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ABSTRACT
Fixed-Time artificial insemination (FTAI) has many benefits, however a subset of cattle inseminated during these protocols rely on the administration of gonadotropin releasing hormone (GnRH) to induce ovulation. Inducing ovulation prior to the animal’s endogenous gonadotropin surge results in reduced pregnancy rates, embryo survival, day seven embryo quality, and successful embryo cleavage in beef cows undergoing FTAI. RNA-sequencing of oocytes and associated cumulus cells collected from follicles prematurely exposed to a gonadotropin surge suggested reduced capacity for glucose metabolism in cumulus cells of follicles ≤11.7 mm. Based on this information, we designed a series of studies to investigate the relationship between physiological status of the pre-ovulatory follicle at exposure to an exogenous gonadotropin surge and the metabolic capacity of the oocyte and follicular environment. We synchronized the development of a pre-ovulatory follicle in 319 lactating, Angus beef cattle and collected the follicular contents approximately 20 hours after administration of GnRH to induce the pre-ovulatory gonadotropin surge. Metabolomics analysis of 43 follicular fluid samples identified 18 metabolites with a significant, positive correlation to pre-ovulatory follicle diameter. Individual and pathway enrichment analysis of significantly correlated metabolites suggested that altered glucose and amino acid metabolism likely contribute to reduced developmental competence of oocytes when small pre-ovulatory follicles undergo induced ovulation. To further relate oocyte metabolic capacity to follicle status, we developed and validated procedures to measure both mitochondrial DNA (mtDNA) copy number and intraoocyte ATP in individual oocytes. We next determined the relationship between follicle physiological status and oocyte metabolic competence and follicular fluid metabolome profiles. Intraoocyte ATP content was significantly related to serum estradiol at administration of gonadotropin releasing hormone to induce ovulation (GnRH2) and time between GnRH2 and follicle aspiration. Serum estradiol concentration at GnRH2 and follicular fluid progesterone concentration were positively correlated with the abundance of 22 and 61 follicular fluid metabolites, respectively. Pathway enrichment analysis of the significant metabolites suggested altered proteinogenesis, citric acid cycle, and pyrimidine metabolism. Collectively, our studies show that premature exposure to an exogenous gonadotropin surge results in reduced metabolic capacity of the oocyte as well as an altered follicular microenvironment.
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[bookmark: _Hlk93858466][bookmark: _Toc289175825][bookmark: _Toc428279011]Incorporation of a fixed-time artificial insemination (FTAI) protocol into beef cattle production systems improves reproductive management as well as the genetics, weight, and uniformity of the calf crop (Sá Filho et al., 2010; Funston et al., 2012; Cushman et al., 2013). However, a subset of cattle (3-90%) undergoing a FTAI protocol rely on the administration of gonadotropin releasing hormone (GnRH) to induce their ovulation. This subset of cattle has reduced pregnancy rates compared to animals that express estrus prior to FTAI and experience an endogenous pre-ovulatory gonadotropin surge (Perry et al., 2005; Perry et al., 2007; Atkins et al., 2013; Colazo and Mapletoft, 2014; Colazo et al., 2018; Jinks et al. 2013; Richardson et al. 2016). This reduced pregnancy rate could be due, in part, to reduced oocyte developmental competence. Oocyte developmental competence is typically defined as the oocyte’s ability to complete maturation, be fertilized, cleave, and develop to the blastocyst stage (Lonergan et al., 2003; Sirard et al., 2006; Boni, 2012). Bovine oocytes from follicles as small as 2-3 mm possess the ability to resume meiosis, but have variations in their developmental potential (Hyttel et al., 1997; Otoi et al., 1997; Hendriksen et al., 2000). Despite completing meiotic maturation, oocytes from follicles 2-6 mm in diameter consistently have decreased cleavage and blastocyst rates than those originating from follicles larger than 6 mm (Fair et al., 1995; Fair et al., 1997; Otoi et al., 1997; Hendriksen et al., 2000; Lonergan et al., 2003; Boni, 2012; Aguila et al., 2020; Sarwar et al., 2020). While most oocytes that have resumed meiosis are capable of interacting with spermatozoa and forming a zygote, the ability of the zygote to reach the blastocyst stage is highly dependent on the degree of cytoplasmic competence and oocyte metabolic capacitation the oocyte has completed prior to the onset of maturation due to the luteinizing hormone (LH) surge (Hendriksen et al., 2000; Gosden, 2002; Watson, 2007; Jeong et al., 2009; Sirard, 2011; Boni, 2012; Conti and Franciosi, 2018; Aguila et al., 2020).
Metabolic priming consists of the gap junctional transport of metabolic substrates like ATP, pyruvate, and lipids from the cumulus cells to the oocyte as well as an increase in and reorganization of mitochondria within the oocyte’s cytoplasm during antral follicle development prior to the LH surge(Smith and Alcivar, 1993; Cao et al., 2007; Dumollard et al., 2007; Jeong et al., 2009; Kidder and Vanderhyden, 2010; Winterhager and Kidder, 2015; Aguila et al., 2020). This process occurs during antral follicle growth prior to the LH surge. The follicular fluid also contributes to the metabolic capacity of the cumulus-oocyte complex (COC) by providing signaling molecules, metabolites, and other nutrients that are required for COC development and metabolic processes (Edwards, 1974; Orsi et al., 2005a; Baka and Malamitsi-Puchner, 2006; Sohel et al., 2013; Dumesic et al., 2015; Ferrazza et al., 2017; Da Broi et al., 2018; Guerreiro et al., 2018). The level of metabolic priming prior to removal from the follicle or exposure to the pre-ovulatory gonadotropin surge in vivo is essential because gap junctions begin to break down and the oocyte and cumulus cells decouple once oocyte maturation commences (Granot and Dekel, 2002; Winterhager and Kidder, 2015; Conti and Franciosi, 2018; Read et al., 2018). This causes metabolite transport from the cumulus cells to the oocyte to stop. Additionally, during oocyte maturation, mitochondrial biogenesis arrests until the blastocyst stage of embryo development (Van Blerkom, 2004; Chappel, 2013; Trebichalská et al., 2020). Because of this, the oocyte and early embryo have to sustain their energy-demanding developmental processes with the metabolic substrates and mitochondria it has accrued prior to the pre-ovulatory gonadotropin surge. 
Progression of the dominant follicle through the pre-ovulatory time period appears to contribute greatly to oocyte developmental competency (Hendriksen et al., 2000; Dieleman et al., 2002; Knijn et al., 2002; Peterson and Lee, 2003; Atkins et al., 2013) and the metabolic capacity of oocytes (Moorey et al., 2021). Utilization of a FTAI protocol synchronizes the development of a pre-ovulatory follicle in a group of cattle. Such procedures, however, result in pre-ovulatory follicles of varied physiological status. Some animals (10-97%) produce a follicle that initiates estrus and a pre-ovulatory gonadotropin surge before the scheduled FTAI (Colazo and Mapltoft, 2014; Colazo et al., 2018; Perry et al., 2005; Jinks et al., 2013; Richardson et al., 2016). Other animals rely on administration of gonadotropin releasing hormone (GnRH) to induce a pre-ovulatory gonadotropin surge and subsequent oocyte maturation before an estrus and an endogenous surge occur. As previously stated, animals that rely on GnRH to induce a gonadotropin surge and ovulation experience lower pregnancy rates than animals that exhibit estrus and stimulate an endogenous surge (Perry et al., 2005; Perry et al., 2007; Colazo and Mapltoft, 2014; Colazo et al., 2018; Jinks et al., 2013; Richardson et al., 2016). The follicles of such animals are denied the opportunity to undergo the final stages of follicle development prior to the endogenous gonadotropin surge experienced by cattle who do display estrous behavior. Such a phenomenon provides a unique opportunity to evaluate the impact of the follicle’s status during these final hours leading up to estrus on oocyte developmental competency and fertility. 
Further, cattle induced to ovulate a small pre-ovulatory follicle (< 11.3 mm) had lower day 27 pregnancy rates and increased early pregnancy loss than cattle induced to ovulate a larger-sized pre-ovulatory follicle (> 11.3 mm; Perry et al., 2005). Pre-ovulatory follicle diameter is positively correlated with circulating estradiol concentrations at the time of GnRH injection to induce ovulation (GnRH2; Perry et al., 2005; Jinks et al., 2013). Size of the pre-ovulatory follicle at the time on GnRH2 administration is an indicator of the follicle’s physiological status and maturity in animals that have yet to display estrus. Indeed, cattle induced to ovulate a small pre-ovulatory follicle (< 12.5 mm) also had decreased oocyte developmental competence as evidenced by decreased embryo quality and decreased probability of recovering a fertilized embryo 7 days after insemination (Atkins et al., 2013). This prompted further research into the cumulus-oocyte-complexes (COC) induced to ovulate prematurely from small and large pre-ovulatory follicles in females that had not displayed estrus. RNA-sequencing analysis performed on COCs collected approximately 21 hours after the LH surge revealed decreased abundance of genes involved with glycolysis in the cumulus cells of small induced follicles (< 11.7 mm) compared to larger induced follicles (> 12.7 mm) and decreased mitochondrial gene expression in the oocytes from small induced follicles compared to non-induced follicles (Moorey et al., 2021). This suggests reduced metabolic capacity of the oocytes from follicles induced to ovulate prematurely.
Within the COC, cell-specific metabolic activity contributes to the accumulation of metabolite stores within the oocyte during folliculogenesis. Cumulus cells possess high glycolytic activity while the oocyte and early embryo primarily utilizes oxidative phosphorylation to sustain development through to the blastocyst stage of embryo development (Biggers et al., 1967; Zeilmaker and Verhamme, 1974; Sutton et al., 2003; Dumollard et al., 2007; Thompson et al., 2007; Sutton-McDowall et al., 2010; Leese, 2012; Paczkowski et al., 2013; Dalton et al., 2014; Roth, 2018; Dalbies-Tran et al., 2020). This metabolic dichotomy is a result of a coupling between the oocyte and cumulus cells prior to the resumption of meiosis in the oocyte. The cumulus cells utilize metabolites such as glucose from the follicular fluid to supply metabolic substrates like ATP, pyruvate, and lipids to the oocyte via gap junctions (Sutton et al., 2003; Kidder and Vanderhyden, 2010; Dumesic et al., 2015). The oocyte uses these metabolites for use in energy production as well as stockpiles them to provide energy for downstream developmental processes of oocyte maturation, fertilization, cleavage, and early embryonic cell divisions (Johnson et al., 2007; Jeong et al., 2009; Sutton-McDowall et al., 2010; Dumesic et al., 2015). Based on this information, we hypothesized that in cattle that are exposed to an induced gonadotropin surge during a FTAI protocol have an oocyte commence maturation prior to the endogenous gonadotropin surge – potentially interrupting the metabolic priming of the oocyte and decreasing the amount of time the oocyte had to accumulate metabolic substrates and increase the number of mitochondria. 
By inducing premature ovulation via exposure to an exogenously stimulated gonadotropin surge, these metabolic processes could be altered due to inadequate length of exposure of the COC to the peri-ovulatory follicular microenvironment. Alternatively, modifications in the peri-ovulatory follicular fluid or follicular cell physiology that promote COC metabolism during the final hours leading up to the gonadotropin surge could be essential for optimal oocyte competence, and the premature stimulation of the pre-ovulatory gonadotropin surge could eliminate the follicle’s progression through these essential stages. Decreased availability of the metabolic substrates and organelles necessary to sustain these energy-demanding developmental processes and alterations in the follicular microenvironment could contribute to the reduced embryo cleavage and increased early embryo loss observed in in vivo reproductive systems when small follicles are induced to ovulate. Therefore, we hypothesized that pre-ovulatory follicle status at administration of GnRH to induce the pre-ovulatory gonadotropin surge has an impact on the follicular fluid microenvironment and the metabolic capacity of the oocyte. Two studies were performed with objectives to profile the metabolome of follicular fluid and examine the metabolic capacity of oocytes collected from follicles ~20 hours after GnRH administration and determine the correlation between pre-ovulatory follicle status, follicular fluid metabolite concentrations, and oocyte metabolic capacity. We also performed an intermediate study to develop the methodology to quantify both the level of ATP and mitochondrial DNA copy number from an individual oocyte. 
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[bookmark: _Toc100072148]US Cattle Production and Fixed-Time Artificial Insemination
In a cow-calf herd, the ability of cows and heifers to conceive, birth, and wean a calf each year is essential to the success and profitability of the operation (Mathews 2001; Boyer et al., 2020; Ealy, 2020). Return to cyclicity following calving is a major milestone that must be met for a cow to calve every 365 days and remain productive in the herd (Short et al., 1990; Opsomer and de Kruif, 1999; Cushman et al., 2007; Baruselli et al., 2018). Animals that calve early in the calving season have greater days postpartum to return to cyclicity and become pregnant for the subsequent calving season. Thus, management to increase the percentage of animals calving early in the calving season improves cow longevity and productivity of the herd (Lesmeister et al., 1973; Funston et al., 2012; Cushman et al., 2013; Damiran et al., 2018). To further improve the yield per head, producers can seek to produce a heavier weaning, more uniform calf crop. This can also be accomplished by managing cows to calve earlier in the calving season and by improving the genetic merit of the herd.
The benefits of increasing the percent of animals calving earlier in the calving season are documented in multiple original research and meta-analysis studies (Lesmeister et al., 1973; Lima et al., 2010; Funston et al., 2012; Cushman et al., 2013; Damiran et al., 2018). Among these, Funston et al. 2012 reported that calving period significantly influences progeny performance (Funston et al., 2012). Within heifer calves, those born in the first 21-day calving period had a greater weaning weight, pre-breeding weight, and pre-calving weight as well as increased percent cycling prior to breeding and increased pregnancy rates when compared to those born in the third 21-day period. Their progeny were also born earlier and had increased weaning weights. Cushman et al. (2013) reported that heifers that calved early in the calving season with their first calf had increased herd longevity and produced increased pounds of weaned calves (Cushman et al., 2013). The steer calves also benefitted from being born earlier in the calving season. They had greater weaning, final, and carcass weights as well as increased marbling, a greater percent grading USDA modest or greater, and increased carcass values. This increased weaning weight of early calved progeny amounted to the production of an extra calf in the dam’s lifetime compared to those dams that calve later in the season. Increasing the number of animals that calve earlier in the calving season has the potential to increase the weight of calves weaned and increase the profits of the operation.
Sire genetics also greatly influence herd productivity by influencing calf weaning weights, carcass merit, or other traits economically relevant to the specific marketing strategy of individual operations (Smith, 1976; Ockerman et al., 1984; Cunningham et al., 1987; Crews, 2002; Casas and Cundiff, 2003; Berry et al., 2019; Eriksson et al., 2020; Martín et al., 2020, 2021). Careful selection of natural service sires and semen purchased for artificial insemination (AI) can improve calf genetic potential and performance. Artificial insemination is economically more efficient for improving herd genetics (Lima et al., 2010; Rodgers et al., 2012; Lamb and Mercadante, 2016; Baruselli et al., 2018). Improving herd genetics by purchasing a bull is limited by a producer’s budget to purchase high quality genetics and the reduced accuracy of expected progeny differences (EPDs) of most herd sire prospects. Artificial insemination allows producers to purchase semen from bulls with high accuracy and superior genetics without having to purchase the bull itself. While natural service (NS) is the least labor intensive during the onset of the breeding season, there are additional costs associated with purchasing and maintaining the bull as well as dangers from the temperament.  Though the need for natural service sires is not fully eliminated for herds that utilize AI, establishing pregnancy in a percentage of cows via AI reduces the number of bulls required to successfully service the cow herd and thus reduces such costs and concerns (Rodgers et al., 2012). 
Fixed-Time artificial insemination (FTAI) is a viable management option as it incorporates the benefits of calving early and improving herd genetics through AI better than natural service alone or performing AI on only animals detected in estrus (Rodgers et al., 2012; Sá Filho et al., 2013; Lamb and Mercadante, 2016; Baruselli et al., 2018). With FTAI, each cow in the herd is inseminated at the start of the breeding season. This gives every cow the opportunity to become pregnant and calve early. As pregnancy rates to FTAI in beef herds is often 40-60%, there is an increase in the percent of cows that become pregnant in the first 45 days of the breeding season when FTAI followed by natural service vs natural service alone was used (Pursley et al., 1997; Bucher et al., 2009; Taponen, 2009; Sá Filho et al., 2010; Sá Filho et al., 2013; Baruselli et al., 2018; Crites et al., 2018). By adopting FTAI as a management practice, producers have the potential to significantly impact their calf productivity and profitability with relatively minimal investment in time and money at the start of the breeding season.
However, despite the many benefits of FTAI, the technology is not perfect. There is a subset of cattle with decreased pregnancy rates to FTAI compared to the rest of the herd. This subset has not expressed estrus and has not had a gonadotropin surge by the time of scheduled insemination and, consequently, relies on the administration of gonadotropin releasing hormone (GnRH) to induce their ovulation prior to AI. Cattle induced to ovulate had a 14-60% reduction in pregnancy rate compared to animals that displayed estrus prior to breeding (Perry et al., 2005; Kasimanickam et al., 2009; Sá Filho et al., 2010; Nash et al., 2012; Whittier et al., 2013; Bridges et al., 2014; Martin et al., 2014; Richardson et al., 2016; Abel et al., 2017; Colazo et al., 2018; Rodrigues et al., 2018). Further, within the cattle induced to ovulate, cattle induced to ovulate a smaller sized pre-ovulatory follicle (< 11.3 mm) had decreased pregnancy rates and increased late embryonic mortality compared to those induced to ovulate a larger pre-ovulatory follicle (> 11.3 mm; Perry et al., 2005). This phenomenon has been observed by multiple research teams in cattle across the United States and in South America (Lamb et al., 2001; Vasconcelos et al., 2001; Perry et al., 2005; Perry et al., 2007; Sá Filho et al., 2010; Cooke et al., 2019). Interestingly, in beef cattle that displayed estrus, pre-ovulatory follicle size at the time of GnRH administration had no effect on pregnancy rate (Perry et al., 2005). This suggests that follicle size is primarily an indicator of the follicle’s physiological status in cattle induced to ovulate, and that the physiological status of the follicle at the time of GnRH injection to induce ovulation heavily affects pregnancy outcome. These differences in pregnancy success could be due to inadequate preparation of the maternal environment or decreased oocyte developmental competence (Vasconcelos et al., 2001; Perry et al., 2005; Busch et al., 2008; Atkins et al., 2010a, b; Fields et al., 2012; Atkins et al., 2013; Jinks et al., 2013; Perry et al., 2014; Cooke et al., 2019; Ciernia et al., 2021). Cattle induced to ovulate a smaller pre-ovulatory follicle have lower serum estradiol concentrations at the induction of ovulation and a less rapid rise in serum progesterone during the first 12-14 days after ovulation compared to cattle induced to ovulate a larger pre-ovulatory follicle or cattle that displayed estrus(Vasconcelos et al., 2001; Perry et al., 2005; Busch et al., 2008; Atkins et al., 2010ab; Jinks et al., 2013), thus an influence of follicle status on the maternal environment is likely. A reciprocal embryo transfer experiment designed to control for alterations in maternal environment highlighted differences in oocyte developmental competence from smaller versus larger pre-ovulatory follicles (Atkins et al., 2013). Cows induced to ovulate a smaller pre-ovulatory follicle had decreased embryo quality as well as decreased probability of recovering a cleaved embryo seven days after FTAI. 
[bookmark: _Toc100072149]Oocyte Developmental Competence and Follicle Physiological Status
While the in vivo fertilization rate for assisted reproductive techniques (ARTs) and natural matings in beef cattle is high, accepted to be close to 90%, pregnancy rate per service may range from 40-55% (Spitzer et al., 1978; Diskin and Sreenan, 1980; Smith et al., 1982; Carter et al., 2008; Dickinson et al., 2016; Reese et al., 2020). This decline in fertility is partly attributed to early embryo loss because 7-57% of in vivo produced embryos will become degenerate by the morula/blastocyst stage of embryo development (Diskin and Sreenan, 1980; Roche et al., 1981; Smith et al., 1982; Garrett et al., 1988; Breuel et al., 1993; Carter et al., 2008; Reese et al., 2020). These reductions in pregnancy success are mirrored in in vitro systems. While fertilization remains high, 70-80%, 30-86% of oocytes entering IVP fail to produce blastocysts (Pavlok et al., 1992; Lonergan et al., 1994; Blondin and Sirard, 1995; Blondin et al., 1996; Hyttel et al., 1997; Otoi et al., 1997; Hagemann et al., 1999; van de Leemput et al., 1999; Lonergan et al., 2001; Dieleman et al., 2002; Iwata et al., 2004; Lequarre et al., 2005; Ferré et al., 2020). Embryo development from fertilization to the blastocyst stage is largely the responsibility of the oocyte and relies on the acquisition of oocyte developmental competence (Gosden, 2002; Fair, 2003; Sirard et al., 2006; Swain and Pool, 2008; Zhang and Smith, 2015; Conti and Franciosi, 2018). The early embryo loss observed both in vivo and in vitro is indicative of inadequate oocyte developmental competence. Broadly, oocyte developmental competence is defined as the ability of the oocyte to complete maturation, be fertilized, cleave, and develop to the blastocyst stage (Lonergan et al., 2003; Sirard et al., 2006; Boni, 2012). In order to accomplish these tasks, the oocyte must have completed specific developmental milestones to allow for its acquisition of meiotic and cytoplasmic competence.
[bookmark: _Toc100072150]2.1 Acquisition of oocyte developmental competence during oocyte and follicle growth
Meiotic competence is the oocyte’s ability to undergo germinal vesicle breakdown (GVBD), progress to metaphase II (MII), and complete the extrusion of a polar body (Landim-Alvarenga and Maziero, 2014; Coticchio et al., 2015; Conti and Franciosi, 2018; He et al., 2021). During oogenesis in cattle, meiotically incompetent growth occurs primarily in preantral/early antral (2-3mm) follicles and is typically characterized by oocytes less than ~110μm in diameter (Fair et al., 1995; Hyttel et al., 1997; Otoi et al., 1997; Aerts and Bols, 2010b). Despite being able to resume meiosis beyond this timepoint, the follicular environment maintains a state of meiotic arrest within the oocyte (Gosden, 2002; Fair, 2003; Conti and Franciosi, 2018). During this time, the oocyte enters a period of meiotically competent growth, increasing to its final size of 120-150μm (Fair et al., 1995; Fair et al., 1997; Hyttel et al., 1997; Otoi et al., 1997). Although developmental competence of the oocyte is greatly improved once the oocyte achieves the capacity to complete meiosis, it continues to improve as antral follicle development progresses to the pre-ovulatory stages (Pavlok et al., 1992; Lonergan et al., 1994; Blondin and Sirard, 1995; Fair et al., 1995; Blondin et al., 1996; Hyttel et al., 1997; Otoi et al., 1997; Hagemann et al., 1999; van de Leemput et al., 1999; Dieleman et al., 2002; Iwata et al., 2004; Atkins et al., 2013). 
Throughout the meiotically incompetent and competent growth phases, the oocyte is increasing its cytoplasmic competence. Cytoplasmic competency involves an increase in oocyte size, transcript accumulation, organelle reorganization, and increased energy and nutrient stores made by the oocyte that are important for downstream developmental processes (Fair et al., 1995; Hyttel et al., 1997; Otoi et al., 1997; Swain and Pool, 2008; Graf et al., 2014; Winterhager and Kidder, 2015; Zhang and Smith, 2015; Conti and Franciosi, 2018). Improved cytoplasmic competency leads to further improvements in embryo cleavage and blastocyst rates when COCs are collected from antral follicles of increasing size. A study by Pavlok and others (1992) removed oocytes from abattoir-sourced ovaries and divided them into three groups based on antral follicle diameter: >1-2 mm, > 2-4 mm, and 4-8 mm. Oocytes from follicles > 2 mm had a 20% increase in fertilization (84.5% vs 62%) and blastocyst rate (24.5% vs 0%) and a 40% increase in cleavage rate (66.5% vs 20%) over those removed from follicles < 2 mm (Pavlok et al., 1992). Additional studies further improved developmental competence by including oocytes from larger antral follicles (> 8 mm) in their IVP system (Lonergan et al., 1994; Blondin and Sirard, 1995; Blondin et al., 1996; Hagemann et al., 1999; van de Leemput et al., 1999; Iwata et al., 2004). While Lonergan had similar blastocyst rates to Pavlok et al. (1992) in oocytes retrieved from 2-6 mm follicles (34%), by obtaining oocytes from all follicles over 6mm they doubled their blastocyst rate to 66% (Lonergan et al., 1994). Studies by Blondin reported a 20-40% increase in developmental rate to the 16+ cell stage in medium/large (> 3 mm) antral follicle groups over the small groups (< 3 mm; Blondin and Sirard, 1995; Blondin et al., 1996). A later study by Iwata and others (2004) also showed an ~20% increase in both cleavage and blastocyst rate of large antral follicles (6-12 mm) over small antral follicles (2-6 mm; Iwata et al., 2004). Hagemann and others further broke down antral follicle size into smaller size ranges: 3-5 mm, 6-8 mm, 9-12 mm, and > 13 mm. Oocytes from the largest antral afollicle group had a 26% increase in blastocyst rate compared to the smallest antral follicle group (Hagemann et al., 1999). 
Because increased oocyte size is also related to developmental competence, multiple studies have retrieved cumulus-oocyte complexes (COCs) from abattoir follicles of various sizes, grouped oocytes according to intrazonal oocyte diameter, and observed similar results to those based on follicle size (Fair et al., 1995; Hyttel et al., 1997; Otoi et al., 1997). Each of these studies showed that increasing oocyte diameter is related to increased oocyte developmental competence as evidenced by a higher proportion being fertilized, cleaving, and/or developing to the blastocyst stage. However, based on blastocyst rates well below 100% in even the largest follicle or oocyte groups, size alone is not the most accurate predictor of oocyte developmental competence. 
As follicle size increases, the average oocyte diameter is also increasing (Fair et al., 1995; Arlotto et al., 1996; Hyttel et al., 1997; Aerts and Bols, 2010b). However, at any given size, two different follicles could have oocytes with vastly different diameters (Fair et al., 1995; Arlotto et al., 1996; Hendriksen et al., 2000). This suggests that regardless of follicle diameter, these follicles could be at different developmental stages and contain oocytes with different developmental competencies. Studies investigating the dynamics of follicular development within cattle further support that follicles of equal size could be at different physiological stages (Spicer and Echternkamp, 1986; Taylor and Rajamahendran, 1991; Fortune, 1993; Hendriksen et al., 2000; Hendriksen et al., 2003; Atkins et al., 2010a, b; Jinks et al., 2013; de Lima et al., 2020). It can take up to 2 weeks for an atretic follicle to fully regress (Hendriksen et al., 2000). Atretic follicles decreasing in size and healthy follicles increasing in size results in a mix of atretic and healthy follicles at any given follicle size (Kruip and Dieleman, 1982; Spicer and Echternkamp, 1986; Hendriksen et al., 2000; Hendriksen et al., 2003). Additionally, the follicular fluid and serum estradiol levels of cattle with similarly sized follicles can vary greatly, suggestting varied stages of follicular development in similarly sized follicles (Kruip and Dieleman, 1982; Hendriksen et al., 2003; Busch et al., 2008; Atkins et al., 2010a, b; Jinks et al., 2013; Perry et al., 2014). This phenomenon is also demonstrated during the pre-ovulatory time period, as the ability of follicles to initiate an endogenous gonadotropin surge to induce their own ovulation is achieved between ~9 mm and > 17 mm in beef cattle (Fortune, 1993; Perry et al., 2005; Busch et al., 2008; Fields et al., 2012; Perry et al., 2014). Collectively, these studies provide evidence that two follicles at any given size can either be at different physiological stages of development. Therefore, the physiological status of the follicle should be considered prior to utilization of the oocyte to produce an embryo. 
[bookmark: _Toc100072151]2.2 The effects of follicle physiological status on oocyte developmental competence
Within the bovine estrous cycle, there are typically two to three follicular waves with the second or third wave producing the ovulatory follicle (Taylor and Rajamahendran, 1991; Lucy et al., 1992; Fortune, 1993; Hendriksen et al., 2003; Fortune et al., 2004; Jaiswal et al., 2004; Aerts and Bols, 2010a; Miura, 2019). For simplicity, this review will focus on describing the follicular dynamics of an estrous cycle with two follicular waves. The previous cycle’s follicle ovulates ~24 hours after estrous onset, designated as day 0 (Skarzynski et al., 2013). Serum estradiol levels decrease to basal levels (~2 pg/ml; Lucy et al., 1992; Alvarez et al., 2000) and serum progesterone levels rise as the corpus luteum (CL) forms. The decrease in circulating estradiol and inhibin from the past ovulatory follicle removes the inhibition on follicle stimulating hormone (FSH) release and FSH levels increase (Hendriksen et al., 2003). The increase in FSH levels recruits a group of 5-24 ~3 mm follicles into the first follicular wave of the new estrous cycle (Ginther et al., 1997; Hendriksen et al., 2003; Aerts and Bols, 2010a). Increased estradiol and inhibin production by the growing cohort of follicles begins to decrease the levels of circulating FSH (Ginther et al., 2000; Ginther et al., 2001; Aerts and Bols, 2010a; Lamb et al., 2010). By ~ day 2-3 of the cycle, the largest follicle reaches ~8 mm and its granulosa cells begin to express LH receptors (Bodensteiner et al., 1996; Aerts and Bols, 2010a; Bisinotto and Santos, 2011). This allows LH to stimulate its growth and further increase its production of estradiol and inhibin while further decreasing circulating FSH levels (Ginther et al., 2001).  Despite decreased levels of FSH, the selected follicle continues growth because it has gained LH receptors in its granulosa cells while the subordinate, FSH-dependent follicles have decreased growth (Ginther et al., 2001; Jaiswal et al., 2004; Aerts and Bols, 2010a). The dominant follicle continues to grow until ~ day 8 of the cycle while the subordinate follicles undergo atresia. The high levels of circulating progesterone (~2-6ng/ml) produced by the CL have a negative feedback on LH pulse frequency, preventing the increase in LH pulse frequency needed for the follicle to continue growing and enter the pre-ovulatory stage of development (Skinner et al., 1998; Alvarez et al., 2000; Perry et al., 2005; Jinks et al., 2013; Hill et al., 2014). The LH-dependent growth of the follicle is inhibited and the dominant follicle undergoes atresia. This causes a drop in the levels of circulating estradiol and inhibin, a rise in FSH, and allows for the second follicular wave to be recruited around days 9-10 (Fortune, 1993; Hendriksen et al., 2003). A new dominant follicle is selected on day 12 (Taylor and Rajamahendran, 1991; Bisinotto and Santos, 2011). Around day 16, the CL undergoes luteolysis, decreasing the levels of circulating progesterone and removing progesterone’s inhibition of gonadotropin releasing hormone (GnRH) from the hypothalamus (Taylor and Rajamahendran, 1991; Skarzynski et al., 2013). As the follicle increases in size, it produces increased levels of estradiol due to the removal of progesterone’s negative feedback on LH pulsatility (Stumpf et al., 1989; Perry et al., 2014; Jinks et al., 2013; Atkins et al., 2013; Perry et al., 2005). Estradiol continues to have a negative feedback on the tonic center of the hypothalamus, however estradiol does have a positive feedback on the surge center of the hypothalamus (Sinchak and Wagner, 2012; Christian and Moenter, 2010). As a consequence, pulsatile GnRH release from the tonic center and the corresponding LH release from the anterior pituitary is reduced even in the pre-ovulatory time period (Christian and Moenter, 2010). Once estradiol reaches a threshold level around day 20 (~ 7-9pg/ml), it results in estrous behavior and stimulates the GnRH-induced LH surge (Wettemann et al., 1972; Alvarez et al., 2000; Allrich, 1994). The follicle begins to undergo luteinization and prepare for ovulation. This causes a decrease in production of estradiol by the follicle and a decrease in serum estradiol levels. Approximately 24 hours later, ovulation occurs and the CL increases in size over the next five days (Skarzynski et al., 2013). Serum progesterone levels increase gradually as the CL becomes more developed and the cycle repeats with a new follicular wave. 
