024a 0.096a  - 0.035a 0.221+ 

ALF: Allantoic fluid. AMF: Amniotic fluid. ** P < 0.01 and + P < 0.10. ND is not detectable in fetal fluids.  



 

 

 

 

 

 

 
 

 

 

 

 