Each follicular wave can be broken down into FSH-dependent growth of the follicle (days ~1-6 and 9-16, follicle size ~3-8 mm) and LH-dependent follicle growth (days ~7-8 and 17-20, follicle size ~9-preLH surge) phases. The final follicular wave of each estrous cycle results in additional growth of the dominant follicle following luteolysis. In this wave, the dominant follicle reaches the ovulatory phase of follicle development (~day 21, post-LH surge – ovulation). The studies mentioned previously that investigated developmental competence of oocytes collected from follicles of varied sizes inadvertently grouped oocytes from follicles that likely differed in physiological status. However, abattoir-sourced ovaries are from variable, unknown reproductive backgrounds and various stages of atresia. To further decipher impacts of the follicle’s known physiological status on oocyte developmental competence, Hagemann and others (1999) produced follicles of known background by synchronizing estrus in a population of cows and collecting the ovaries at slaughter on days 2, 7, 10, and 15 of the estrous cycle (Hagemann, 1999). They collected oocytes from growing, nonatretic follicles 3-5 mm, 6-8 mm, 9-12 mm, and > 13 mm and observed a size-dependent increase in blastocyst rate from 45% in the 3-5 mm group to 70% in the > 13 mm group. The collection of 3-5 mm follicles on day 2 of the estrous cycle likely resulted in the collection of oocytes during FSH-dependent growth phase while the collection of follicles > 13 mm on day 15 of the estrous cycle likely resulted in the collection of oocytes during the LH-dependent growth phase. The improved developmental competence of oocytes collected from this time point provides evidence of the importance of LH-dependent growth on oocyte developmental competence. In the LH-dependent follicular phase, the oocyte undergoes a phase of low growth and increased cytoplasmic reorganization referred to as the oocyte capacitation phase (~120-150μm; Humblot et al., 2005). Despite possessing the ability to resume meiosis and having reached their final size, oocytes in this phase are maintained in a period of meiotic arrest. This allows for ultrastructural changes to occur as well as modifications to be made to RNA and proteins to prevent their degradation (Hyttel et al., 1989; Merton et al., 2003; Gougeon, 2010; Labrecque et al., 2016; Liu et al., 2017; Tang et al., 2019).
Additional studies compare the developmental competence of oocytes collected after the LH surge to oocytes collected during the FSH-dependent and LH-dependent phases. In vitro culture studies by van de Leemput and Dieleman (1999) also showed the importance of physiological status of the follicle prior to oocyte removal. The first study compared abattoir-sourced, 2-8 mm follicle (FSH-dependent phase) oocytes that underwent in vitro maturation to oocytes removed from super-ovulated cattle 24 hours after the LH surge (full development through post LH surge environment (van de Leemput et al., 1999). Oocytes that were exposed to all of the follicle developmental stages had 20% greater cleavage and blastocyst rates compared to those removed from the physiologically younger follicles (FSH dependent phase). Gjorret et al. (2003) and Knijn et al. (2002) conducted similar experiments and recorded embryo quality. In vivo produced embryos from super-ovulated cattle were better quality as shown by an increase in cell number and a decrease in apoptotic cells compared to in vitro produced embryos (Knijn et al., 2002; Gjorret et al., 2003). Dieleman and others (2002) further elucidated the importance of the final stages of antral follicle development, specifically highlighting the importance of the completion of capacitation and exposure to the post LH surge follicular environment. They super-ovulated cattle and removed a group of oocytes from the follicle 2 hours prior to the GnRH-induced LH surge and 24 hours after the LH surge via ovum pick up (OPU). The oocytes removed from the follicle 2 hours prior to the LH surge were matured in vitro while those removed after the LH surge were matured in vivo. Exposure of the oocyte to the full length of oocyte capacitation and the post LH surge environment is important for downstream developmental competence as oocytes that were allowed to complete oocyte capacitation and mature in vivo had a higher blastocyst rate (50% vs 80%). Completion of oocyte capacitation and oocyte maturation in vivo is also important for embryo quality as evidenced by an increased embryo cell number (54% vs 96%) and a lower percent of mixoploid embryos (50% vs 21%) in the in vivo matured group (Dieleman et al., 2002). Another study by de Loos et al. (1992) revealed that in vitro versus in vivo final maturation affected cumulus cells as well. Cumulus cells of in vitro matured COCs had decreased expansion. Cumulus cell expansion is important for oocyte maturation as well as fertilization. Decreased expansion in in vitro matured COCs provides further evidence that COCs need to be exposed to a complete follicular phase in order to obtain full developmental competence (de Loos et al., 1991). 
Studies by Perry and Atkins highlight the importance of pre-ovulatory follicle status and oocyte capacitation on pregnancy outcome or embryo development in beef cows following fixed-time artificial insemination (Perry et al., 2005, Atkins et al., 2013). As previously discussed, cattle that did not display estrus prior to induced ovulation/AI had lower day 27 pregnancy rates compared to those that did (29% vs 90% in cows and 20% vs 63% in heifers; Perry et al., 2005; Perry et al., 2007). Size of the follicle at estrus did not affect pregnancy rate, indicating that physiological status of the follicle was the primary factor in developmental competence. Regardless of size, the follicles had progressed through all the physiological phases of development in vivo and should have resulted in ovulation of a maximally developmentally competent oocyte (Dieleman et al., 2002). Oocytes from pre-ovulatory follicles induced to ovulate did not have the opportunity to complete the final hours of LH-dependent oocyte capacitation prior to induction of the gonadotropin surge. Further, the groups that were induced to ovulate were subdivided into small (< 11.3 mm in cows and < 10.7 mm in heifers) and large (> 11.3 mm in cows and > 12.8 mm in heifers) follicle groups. Those cattle induced to ovulate a smaller pre-ovulatory follicle had a reduced day 27 pregnancy rate following AI compared to animals induced to ovulate a larger pre-ovulatory follicle. These follicle sizes also mark a transition in the degree of progression that the follicle completed prior to premature induction of the pre-ovulatory gonadotropin surge. Small follicles would likely be physiologically younger and the oocyte within would have spent less time in the LH-dependent growth phase. Larger follicles would contain oocytes that may have likely progressed further through oocyte capacitation before the gonadotropin surge was induced. Taken together, these studies show improved day 27 pregnancy rates as the follicle progresses through more advanced physiological stages. 
While improved pregnancy rates of cows that expressed estrus or were induced to ovulate a larger vs smaller pre-ovulatory follicle were undoubtedly related in part to an improved maternal environment (Cooke et al., 2019), multiple studies show that improved oocyte developmental competence is also a contributing factor (van de Leemput et al., 1999; Dieleman et al., 2002; Atkins et al., 2013). Atkins demonstrated that increased follicle size at induced ovulation in cattle that did not display estrus was correlated to increased probability of recovering a fertilized embryo as well as improved day 7 embryo quality. Additionally, Cooke and others (2019) showed that conceptuses collected on day 15 after insemination were almost 3 times longer in cattle that displayed estrus prior to AI compared to those that did not display estrus (Cooke et al., 2019).
To better understand the critical physiological processes that take place during the final hours of oocyte capacitation, Moorey and others (2021) performed an RNA sequencing study that compared the gene expression profiles of oocytes and cumulus cells collected from the follicles of cattle that displayed estrus and those that did not (Moorey et al., 2021). The follicles of the cattle that did not display estrus were further divided into larger (> 12.7 mm) and smaller (< 11.7 mm) pre-ovulatory follicle groups. Moorey et al. (2021) reported decreased expression of transcripts involved in glycolysis in the cumulus cells of smaller compared to larger pre-ovulatory follicles. Further, oocytes from small follicles had decreased expression of genes associated with mitochondria and oxidative phosphorylation when compared to the oocytes from cattle that displayed estrus. The oocyte and early embryo rely on cumulus cell glycolysis and oocyte oxidative phosphorylation for energy production (Paczkowski et al., 2013)]. Decreased expression of genes involved in these key pathways suggests a decrease in the metabolic capacity of the oocytes induced to ovulate prematurely from a small follicle. 
[bookmark: _Toc100072152]Metabolic Capacity of the COC and Embryo Development
The oocyte and early embryo primarily rely on oxidative phosphorylation to create the energy necessary to sustain development through to the blastocyst stage of embryo development (Biggers et al., 1967; Tamassia et al., 2004; Sutton-McDowall et al., 2010; Paczkowski et al., 2013; Dalton et al., 2014; Babayev and Seli, 2015; Dalbies-Tran et al., 2020). The ability to meet these energy needs relies on events that happen during antral follicle growth prior to the LH surge and resumption of oocyte meiotic maturation (Zhang et al., 2017). This includes an increase in mitochondrial number within the oocyte as well as an accumulation of metabolic substrates that can be utilized to fuel oxidative phosphorylation. Ultimately, stored metabolic substrates are used to produce ATP via oxidative phosphorylation to meet the energy needs of the oocyte during the resumption of meiosis, fertilization, and cleavage as well as early embryo cell division. Multiple studies reported that ATP levels within the oocyte and embryo are indicative of developmental competence (Quinn and Wales, 1973; Calarco, 1995; Van Blerkom et al., 2000; Stojkovic et al., 2001; Tamassia et al., 2004; Dalton et al., 2014).
Mitochondria are found in high numbers within the oocyte and comprise approximately 30% of the volume of a mature oocyte (Dumollard et al., 2009; May-Panloup et al., 2021). Human and mouse MII stage oocytes have approximately 100,000 mitochondria (Monnot et al., 2013; Zhang et al., 2017). These mitochondria are generated from a small population of ~100 mitochondria present in primordial germ cells (Wai et al., 2008; St John, 2014; Babayev and Seli, 2015; Zhang et al., 2017). Mitochondrial DNA (mtDNA) is present within the mitochondria and encodes for 13 proteins that are components of the electron transport chain (Spikings et al., 2006; Zhang et al., 2017). Within the oocyte, each mitochondrion is reported to possess anywhere from 1 to 15 copies of mtDNA (Pikó and Taylor, 1987; Spikings et al., 2006; May-Panloup et al., 2007; Zhang et al., 2017). In the bovine, mtDNA copy number can range from 13,000 to 3,600,000 copies per oocyte (Dumollard et al., 2007; Jiao et al., 2007; Iwata et al., 2011; Roth, 2018; Hashimoto et al., 2019; Nagano, 2019). 
Mitochondrial number and mtDNA copy number both increase throughout oogenesis (Smith and Alcivar, 1993; Hyttel et al., 1997; Tamassia et al., 2004; Chappel, 2013; St John, 2014; Babayev and Seli, 2015). Mitochondrial DNA copy number is frequently used to estimate the quantity of mitochondria within the oocyte (Michaels et al., 1982; Tamassia et al., 2004; Iwata et al., 2011; Archer, 2013; Babayev and Seli, 2015; May-Panloup et al., 2021). Increased mtDNA copy number is associated with highly metabolically active somatic cells like neurons, muscle cells, and oocytes (Archer, 2013; Chappel, 2013). However, the relationship between mtDNA copy number and oocyte developmental competence is debated.  Multiple studies have shown oocytes with increased mtDNA copy number have improved developmental competence while others show no relationship (Van Blerkom et al., 1998; Perez et al., 2000; Reynier et al., 2001; Tamassia et al., 2004; Jiao et al., 2007; May-Panloup et al., 2007; Iwata et al., 2011; Srirattana and St John, 2018). This could be due to differences in study design and measurement of mtDNA copy number.
Within oocytes that have resumed meiosis after exposure to the LH surge, the mitochondria are in a conformation suggestive of low energy production (Hyttel et al., 1986; May-Panloup et al., 2021). They are small, round, and have decreased cristae (Hyttel et al., 1986; Hyttel et al., 1989; Fair et al., 1997; Reader et al., 2017). This suggests that the large mitochondrial mass established within the oocyte prior to maturation is needed to produce the amount of ATP necessary to meet the energy needs of the oocyte (Van Blerkom et al., 1998; Tamassia et al., 2004). Because the number of mitochondria present in the embryo does not increase until after the embryo develops to the blastocyst stage, the early embryo must meet its metabolic needs with the mitochondria it obtained during antral follicle development (Chappel, 2013; St John, 2014; Babayev and Seli, 2015). As the embryo cleaves, the mitochondrial complement is divided amongst the blastomeres and the mitochondria take on a conformation indicative of increased metabolic activity (Motta et al., 2000). This results in a decrease in the mitochondrial mass per cell and an increase in the ATP produced per mitochondrion (Chappel, 2013). Embryos from oocytes with decreased levels of mitochondria have decreased mitochondria per cell and, consequently, decreased metabolic capacity within the blastomeres (Van Blerkom et al., 2000; Van Blerkom, 2004; May-Panloup et al., 2021). Interestingly, transcript abundance for 3 mitochondrial genes (mtND1, mtND5, mtCOX1) was increased in the oocytes of smaller pre-ovulatory follicles (≤ 11.7 mm) that underwent an induced gonadotropin surge compared to oocytes collected from follicles of cows that had exhibited estrus (Moorey et al., 2021). However, an additional 5 nuclear genes (ATP6V0D1, NDUFA7, NDUFA8, COX6A1, COX5B) had reduced expression in the oocytes from smaller pre-ovulatory follicles of cattle that did not display estrus versus oocytes from follicles of cattle that did display estrus. Therefore, the impact of pre-ovulatory follicle status on mitochondrial number or function is uncertain. 
[bookmark: _Hlk94376396][bookmark: _Hlk94376354]In addition to needing adequate levels of mitochondria, the oocyte must have obtained stockpiles of the metabolic substrates utilized by the mitochondria to perform oxidative phosphorylation. During oocyte capacitation, which is a critical component of oocyte development occurring during LH-dependent antral follicle growth, the oocyte is increasing the size and number of lipid droplets within the cytoplasm. These lipids are used by the mitochondria to produce energy via beta oxidation (Dunning et al., 2014; Dalbies-Tran et al., 2020). This is evidenced by the clustering of mitochondria around lipid droplets during maturation, the lipid droplets taking on a conformation that indicates their use, and an inhibition of the mitochondrial enzymes important for the oxidation of lipids negatively impacting developmental competence (Hyttel et al., 1986; Sturmey et al., 2009; Paczkowski et al., 2013; Dalbies-Tran et al., 2020). Further, oocyte lipid content has been associated with improved developmental competence (Jeong et al., 2009; Aguila et al., 2020). Premature maturation of the oocyte could interrupt accumulation of lipids and result in decreased energy availability during development. 
Additionally, bovine oocytes and early embryos are unable to conduct glycolysis and rely on cumulus cells to provide substrates for oxidative phosphorylation (Biggers et al., 1967; Sutton-McDowall et al., 2010; Paczkowski et al., 2013; Dalbies-Tran et al., 2020). During antral follicle growth, cumulus cell glycolytic activity results in the production of metabolites such as pyruvate, lactate, NADH, and FADH2 (Sutton-McDowall et al., 2010; Winterhager and Kidder, 2015; Richani et al., 2021). These metabolic substrates are transported to the oocyte via gap junctions where they are stockpiled for use during oocyte maturation and embryo development (Swain and Pool, 2008; Sutton-McDowall et al., 2010; Seli et al., 2014; Dumesic et al., 2015; Winterhager and Kidder, 2015; May-Panloup et al., 2021; Richani et al., 2021). The importance of these substrates to the oocyte are evidenced by the oocyte control of cumulus cell glycolysis. BMP15, GDF9, and FGF8 produced by the oocyte increase the expression of glycolytic genes within the cumulus cells (Emori and Sugiura, 2014; Moorey et al., 2021). Moorey et al. (2021) previously reported a decrease in gene expression for key enzymes in the glycolytic pathway (ALDOC, GPI, HK2, LDHA, PFKP, TRI1; FDR<0.01) in the cumulus cells of COCs obtained from small (≤ 11.7 mm) compared to large (≥ 12.7 mm) follicles that received pharmacological injection to induce the gonadotropin surge (Moorey et al., 2021). The lower expression of such genes suggests decreased glycolytic activity in the cumulus cells and decreased metabolic substrate transported to the oocytes of small follicles. A potential decrease in the lipid content and glycolytic metabolite availability in the oocyte removed prematurely could be responsible for the decreased developmental competence of these oocytes. 
	A combination of the mitochondrial content and metabolic substrate levels within the oocyte result in the metabolic capacity of the oocyte and early embryo to produce ATP. Metabolic capacity of the oocyte is accumulated throughout antral development and relies on exposure to the follicular microenvironment.
3.1 Effects of the follicular fluid microenvironment on oocyte developmental competence
Follicular fluid present during the antral stages of folliculogenesis is a product of serum and follicular cell secretions (Edwards, 1974; Gosden et al., 1988; Clarke et al., 2006; Fahiminiya and Gérard, 2010b; Kidder and Vanderhyden, 2010; Rodgers and Irving-Rodgers, 2010; Hennet and Combelles, 2012; Winterhager and Kidder, 2015; Read et al., 2018). It provides many of the nutrients, metabolic substrates, and signaling molecules required to support the metabolism of the COC and accumulation of stockpiles of metabolic substrates within the oocyte (Edwards, 1974; Gosden et al., 1988; Clarke et al., 2006; Fahiminiya and Gérard, 2010b; Kidder and Vanderhyden, 2010; Rodgers and Irving-Rodgers, 2010; Hennet and Combelles, 2012; Winterhager and Kidder, 2015; Read et al., 2018). Multiple studies have shown that the follicular fluid composition changes throughout antral follicle development and is related to stage of development and stage of the estrous cycle (Orsi et al., 2005a; Moreno et al., 2015). For example, during the LH-dependent and post LH surge phases, steroid hormone profiles change dramatically. During the beginning of the LH dependent phase of a follicular wave, the follicle is exposed to a high progesterone environment. Following luteolysis, and the subsequent decrease in circulating progesterone, the follicular cells increase estradiol production and the follicular fluid contains increasing levels of estradiol until the pre-ovulatory gonadotropin surge (Fortune and Hansel, 1985; Ginther et al., 2000; De los Reyes et al., 2006; Perry et al., 2014). Once this occurs, the follicular fluid composition decreases in estradiol levels and increases in progesterone. This fluctuation in endocrine profiles is important for the acquisition of oocyte developmental competence.
In addition to preparation of the uterine environment for pregnancy, progesterone is also thought to play an important role in oocyte developmental competence (Bazer et al., 2011; Fair and Lonergan, 2012). This is because the follicle is exposed to systemic progesterone during the majority of antral development, intrafollicular progesterone levels increase after exposure to the pre-ovulatory gonadotropin surge, and cumulus cells express progesterone receptors as well as produce progesterone (Dieleman et al., 1983; Fortune and Hansel, 1985; Alvarez et al., 2000; Lamb et al., 2010; Aparicio et al., 2011; Wiltbank et al., 2011; Fair and Lonergan, 2012; Rispoli et al., 2020). During the LH-dependent growth phase, progesterone levels must decrease in order for the follicle to continue development towards the pre-ovulatory phase (Skinner et al., 1998; Fair and Lonergan, 2012). After the pre-ovulatory gonadotropin surge, progesterone levels within the follicular fluid increase. Increased follicular progesterone levels after the LH surge are associated with increased probability of retrieving an oocyte at the MI or MII stage of meiotic maturation as well as increased blastocyst rate (Seibel et al., 1989; Aardema et al., 2013; Da Broi et al., 2018). Progesterone receptors are present within the COC during this time period. In vitro experiments that utilized progesterone receptor antagonists showed a reduction in cumulus cell expansion, decreased chromosome segregation during meiotic maturation, and decreased blastocyst rates (Luciano et al., 2010; Aparicio et al., 2011). 
[bookmark: _Hlk94363294]Estradiol has been reported to promote oocyte developmental competence in multiple studies (Ginther et al., 2000; Ginther et al., 2001; De los Reyes et al., 2006). Estradiol produced by the granulosa cells stimulates the expression of both C-type natriuretic peptide (CNP) and its receptor (NPR2). This system acts to maintain meiotic arrest within the oocyte by increasing the transport of cGMP to the oocyte from the cumulus cells. Increased cGMP inhibits phosphodiesterase 3A (PDE3A) breakdown of cAMP within the oocyte, maintaining high levels of cAMP within the oocyte (Zhang et al., 2010; Liu et al., 2017). The exposure of the COC to estradiol also increases the expression of gap junctional proteins and increases their localization to the plasma membrane (Firestone and Kapadia, 2012). This increase in functional gap junctions increases the ability of the cumulus cells to transport cGMP to the oocyte as well as the metabolic substrates needed to support oocyte and embryo development. Because the oocyte relies on gap junction transport to store pyruvate, lipids, and other metabolic substrates, increased functional gap junctions could contribute to an increase in oocyte stockpiles.
In addition to the changes in hormone levels the oocyte experiences during the LH dependent growth phase, the metabolite, protein, and electrolyte profile of the follicular fluid also changes. Components found within bovine follicular fluid include amino acids, glucose derivatives, and fatty acids that are important for proteinogenesis, energy metabolism, and the regulation of reactive oxygen species (Orsi et al., 2005a; Bender et al., 2010; Renaville et al., 2010; Leroy et al., 2011; Alves et al., 2014; O'Doherty et al., 2014; Forde et al., 2016a; Guerreiro et al., 2018). Glucose concentrations within the follicular fluid increase throughout antral follicle development before plateauing in pre-ovulatory and post LH surge follicular fluid (Iwata et al., 2004; Orsi et al., 2005a; Bender et al., 2010). In vivo, follicular fluid glucose is metabolized by the cumulus cells to support nucleic acid synthesis and the acquisition of stores of metabolic substrates within the oocyte (Biggers et al., 1967; Sutton et al., 2003). Once the pre-ovulatory LH surge occurs, cumulus cells utilize glucose to support their own expansion as well as progression of the oocyte through meiosis (Leroy et al., 2004; Bilodeau-Goeseels, 2006; Leroy et al., 2006; Sutton-McDowall et al., 2010; Leroy et al., 2011; Brown et al., 2017). Increased glucose levels in follicular fluid and maturation media were associated with improved oocyte developmental competence (Rose-Hellekant et al., 1998; Downs and Hudson, 2000; Iwata et al., 2004; Bilodeau-Goeseels, 2006; Leroy et al., 2006). Pyruvate concentration within the follicular fluid also increases with increasing follicle diameter (Orsi et al., 2005a). As cumulus cells convert glucose to pyruvate via glycolysis, they are transporting it through their gap junctions to deposit pyruvate into both the oocyte and the surrounding environment (Uhde et al., 2018a). Increased pyruvate presence within the follicular fluid of larger follicles could be indicative of increased cumulus cell glycolysis during this timepoint. This is further confirmed by the decrease in the glycolytic genes expressed in the cumulus cells from small follicles (Moorey et al., 2021). 
In vitro, the presence of pyruvate, glucose, and glutamine in the culture media is essential for progression of the oocyte through MII (Rieger and Loskutoff, 1994; Rose-Hellekant et al., 1998; Downs and Hudson, 2000). Glutamine is thought to act as both a source of energy as well as provide substrates for nucleic acid synthesis as only oocytes exposed to glutamine were able to achieve MII (Bilodeau-Goeseels, 2006; Hennet and Combelles, 2012). Additionally, decreased levels of glucose in the culture media results in an increase in the amount of time required for the oocyte to reach MII as well as a decrease in blastocyst rate (Iwata et al., 2004).  Pyruvate, glucose, and glutamine metabolism by the COC reach a peak around 18 hours after initiation of meiotic maturation (Rieger and Loskutoff, 1994; Roberts et al., 2002). Interestingly, this is the approximate time the oocytes were collected in the study by Moorey et al (2021). In this study, cumulus cells collected ~23 hours after the smaller pre-ovulatory follicles were prematurely exposed to the LH surge had decreased expression of glycolytic genes as well as genes for the glucose transporters SLC2A1 and SLC2A10. The decreased ability to transport metabolic substrates into the cumulus cells as well as a decreased ability to metabolize these substrates could result in a decreased availability of these metabolites during meiotic maturation. 
[bookmark: _Hlk94369958]In addition to progression through latter stages of antral follicle growth, the follicular fluid microenvironment can be impacted by extraovarian factors. In ruminants and humans, follicular fluid composition can be impacted by the environment, diet, metabolic status, age, and ovarian stimulation protocol (Fortune and Hansel, 1985; Assey et al., 1994; Ambrose et al., 2006; Leroy et al., 2006; Bender et al., 2010; Von Wald et al., 2010; Wonnacott et al., 2010; Zachut et al., 2010; Leroy et al., 2011; Liu et al., 2012; Alves et al., 2014; O'Doherty et al., 2014; Palini et al., 2014; Moreno et al., 2015; Forde et al., 2016a; Takeo et al., 2017). Changes in the environment an oocyte is exposed to both in vivo and in vitro have been shown to impact oocyte developmental competence as well as COC metabolism (Downs and Hudson, 2000; Sutton et al., 2003; Leroy et al., 2011; Krisher, 2013; Matoba et al., 2014; Dumesic et al., 2015). A primary example is the effect of negative energy balance in dairy cattle on follicular fluid composition and oocyte developmental competence (Leroy et al., 2005; Bender et al., 2010; Renaville et al., 2010; Leroy et al., 2011; O'Doherty et al., 2014; Forde et al., 2016a). Lactating dairy cattle have higher concentrations of saturated fatty acids and decreased concentrations of unsaturated fatty acids than heifers and nonlactating cattle (Bender et al., 2010; Forde et al., 2016a). Increased saturated fatty acids in the follicular fluid are associated with impaired meiosis, cleavage, and blastocyst formation while increased unsaturated fatty acids are associated with increased blastocyst rate and decreased pregnancy loss (Leroy et al., 2005; Ambrose et al., 2006; Wonnacott et al., 2010; Matoba et al., 2014). In vitro, supplementation with saturated fatty acids induces granulosa cell apoptosis while unsaturated fatty acid supplementation increases the percent of oocytes that achieve MII (Mu et al., 2001; Matoba et al., 2014). There are few studies that investigated the metabolite and nutrient composition of the follicular fluid in beef cattle. However, multiple studies have highlighted how manipulating the estrous cycle can result in altered hormone levels and impact oocyte developmental competence (Fortune and Hansel, 1985; Stock and Fortune, 1993; Assey et al., 1994; Perry et al., 2005; Perry et al., 2007; Bisinotto and Santos, 2011; Perry et al., 2014). Because the follicular fluid changes throughout folliculogenesis and is easily impacted by extraovarian factors, by inducing premature ovulation, the post LH surge follicular fluid microenvironment could be altered in beef cattle. As mentioned in previous sections, an oocyte that is exposed to each intrafollicular microenvironment has obtained maximal developmental competence as evidenced by increased blastocyst rate and embryo quality compared to oocytes removed from follicles prior to the LH-dependent and post LH surge phases. As oocyte developmental competence is linked to follicular fluid composition, alterations due to premature exposure to an LH surge could have negative impacts on the developmental competence and metabolic capacity of the oocyte. 
Taken together, the overarching hypothesis of this dissertation is to investigate the relationship between follicle physiological status at the time of administration of GnRH to induce the LH surge on oocyte metabolic capacity and the ovulatory follicle microenvironment approximately 19 hours after GnRH administration. 
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Induced ovulation of small pre-ovulatory follicles reduced pregnancy rates, embryo survival, day seven embryo quality, and successful embryo cleavage in beef cows undergoing fixed-time artificial insemination. RNA-sequencing of oocytes and associated cumulus cells collected from pre-ovulatory follicles 23 hours after gonadotropin releasing hormone (GnRH) administration to induce the pre-ovulatory gonadotropin surge suggested reduced capacity for glucose metabolism in cumulus cells of follicles ≤ 11.7 mm. We hypothesized that the follicular fluid metabolome influences metabolic capacity of the cumulus-oocyte complex and contributes to reduced embryo cleavage and quality grade observed following induced ovulation of small follicles. Therefore, we performed a study to determine the correlation between pre-ovulatory follicle diameter and follicular fluid metabolome profiles in lactating beef cows (Angus, n=130). We synchronized the development of a pre-ovulatory follicle and collected the follicular contents approximately 20 hours after GnRH administration. We then performed UHPLC-HRMS metabolomic studies on 43 follicular fluid samples and identified 38 metabolites within pre-ovulatory follicles of increasing size. We detected 18 metabolites with a significant, positive correlation to follicle diameter. Individual and pathway enrichment analysis of significantly correlated metabolites suggest that altered glucose and amino acid metabolism likely contribute to reduced developmental competence of oocytes when small pre-ovulatory follicles undergo induced ovulation. 

[bookmark: _Toc100072155]Introduction
Decreased pre-ovulatory follicle diameter at the time of pharmacological induction of ovulation was associated with lower pregnancy rates and/or reduced embryo survival in beef cattle undergoing fixed-time artificial insemination (FTAI; Lamb et al., 2001; Perry et al., 2005; Perry et al., 2007; Sá Filho et al., 2010). Such reductions in fertility were likely the result of poor preparation of the maternal environment for pregnancy establishment and the ovulation of an oocyte with reduced developmental competency (Perry et al., 2005; Atkins et al., 2013; Jinks et al., 2013; Ciernia et al., 2021). When beef cows were induced to ovulate a pre-ovulatory follicle < 12.5 mm (smaller) versus a follicle > 12.5 mm (larger) in diameter, embryo quality grade and the probability of recovering a fertilized embryo seven days after FTAI were decreased (Atkins et al., 2013). RNA-sequencing of pools of four oocytes or associated cumulus cells recovered ~23 hours after administration of gonadotropin releasing hormone (GnRH) to stimulate the pre-ovulatory gonadotropin surge in smaller (≤ 11.7 mm) versus larger (> 12.7 mm) pre-ovulatory suggested decreased metabolic capacity of cumulus cells from smaller pre-ovulatory follicles (Moorey et al., 2021).
[bookmark: _Hlk94376749]Cumulus cells possess high glycolytic activity and are responsible for producing and transporting metabolites such as pyruvate, lactate, NADH, and FADH2 to the oocyte via gap junctions (Winterhager and Kidder, 2015). These metabolites are then utilized as substrates or electron carriers to maintain production of adenosine triphosphate (ATP) via oxidative phosphorylation in the maturing oocyte and pre-blastocyst stage embryo (Babayev and Seli, 2015; Coticchio et al., 2015; Brown et al., 2017). The oocyte and early embryo rely on stores of pyruvate, ATP, and other metabolites to support the metabolic requirements of oocyte maturation, fertilization, and sustained development through the blastocyst stage (Biggers et al., 1967; Cetica et al., 2002; Johnson et al., 2007; Chappel, 2013). During the antral stages of follicle development, the follicular fluid provides many of the nutrients, metabolic compounds, and signaling molecules that are essential for the accumulation of stockpiles of metabolic substrates within the oocyte (Winterhager and Kidder, 2015; Read et al., 2018). Follicular fluid, which is derived from serum and the secretions of intrafollicular cells, both influences and is the result of varied metabolic activities within the follicular cells (Edwards, 1974; Gosden et al., 1988; Clarke et al., 2006; Kidder and Vanderhyden, 2010; Rodgers and Irving-Rodgers, 2010; Hennet and Combelles, 2012). Therefore, exploration of the follicular fluid milieu provides insight into follicular cell function. The follicular fluid metabolome is dependent on the stage of antral follicle development, the developmental stage of the oocyte, and stage of the estrous cycle (Orsi et al., 2005a; Moreno et al., 2015). Follicular fluid metabolome profiles have been linked to fertility in multiple species, and multiple follicular fluid components have been identified as biomarkers of oocyte developmental competence (Sinclair et al., 2008; Bender et al., 2010; Kafi et al., 2017). 
Though studies of the follicular fluid metabolome have been performed in humans and dairy cows, little focus has been placed on the impact of follicle diameter at GnRH administration to induce ovulation on the follicular fluid and resulting cellular functions of the granulosa cells or cumulus-oocyte complex in beef cows. Studies that investigate the relationship between pre-ovulatory follicle size and the follicular fluid milieu are essential to further understanding reduced oocyte developmental competence and subsequent fertility when beef cows are induced to ovulate a small pre-ovulatory follicle. We hypothesized that size of the pre-ovulatory follicle prior to the LH surge impacted the follicular fluid’s metabolome and metabolic capacity of the cumulus-oocyte complex that contribute to reduced embryo cleavage and quality grade observed following induced ovulation of small pre-ovulatory follicles. Therefore, we designed a study with the objective to profile the metabolome of follicular fluid collected from pre-ovulatory follicles ~20 hours after GnRH administration to induce the pre-ovulatory gonadotropin surge and determine the correlation between pre-ovulatory follicle diameter at GnRH administration and follicular fluid metabolite concentrations. We utilized ultra-high - performance liquid chromatography – high resolution mass spectrometry (UHPLC-HRMS) to identify metabolites within pre-ovulatory follicles of increasing size and determined metabolites with a significant correlation to follicle diameter. 
[bookmark: _Toc100072156]Materials and Methods
[bookmark: _Toc100072157]Animal handling and synchronization of pre-ovulatory follicle development
All animal protocols and procedures were approved by the University of Tennessee Knoxville Institutional Animal Care and Use Committee. Development of pre-ovulatory follicles were synchronized in postpartum, suckled beef cattle (Angus; n=130) according to procedures outlined in Figure 1. Estrous cycles were pre-synchronized by administration of gonadotropin-releasing hormone (GnRH; i.m.; 100 μg; Cystorelin; Boehringer Ingelheim; Ingelheim am Rhein, Germany) and placement of a controlled internal drug release (CIDR; intravaginal; 1.38 g progesterone; Eazi-Breed CIDR®; Zoetis Animal Health, Kalamazoo, MI, USA). After seven days, the CIDR was removed and cows were administered prostaglandin F2α (PGF; i.m.; 25mg; Lutalyse ® HighCon; Zoetis Animal Health, Kalamazoo, MI, USA). Approximately 66 hours later, cows were administered a second dosage of GnRH (i.m.; 100 μg; Cystorelin). Cows were then divided into 3 groups to facilitate transvaginal aspiration with 42-44 cows per group. 
Eight to ten days after pre-synchronization, cows were administered GnRH (GnRH1; i.m.; 100 μg; Cystorelin) on day -9 to start a new follicular wave. On day -2, PGF (i.m.; 25mg Lutalyse ® HighCon) was administered to lyse corpora lutea. On day 0, cows received a second dosage of GnRH (GnRH2; i.m.; 100 μg; Cystorelin) to induce a pre-ovulatory gonadotropin surge.
Estrous detection patches (Estrotect®; Rockway Inc; Spring Valley, WI, USA) were placed on all cows at the time of PGF administration during pre-synchronization and on day -9. Patches were visually assessed 66 hours after pre-synchronization PGF administration to determine estrous expression during pre-synchronization and on days -2 and 0 of synchronization to detect any animals that displayed estrus between GnRH1 and PGF (removed from study because of failed synchronization, n=0) or between PGF and GnRH2 (endogenous gonadotropin surge, not included in study, n=2). Patches were scored on a scale of 0-4 with 0 being missing, and 1-4 equating to <25% rubbed (patch=1), 25-50% rubbed (patch=2), 50-75% rubbed (patch=3), and >75% rubbed (patch=4). Estrous expression was recorded if patch score equaled 3 or 4. 
On days -9, -2, 0, and 1, ovaries of all cattle were examined by an experienced technician using trans-rectal ultrasonography with a Samsung HM70A ultrasound and CF4-9 convex probe. All follicles > 7 mm in diameter and all corpora lutea were recorded. Follicle size was calculated for all recorded follicles by averaging the measures of the largest diameter and the diameter perpendicular to it. Body weights of all animals were collected and body condition score [Whitman, 1975; scale of 1, emaciated-9, obese] was assigned on day -9.
[bookmark: _Toc100072158]Transvaginal aspiration for collection of follicular fluid from the pre-ovulatory follicle
On day 1, approximately 20 hours after GnRH2 administration, each cow’s largest follicle underwent transvaginal aspiration by 1 of 4 experienced technicians to collect the 
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Figure 1. Timeline for synchronization of pre-ovulatory follicle development. GnRH1, gonadotropin releasing hormone administration to turn over a new follicular wave at the onset of synchronization; PGF, prostaglandin F2α; GnRH2, gonadotropin releasing hormone administration to induce the pre-ovulatory gonadotropin surge


















pre-ovulatory follicle contents (Rispoli et al., 2020). Prior to aspiration, all cows received a spinal block via administration of lidocaine (2% lidocaine, 5ml). The perineal area of each cow was then cleaned of all contaminants and an ultrasound guided aspiration device attached to a Samsung HM70A ultrasound and CF4-9 convex probe was inserted into the anterior vagina. The ultrasound device consisted of an 18-gauge needle and a series of tubing to facilitate removal of follicular contents. The ovary containing the pre-ovulatory follicle was located and positioned for follicle aspiration before the needle was gently pushed through the vaginal wall and guided through the ovarian cortex into the antrum of the pre-ovulatory follicle. Follicular fluid was withdrawn into a clean 12 ml syringe before the syringe was removed, replaced, and the follicle lavaged with PVA TL-HEPES media multiple times to collect remaining follicular cells.
[bookmark: _Toc100072159]Follicular fluid processing
[bookmark: _Hlk80101924]Follicular fluid was deposited into a 4-well petri plate and searched to find the cumulus-oocyte-complex which was removed and snap frozen for a subsequent study. The follicular fluid was then collected into 1.7ml tubes and centrifuged at 4oC for 5 minutes at 500 x g to remove the remaining cellular debris. The follicular fluid supernatant was distributed amongst 2 ml cryovials and snap frozen in liquid nitrogen for storage at -80 oC until further processing. 
[bookmark: _Toc100072160]UHPLC-HRMS metabolomics
Forty-three follicular fluid samples were selected for metabolomics processing. Follicular fluid samples were thawed on ice, and 60µl aliquots of each sample were placed into individual 2 ml tubes. Each sample was analyzed by ultra-high performance liquid chromatography – high resolution mass spectrometry (UHPLC-HRMS) at the University of Tennessee Biological and Small Molecule Mass Spectrometry Core (RRID: SCR_021368). Briefly, metabolites were extracted from the follicular fluid using a 20:40:40 water/methanol/acetonitrile solution with 0.1M formic acid (Lu et al., 2010; Greene et al., 2020). The metabolomes of each sample were separated on a Synergy Hydro RP (2.5 μm, 100 mm x 2.0 mm column; Phenomenex, Torrance, CA) at 25 oC. The solvents for the elution were: phase A: 97:3 methanol/water with 11 mM tributylamine and 15 mM acetic acid and phase B: 100% methanol. The solvent gradient from 0 to 5 min was 100% A: 0% B, from 5 to 13 min was 80% A: 20% B, from 13 to 15.5 min was 45% A: 55% B, from 15.5 to19 min was 5% A: 95% B, and from 19 to 25 min was 100% A: 0% B with a flow rate of 200 L/min. Detection of the metabolome components was accomplished using an Exactive Plus Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA) fitted with an electrospray ionization (ESI) probe operated in negative mode. The scan range was 72-1000 m/z, the resolution was set to 140,000, and the acquisition gain control target to 3e6.
[bookmark: _Toc100072161]Primary data analysis
Files were generated by the HRMS in the Xcalibur (RAW) format and were converted to the open-source mzML format (Martens et al., 2011) via the open-source msconvert software, which is part of the ProteoWizard package (Chambers et al., 2012). MAVEN (mzroll) software, Princeton University (Melamud et al., 2010; Clasquin et al., 2012), which uses a grouping algorithm for non-linear retention time alignment, was used to pick peaks, integrate intensities, and visualize the data and extracted ion chromatograms. Pre-processed data from MAVEN was used to conduct all further biological and statistical analyses.	
[bookmark: _Toc100072162]Statistical analyses
All analytical procedures were performed using R software (R Core Team, 2020), and the code is available online (https://github.com/CaseyRead/Read_etal_2021_metabolome). Analysis of variance was used to determine any effects of cow age and BCS on pre-ovulatory follicle diameter at GnRH administration to induce the pre-ovulatory gonadotropin surge (GnRH2), and a linear model was used to determine any effects of cow weight, days postpartum at aspiration, days between PGF and GnRH2, and hours between GnRH2 and aspiration on pre-ovulatory follicle diameter at GnRH2.
A heatmap was constructed to visualize differences in metabolite peak area among metabolites and follicle diameters. Data for each metabolite was tested for normality by performing a Shapiro Wilk test and by plotting the residuals for visual evaluation of normality. Each metabolite was determined to have an approximately normal distribution. A linear model was used to determine the relationship between pre-ovulatory follicle size and follicular fluid metabolite peak area values in the 38 metabolites identified in our samples. Metabolites were considered significantly correlated to pre-ovulatory follicle diameter at GnRH2 administration if FDR < 0.05 was observed. Metaboanalyst 5.0 (Pang et al., 2021) was used to perform KEGG pathway enrichment analysis of the 18 metabolites that were significantly correlated to follicle diameter at GnRH2. Enrichment of pathways was determined to be significant if the FDR was < 0.05. 
[bookmark: _Toc100072163]Results and Discussion
[bookmark: _Toc100072164]Animal Data
We utilized follicular fluid that was collected from the pre-ovulatory follicle of 43 lactating beef cows for this study. Follicle size at GnRH administration to induce the pre-ovulatory gonadotropin surge ranged from 9.2-17.7 mm (12.62 + 0.28 mm). This measure is consistent with pre-ovulatory follicle diameters observed in multiple studies across varied locations and beef breeds (Geary et al., 2001; Lamb et al., 2001; Perry et al., 2005; MacNeil et al., 2006; Atkins et al., 2013; Moorey et al., 2021). To examine the influence of cow phenotype or study timeline on follicle diameter, we utilized analysis of variance or linear regression to quantify relationships between cow descriptive characteristics or study timeline and pre-ovulatory follicle size at GnRH2 administration. There was no relationship between pre-ovulatory follicle diameter at GnRH2 administration and cow age (p=0.93), body condition score (BCS; scale of 1 to 9 in which 1 = emaciated and 9 = obese; p=0.84), weight (p=0.54), days postpartum at aspiration (p=0.51), hours between 
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Figure 2. Relationship between pre-ovulatory follicle diameter and cow phenotype or timeline parameters. Panels A-F depict the relationship between follicle size at gonadotropin releasing hormone administration to induce a pre-ovulatory gonadotropin surge (GnRH2) and cow age, body condition score (BCS), weight, days postpartum, hours from prostaglandin F2α administration (PGF) to GnRH2 administration, and hours from GnRH2 administration to follicle aspiration, respectively. 







prostaglandin F2α (PGF) and GnRH2 administration (p=0.72), or hours between GnRH2 administration and pre-ovulatory follicle aspiration (p=0.44; Figure 2).
Average cow age (5.75±0.34 years) was consistent with previous reports of mean beef cow longevity of approximately four to eight years, depending on production and geographical location (Cushman et al., 2013; Damiran et al., 2018). Average body condition score (6.02±0.26) and weight (623.3±17.1 kg) of animals included in this study were as expected in beef cattle operations; however, the upper BCS range in our cohort extended to beyond the BCS range commonly observed in beef production scenarios (Bonacker et al., 2020). Cows were 58.7±0.56 days postpartum at the time of follicle aspiration. Though 62.9±2.1 days was reported as the mean postpartum anestrous period of Angus-sired cows (Cushman et al., 2007), all animals in the current study were exposed to a seven-day progestin treatment (Eazi-Breed CIDR®) during pre-synchronization procedures. The majority (84%) of the animals in this study had a corpus luteum present on the ovaries at the onset of synchronization, and 47% had displayed estrus by 66 hours post PGF administration and CIDR removal in the pre-synchronization protocol. Neither parameter influenced pre-ovulatory follicle diameter at GnRH2 administration (p=0.23 and p=0.53, respectively). Time between PGF and GnRH2 administration (50.25±0.17 hours) or between GnRH2 administration and aspiration (19.59±0.34 hours) were similar to previous studies by our lab and collaborators that determined the impact of pre-ovulatory follicle diameter on beef cow pregnancy rates and cumulus-oocyte complex transcriptome profiles, respectively (Perry et al., 2005; Moorey et al., 2021). Samples collected at this timepoint represent intrafollicular conditions post gonadotropin surge (Komar et al., 2001), when somatic follicular cells have begun luteinization, cumulus cells have expanded, and the oocyte’s nuclear maturation has progressed through metaphase one (MI) and has reached or is nearing metaphase two (MII; Hyttel et al., 1986; de Loos et al., 1991; Hyttel et al., 1997; Richards et al., 1998).  The metabolome of follicular fluid collected at this timepoint should reveal critical cellular processes taking place in the granulosa cells and cumulus-oocyte complex during the final stages of oocyte maturation, while highlighting potential processes that are altered when smaller pre-ovulatory follicles are prematurely exposed to a pharmacologically-induced gonadotropin surge.
[bookmark: _Toc100072165]Metabolome profiles of follicular fluid collected from pre-ovulatory follicles of lactating beef cows
To our knowledge, this is the first study that investigates size-related differences within the follicular fluid metabolome of pre-ovulatory follicles in beef cattle during the peri-ovulatory period of follicular development. The follicular fluid is primarily derived from the circulation and its composition is influenced by both the serum and products excreted by the intrafollicular cells (Fahiminiya and Gérard, 2010a), and the abundance of many metabolic substrates present in the follicular fluid is closely correlated to metabolic activity of the follicular cells (Sinclair et al., 2008). Thirty-eight metabolites were identified in the follicular fluid of bovine pre-ovulatory follicles following UHPLC-HRMS and metabolite identification with metabolic analysis visualization engine (MAVEN; Figure 3). Metabolites identified in the follicular fluid were predominantly amino acids and their derivatives. We also identified a number of glucose derivatives and tricarboxylic acid (TCA) cycle intermediates or derivatives as well as fatty acids, the steroid ester cholesterol sulfate and the nucleoside uridine. The majority of the metabolites identified in this study have been previously identified in the follicular fluid of cattle, humans, pigs, sheep, or horses (Chang et al., 1976; Grimek et al., 1984; Gérard et al., 2002; Orsi et al., 2005b; Nandi et al., 2007; Piñero-Sagredo et al., 2010; Tabatabaei et al., 2011; Bertoldo et al., 2013; Xia et al., 2014; Nagy et al., 2015; Zhao et al., 2015; Forde et al., 2016b; Jóźwik et al., 2017; Blaschka et al., 2018; Guo et al., 2018; Bernabé et al., 2019; Song et al., 2019a; Song et al., 2019b; Bódis et al., 2020; Luti et al., 2020; Hou et al., 2021; Mo et al., 2021; Zhang et al., 2021). To our knowledge, the metabolites N-acetyl-beta-alanine, O-acetyl-L-serine, 2-oxo-4-methylthiobutanoate, 3-methylphenylacetic acid, phenyllactic acid, N-acetylornithine, tricarbalylic acid, 2-dehydro-D-gluconate, and D-gluconate are more novel components of the mammalian follicular fluid metabolome. 
[bookmark: _Toc100072166]The impact of increasing pre-ovulatory follicle diameter on the follicular fluid metabolome
Levels of eighteen metabolites within the follicular fluid 19.59±0.34 hours after GnRH2 were impacted by pre-ovulatory follicle diameter at GnRH2 administration. To this end, as follicle size at the time of GnRH2 administration increased, so did the concentration of each of the 18 metabolites (false discovery rate (FDR) < 0.05; Figure 4). Pathway analysis of metabolites present 19.59±0.34 hour after GnRH2 that were significantly correlated with follicle diameter at GnRH2 identified the enrichment of multiple Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways including ‘alanine, aspartate and glutamate metabolism’ (FDR=0.009), ‘arginine biosynthesis’ (FDR=0.011), ‘aminoacyl-tRNA biosynthesis’ (FDR=0.019), and ‘D-glutamine and D- 
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Figure 3. Heatmap of 38 metabolites detected in pre-ovulatory follicular fluid. Metabolites are listed as row titles and the pre-ovulatory follicle diameter at the time of gonadotropin releasing hormone administration to induce a pre-ovulatory gonadotropin surge (GnRH2) corresponding to each follicular fluid sample is listed under each column. Log2(peak area) of each metabolite within each sample is designated by increasing color intensity. The color intensity scale depicts differences in peak area across all metabolites and demonstrates metabolites present in higher (darker color) and lower (lighter color) concentration in the follicular fluid. 
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Figure 4. Scatter plots of the correlation between metabolite peak area and follicle diameter at the time of gonadotropin releasing hormone (GnRH2) administration to induce the pre-ovulatory gonadotropin surge for 18 metabolites that were significantly correlated with increasing follicle diameter at GnRH2 (FDR<0.05). 



glutamate metabolism’ (FDR=0.020; Table 1). Significantly enriched pathways and literature review of all metabolites whose abundance was correlated with pre-ovulatory follicle diameter highlighted key processes related to metabolism, transcription, and translation.  Follicular fluid pyruvate concentration significantly increased with increasing follicle diameter at GnRH2 administration (FDR=0.032; Figure 4J). The intrafollicular cumulus cells that envelop the oocyte have a high capacity to convert glucose to pyruvate via glycolysis, and glucose consumption by cumulus cells increases during the first 18 hours of oocyte maturation (Rieger and Loskutoff, 1994; Sutton-McDowall et al., 2004; Harris et al., 2007; Thompson, 2014). We recently discovered that cumulus cells from small pre-ovulatory follicles had reduced transcript abundance for hexokinase and phosphofructokinase enzymes, which suggests decreased glycolytic capacity for pyruvate production in the cumulus cells of smaller pre-ovulatory follicles (Moorey et al., 2021). Cumulus cell-produced pyruvate was effectively transferred to both the enclosed oocyte and surrounding medium during in vitro studies, with increased pyruvate concentration detected in the medium as maturation progressed (Uhde et al., 2018b).
Therefore, it is logical that increased concentration of follicular fluid pyruvate in the current study may be the result of increased pyruvate production by the cumulus cells of larger follicles. The oocyte has a poor capacity to metabolize glucose and relies on pyruvate transferred from the cumulus cells and surrounding follicular environment to drive oxidative phosphorylation and ATP production for energy demanding processes of maturation, fertilization, cleavage, and early embryonic development (Biggers et al., 1967; Cetica et al., 2002; Warzych and Lipinska, 2020). 
Table 1. KEGG pathways significantly enriched with metabolites that were significantly correlated with increasing pre-ovulatory follicle diameter. 
	Pathway
	Pathway Name
	Match Status1
	FDR2
	Differentially Abundant Metabolites in Pathway3

	bta00250
	alanine, aspartate and glutamate metabolism
	4/28
	0.009
	Alpha-Ketoglutarate (C00026) Aspartate (C00049)
Glutamate (C00025)
Pyruvate (C00022)

	bta00220
	arginine biosynthesis
	3/14
	0.011
	Alpha-Ketoglutarate (C00026) Aspartate (C00049)
Glutamate (C00025)

	bta00970
	aminoacyl-tRNA biosynthesis 
	4/48
	0.019
	Aspartate (C00049)
Glutamate (C00025)
Methionine (C00073)
Phenylalanine (C00079)

	bta00471
	D-glutamine and 
D-glutamate metabolism
	2/5
	0.020
	Alpha-Ketoglutarate (C00026) Glutamate (C00025)


	¹ Number of differentially abundant metabolites in pathway/total number of metabolites in pathway

	² FDR = False Discovery Rate

	³ Displayed as Name (KEGG identifier number); KEGG = Kyoto Encyclopedia of Genes and Genomes













Interestingly, D-Gluconate, and 2-Dehydro-D-gluconate concentration were increased in the follicular fluid of larger follicles (FDR<0.05; Figure 4G, 4Q, respectively). 
Gluconate is an alternate carbon source for pyruvate production that can also be converted to 2-Dehydro-D-gluconate. Increased concentrations of D-Gluconate and 2-Dehydro-D-gluconate suggest reduced utilization of gluconate for cumulus cell metabolism in larger pre-ovulatory follicles.
The KEGG pathways ‘D-glutamine and D-glutamate metabolism’ and ‘alanine, aspartate, and glutamate metabolism’ were significantly enriched with follicular fluid metabolites whose abundance increased with increasing pre-ovulatory follicle size (FDR<0.03; Table 1). Pathway metabolites alpha-ketoglutarate, glutamate, and aspartate concentrations were increased in the follicular fluid of larger pre-ovulatory follicles (FDR < 0.05; Figure 4A, 4B, 3E, respectively). While the proportion of follicular fluid aspartate concentration compared to total amino acid concentration was higher in 6-8 mm bovine follicles that encased a cumulus-oocyte complex of improved morphology grade, there was no relationship between follicular fluid aspartate concentration and successful cleavage or development to the blastocyst stage (Sinclair et al., 2008). In humans, however, increased follicular fluid concentration of D-aspartate was associated with improved oocyte morphology and increased fertilization rates (D'Aniello et al., 2007). Previous studies in cattle have demonstrated the importance of follicular fluid glutamine and glutamate for oocyte energy production and developmental competence. Bovine cumulus-oocyte complexes possess the ability to metabolize glutamine by the enzyme glutaminase (Bilodeau-Goeseels, 2006), and we detected mRNA expression for glutaminase in bovine cumulus cells collected from pre-ovulatory follicles of similar stage and size to the current study (Moorey et al., 2021). In cattle, when oocytes collected from follicles 6-8 mm in size were submitted to in vitro embryo production, cumulus-oocyte complex morphological quality grade improved as the proportion of follicular fluid glutamate increased. Additionally, follicular fluid glutamate levels were higher when fertilized oocytes successfully cleaved and developed to the blastocyst stage versus failed to cleave (Sinclair et al., 2008).
Addition of glutamine, pyruvate, and glucose to maturation media increased oocyte nuclear maturation in cattle. Compared to M16 salts media, the addition of glutamine to media significantly increased the percentage of cumulus-enclosed oocytes reaching MII, whereas the addition of glucose, pyruvate, or lactate reduced the percentage of cumulus-enclosed oocytes remaining in the germinal vesicle stage and increased the percentage progressing to MI after 21 hours of culture (Bilodeau-Goeseels, 2006).  Interestingly, the metabolism of glucose and glutamine was impacted by maturation timepoint during in vitro bovine oocyte maturation, with glucose and glutamine metabolism in cumulus-oocyte complexes at their highest at 18 hours of maturation (Rieger and Loskutoff, 1994). This timepoint is similar to the stage at which samples were collected for the current study and highlights the importance of glucose and glutamine metabolism for energy production during the latter stages of oocyte nuclear maturation.
Increased concentration of alpha-ketoglutarate, glutamate, and aspartate in follicular fluid of larger follicles may be due to increased metabolic activity of the TCA cycle and active transport of these metabolites to the oocyte or follicular fluid. Alpha-ketoglutarate and oxaloacetate are TCA cycle intermediates that can be interconverted with amino acids glutamate and aspartate, respectively (Rathod and Fellman, 1985; Liu et al., 2018). Cumulus cells actively transfer glutamate to the oocyte (Colonna and Mangia, 1983), and increased levels of cumulus cell derived alpha-ketoglutarate, glutamate, and aspartate from the TCA cycle could realistically also be transported to the surrounding follicular fluid. 
As pyruvate is produced, converted to acetyl CoA, and the TCA cycle is utilized, ATP, NADH, and FADH2 are produced. These metabolic products are critical for oxidative phosphorylation, which is the primary energetic pathway in the oocyte (Thompson et al., 2007).  Increased concentration of pyruvate, D-gluconate, alpha-ketoglutarate, glutamate, and aspartate in the follicular fluid of larger pre-ovulatory follicles lead us to conclude that aberrant glucose metabolism likely exists in the cumulus cells of smaller pre-ovulatory follicles (Figure 5). Reduced glucose metabolism in smaller follicles would lead to a reduction of energetically important stores of ATP, pyruvate, or metabolic intermediates in the oocyte. Decreased metabolic capacity in the cumulus cells of smaller pre-ovulatory follicles would support previous observations of reduced probability of recovering a high quality or cleaved embryo (reported as fertilization success) when cattle are induced to ovulate a smaller pre-ovulatory follicle < 12.5 mm (Atkins et al., 2013).
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Figure 5. Proposed model of altered glucose metabolism in cumulus cells of smaller pre-ovulatory follicles. Increased concentration of pyruvate, aspartate, alpha-ketoglutarate, and D-glutamate in the follicular fluid of larger pre-ovulatory follicles is likely the result of increased glucose consumption by the cumulus cells and more efficient glucose, pyruvate, and tricarboxylic acid (TCA) cycle metabolism in the cumulus cells of larger follicles (represented by solid black arrows). Our previous results of increased transcript abundance for glucose transporters (SLC2A1, SLC2A10) and glycolytic enzymes (HK2, PFKP) in cumulus cells of large versus small pre-ovulatory follicles support the proposed model. Increased production of pyruvate and downstream metabolic products allows increased metabolite abundances to be transferred back into the follicular fluid and to the oocyte to support energy production needed for oocyte maturation, fertilization, cleavage, and early embryo development (represented by blue dotted arrows). Increased concentration of D-gluconate and its downstream product 2-Dehydro-D-gluconate in the follicular fluid of larger follicles is likely due to reduced import of D-gluconate into the cumulus cells (represented by dashed red arrow) because of preferential import of glucose.




The KEGG pathway ‘arginine biosynthesis’ was also enriched with follicular fluid metabolites whose abundance increased as follicle diameter at GnRH2 administration increased (FDR=0.011; Table 1). Increased concentrations of alpha-ketoglutarate, glutamate, and aspartate are consistent with increased glucose metabolism and production of the TCA cycle intermediates or their derivatives (discussed above). Glutamate and aspartate also eventually promote arginine biosynthesis by entering the urea cycle and undergoing conversions that produce the amino acid arginine. Arginine itself was lowly detected in pre-ovulatory follicular fluid samples of the current study, and arginine concentration was not influenced by follicle diameter (Figure 3; FDR=0.12). Therefore, we do not hypothesize a biologically relevant impact of enrichment of the ‘arginine biosynthesis’ pathway beyond its relationship to the TCA cycle and improved metabolism in the cumulus cells of larger pre-ovulatory follicles.
The importance of follicular fluid amino acids for oocyte developmental competency expands beyond metabolic support. Amino acids are also important for proteinogenesis, and during maturation, oocytes and cumulus cells undergo morphological changes that involve increased protein synthesis (Edson et al., 2009). Enrichment of amino acids in the pathway ‘aminoacyl-tRNA biosynthesis’ (FDR=0.019; Table 1) indicates that these amino acids are more readily available to be incorporated into protein. Within the follicle and cumulus-oocyte-complex, there are many important signaling molecules, receptors, and enzymes that are made up of amino acids (Revelli et al., 2009). Deficits in the availability of key amino acids could impact the formation of these molecules and subsequently alter signaling and metabolic pathways as well as developmental events. Essential amino acids phenylalanine, methionine, leucine/isoleucine, and potentially valine as well as the nonessential amino acids glutamate and aspartate increase as follicle diameter increases. In the bovine, increased total amino acid concentration within the follicular fluid of 6-8 mm follicles was associated with increased oocyte cleavage and development to the blastocyst stage (Sinclair et al., 2008). In vitro, supplementation of cumulus-oocyte-complexes with amino acids supports the acquisition of oocyte developmental competence, and cumulus-oocyte complex utilization and/or excretion of amino acids has been demonstrated to increase during maturation (Uhde et al., 2018c). We hypothesize that increased availability of amino acids in the follicular fluid of larger follicles leads to greater capacity for proteinogenesis and improved developmental competence. 
On the contrary, an in vitro study of bovine cumulus-oocyte complexes collected from 6-8 mm follicles, demonstrated that increased proportion of the follicular fluid amino acids histidine, leucine, isoleucine, lysine, methionine, phenylalanine, proline, tyrosine, and valine was negatively associated with cumulus-oocyte-complex morphological assessment and/or oocyte competency for cleavage and/or blastocyst development. In the current study, we detected the presence of methionine, phenylalanine, leucine/isoleucine, and valine/betaine in pre-ovulatory follicular fluid (Figure 3). There was, however, a significant, positive relationship between follicle diameter at GnRH2 administration and the concentration of each amino acid (FDR<0.05; Figure 4H, 4I, 4O, 4R, respectively). Though we did not measure oocyte developmental competency in the current study, oocytes from pre-ovulatory follicles > 12.5 mm were previously determined to exhibit increased capacity for ferilization and the formation of a high-quality embryo compared to oocytes from follicles < 12.5 mm (Atkins et al., 2013). We cannot fully explain the discrepancy between our results and that of the in vitro study, but the variation of follicular fluid source and follicle size/stage of development between the two experiments were likely contributors. 
Not only do amino acids make up the peptide subunits that are used to form proteins, but they also play a role in DNA methylation and initiation of mRNA synthesis. During oocyte development, it is acquiring stockpiles of RNA transcripts and changes in DNA methylation regulate which genes are being actively transcribed. Additionally, during maturation, the chromatin within the oocyte condenses to facilitate the resumption of meiosis (Sendžikaitė and Kelsey, 2019). Methionine plays a key role in DNA methylation by forming S-adenosyl methionine (SAM; Zhang, 2018; Sendžikaitė and Kelsey, 2019). This molecule plays a key role in the methylation of CpG islands (Sendžikaitė and Kelsey, 2019). Multiple dietary studies have reported that increased methionine intake results in increased SAM and hypermethylation (Zhang, 2018). The increased methionine present in the follicular fluid of larger follicles (FDR=0.032; Figure 4H) could be indicative of increased DNA methylation within the oocytes of larger follicles. 
In addition to its contributions to metabolism and proteinogenesis of follicular cells, the follicular fluid also provides an oxidatively balanced environment for the somatic follicular cells and oocyte. Alpha-ketoglutarate acts as an antioxidant agent, and uric acid is a scavenger of free radicals that is primarily oxidized to allantoin (Kand'ár et al., 2006; Liu et al., 2018). Alpha-ketoglutarate, uric acid, and allantoin were significantly increased in the follicular fluid of larger pre-ovulatory follicles (FDR<0.04; Figure 4A, 4K and 4P, respectively). Such results suggest increased capacity for reduction-oxidation reactions in the follicular fluid, however we cannot speculate if such phenomena lead to improved oocyte developmental competence in larger follicles.  Increased concentration of uric acid in the follicular fluid has been previously associated with increasing body mass index in women and poor cumulus-oocyte complex morphology in buffalo cows, indicating that elevated levels of uric acid may be the result of oxidative stress (Cassano et al., 1999; Bou Nemer et al., 2019).  However, the follicular fluid of obese women also possessed higher levels of hormones related to glucose metabolism, and increased abundance of uric acid could be a combative response to potential oxidative stress due to increased metabolic activity of the follicular cells. 
[bookmark: _Toc100072167]Conclusions
[bookmark: _Hlk94471350]In conclusion, we identified a total of 38 metabolites in the follicular fluid of bovine pre-ovulatory follicles. Eighteen metabolites were positively related to increasing follicle diameter at the time of GnRH administration to induce the pre-ovulatory gonadotropin surge. Pathway and individual analysis of these metabolites revealed that pathways and substrates involved in glucose metabolism, energy production, and proteinogenesis are present in higher levels in the follicular fluid of larger follicles. The follicular fluid microenvironment plays a key role in oocyte acquisition of developmental competence by providing the cumulus-oocyte complex with nutrients and metabolic substrates. Decreased availability of metabolites and proteinogenic components to cumulus-oocyte-complexes from smaller pre-ovulatory follicles likely contributes to the reduced oocyte developmental competence and lower pregnancy rates observed when beef cows are induced to ovulate a small pre-ovulatory follicle. 
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[bookmark: _Toc289175834][bookmark: _Toc428279020][bookmark: _Toc100072170]Abstract
To sustain energy-demanding developmental processes, the oocyte must accumulate adequate stores of metabolic substrates and mitochondrial numbers prior to the initiation of maturation. In order to obtain measures of the metabolic capacity of an oocyte, researchers would have to utilize pools of multiple oocytes. These measures would have decreased sensitivity due to being averages of the population. Further difficulty arises when researchers are limited in the number of oocytes they can collect due to increased cost, difficulty, or both. Incorporation of this protocol will allow researchers to get more information from a limited sample number as well as obtain intraoocyte values they can directly relate to each other. We developed and validated procedures to measure both mitochondrial DNA (mtDNA) copy number and ATP quantity in single oocytes. Validation of our procedures revealed that we could successfully divide oocyte lysates into quarters and measure consistent results from each of the aliquots for both ATP and mtDNA copy number. Coefficient of variation between the values retrieved for mtDNA copy number and ATP quantity quadruplicates were 4.72+0.98 and 1.61+1.19, respectively. We then utilized our methodology to concurrently measure mtDNA copy number and ATP quantity in germinal vesicle (GV) and metaphase two (MII) stage oocytes. Our methods revealed a significant increase in ATP levels (GV=628.02199.53 pg, MII=1326.24+199.86 pg, P < 0.001) and mtDNA copy number (GV=490,799.4+544,745.9 copies, MII=1,087,126.9+902,202.8 copies, p=0.035) in MII compared to GV stage oocytes. This finding is consistent with published literature and provides further validation of the accuracy of our methods. The ability to produce consistent readings and expected results from aliquots of the lysate from a single oocyte reveals the sensitivity and feasibility of using this method. 
[bookmark: _Toc100072171]Introduction
  	The accumulation of adequate stores of metabolic substrates as well as an increase in mitochondrial number within the oocyte are important components of the acquisition of developmental competence. Increases in mitochondrial number and the creation of metabolic substrate stockpiles within the oocyte occur throughout antral follicle development (Stojkovic et al., 2001; Chiaratti et al., 2010; Kidder and Vanderhyden, 2010; Iwata et al., 2011; Mao et al., 2012; Scantland et al., 2014; St John, 2014; Contreras-Solís et al., 2021; May-Panloup et al., 2021). The oocyte and early embryo have low levels of glycolytic activity and rely on mitochondrial oxidative phosphorylation to produce the ATP necessary to sustain development to the blastocyst stage of embryo development (Biggers et al., 1967; Sutton-McDowall et al., 2010; Paczkowski et al., 2013; Dalbies-Tran et al., 2020). Substrates and co-factors such as pyruvate, acetyl CoA, NADH, CO2, and FADH are produced from glycolytic activity of the cumulus cells and transferred to the oocyte via gap junctions to support oxidative phosphorylation (Sutton-McDowall et al., 2010; Winterhager and Kidder, 2015; Richani et al., 2021). This transfer of metabolic substrates occurs throughout antral stages of development until the onset of oocyte maturation leads to gap junction breakdown. The oocyte must support energy demanding developmental processes like fertilization and embryonic cell division with the mitochondria and metabolic substrates accumulated prior to oocyte maturation. 
Previous studies have linked intraoocyte ATP levels, mtDNA copy number, and mitochondrial function to oocyte developmental competence (Dumollard et al., 2007; Van Blerkom, 2011; Roth, 2018; Hashimoto et al., 2019; Nagano, 2019; Payton et al., 2018). Within bovine oocytes, reported ATP concentrations range from 0.25 to 35 pmol and reported mtDNA levels range from 13,000 to 3,600,000 copies per oocyte. Due to low quantities of starting materials in single oocytes, many studies utilized pooled oocytes for analyses, and no papers have measured multiple metabolic parameters within a single oocyte. Single cell analysis is a valuable tool to better understand and evaluate intraoocyte relationships among metabolic components and mitochondria functionality. While pooling oocytes allows researchers to account for high variability in abattoir-derived oocytes, single oocyte analyses are necessary for in vivo studies where sample numbers are often limiting. 
Therefore, we developed a protocol with the objective to divide the lysate of a single oocyte into quarters and measure ATP and mtDNA copy number in duplicate, quarter oocyte equivalents. After successful validation of the protocol for both ATP and mtDNA measurements, we performed a second study with the objective to compare ATP quantity and mtDNA copy number between germinal vesicle (GV) and metaphase two (MII) stage oocytes as an additional validation to demonstrate that the protocol would yield similar results to previously published studies of pooled oocytes.
[bookmark: _Toc100072172]Materials and Methods
[bookmark: _Toc100072173]Collection of cumulus-oocyte-complexes
Abattoir-sourced, mixed breed, bovine (Bos taurus) ovaries were obtained for the manual aspiration of follicles and collection of cumulus-oocyte-complexes (COCs). Briefly, COCs were manually aspirated from 3-8 mm follicles using a 12 mL syringe and 18-gauge needle. The aspirate was then transferred to a petri dish and searched for COCs. Once located, COCs were placed into oocyte collection media (OCM; M199 with Hanks’ salts, 2% (v/v) FBS, 2 mmol/l L-glutamine, 50 U/ml penicillin, and 50 μg/ml streptomycin) until searching was completed. Only those COCs with a homogenous cytoplasm and at least 5 layers of cumulus cells were selected for further use. For the validation of procedures, selected COCs were stripped of their cumulus cells by vortexing for 3-5 minutes in 1x trypsin, washed through PBS, and immediately snap frozen in 2μl of PBS for storage at -80°C until used for assays. For the comparison of GV and MII stage oocytes, COCs were randomly divided and half (n=15) were collected at the GV stage as described above. The remaining COCs were washed in oocyte maturation media (OMM; M199 with Earle’s salts, 10% (v/v) FBS, 2 mmol/l L-glutamine, 0.2 mmol/l sodium pyruvate, and 50 mg/ml gentamycin) before undergoing maturation for 22-24 hours at 38.5°C in 5% CO2 and humidified air. The matured COCs, which represent MII oocytes (n=15), were then collected, denuded, and stored in the same manner as the GV stage oocytes. 
[bookmark: _Toc100072174]TaqMan Primer and Probe Design 
Primers were designed using NCBI BLAST according to the bovine mitochondrial genome (Accession Number: NC_006853.1; Table 2). The selected primer pair created a 183 base pair product from base pairs 11569 to 11751 of the bovine mitochondrial genome. The probe sequence was located between the forward and reverse primers and ranged from base pairs 11621 to 11645. A gradient polymerase chain reaction (PCR) ranging from 50 to 60° C was performed to determine optimal annealing temperature ranges of the primers. 
[bookmark: _Toc100072175]Validation
Oocyte Lysis and Division
Germinal vesicle stage oocytes were used to optimize and develop the protocol. Following optimization, we validated the protocol’s ability to provide consistent values for ATP and mtDNA copy number assays in quarter oocyte equivalents. Tubes containing single oocytes were thawed and centrifuged at 12,000 x g for 30 seconds at 4°C. For ATP quantification (n = 5), 8μl 5 mM Tris-HCl was added to each sample and all samples were heated at 95°C for 10 minutes. Thirty microliters of nuclease free water were added to each 
sample to achieve a final volume of 40μl. This volume was then divided into four, 10μl aliquots for the ATP assay. For mtDNA copy number quantification (n = 6), 8μl Tris-HCl were added to each sample and samples were heated at 95°C for 10 minutes. Twenty-six microliters of proteinase K (Zymo Research; Irvine, CA) were added to each sample to reach a final concentration of 200ug/ml. Samples were heated at 55°C for 30 minutes followed by heating at 95°C for 10 minutes for proteinase K deactivation. The lysate was then divided into four, 9μl aliquots for use in qPCR analysis of mitochondrial DNA copy number.  
ATP Quantification Validation
Samples were processed using the ATP Determination Kit (Life Technologies; Carlsbad, CA) according to the manufacturer’s directions. Each lysate was thoroughly mixed by pipetting, and 10μl was added to individual wells of a white, 96 well plate (Costar ®, 96 well, flat bottomed, white polystyrene assay plate, Corning Incorporated, Corning, NY) and combined with 90μl of assay mix. Luminescence was recorded using the Synergy H1 Microplate Reader (Biotek; Winooski, VT). 
mtDNA Copy Number Quantification Validation
Samples were processed using custom TaqMan primers and probe (Table 2). Each lysate was mixed thoroughly by pipetting and 9μl was combined with 1μl of the custom TaqMan primer/probe mix and 10μl Fast Advanced Master Mix (ThermoFisher Scientific, Waltham, MA) in a MicroAmp® Fast 96-well Reaction Plate (0.1mL, ThermoFisher Scientific, Waltham, MA). The PCR settings were as follows: 2 minutes at 94°C followed by 40 cycles of 10 seconds at 94°C, 15 seconds at 57°C, and 12 seconds at 72°C (QuantStudio3, ThermoFisher Scientific, Waltham, MA).



Table 2. Relevant information for primers and probe designed to the bovine mitochondrial genome.
	Name
	Sequence
	Product Length
	Tm

	mtDNA Primer Forward
	CCTACAAACGCTCCTTCCAC
	183
	59

	mtDNA Primer Reverse
	AGAGAATATAGGGCGGTGATTACT
	183
	59

	TaqMan Probe
	TTGTTGGGGGTAGAGCTAAGTTGGT
	---
	64






















[bookmark: _Toc100072176]Germinal Vesicle and Metaphase II Comparison
Oocyte Lysis and Division
Tubes containing single oocytes were centrifuged at 12,000 x g for 30 seconds at 4°C. Then, 8 μl 5 mM Tris – HCl was added to each sample and all samples were heated at 95°C for 10 minutes. Oocyte lysate was mixed thoroughly by pipetting and 5 μl of oocyte lysate was removed for ATP analysis (Figure 6). Thirteen microliters of proteinase K were added to the tubes with the remaining 5 μl of oocyte lysate to create a final concentration of 200 μg/ml proteinase K. Tubes containing oocyte lysate + proteinase K were heated at 55°C for 30 minutes. Proteinase K was deactivated by re-heating at 95°C for 10 minutes. After deactivation, the lysate was used for qPCR analysis of mitochondrial DNA copy number (Figure 6).
ATP Quantification
The initial 5 μl of oocyte lysate (collected before proteinase K addition) was diluted with nuclease free water to a total volume of 20 μl which was then divided into two, 10 μl aliquots to perform ATP quantification in duplicate (Figure 6). Standards were generated via dilution of the kit-included 5 mM ATP substrate (0.5 μM, 0.05 μM, 0.025 μM, 0.005 μM, 0.0025 μM). Samples and standards were processed using the ATP determination kit (Life Technologies; Carlsbad, CA) as described above. Luminescence values of standards were used to generate a standard curve. The standard curve was used to quantify ATP concentration in each one quarter oocyte equivalent based on the average value of the duplicates assayed for each sample. Oocyte ATP values were then converted to weight using the molarity calculator by GraphPad with the following settings: concentration = micromolar, ATP formula weight = 507.18, volume = 10μl. The result was then multiplied by four because the 10μl samples used for the ATP concentration assay represented one fourth of an oocyte. 
mtDNA Standard Preparation 
A group of five oocytes with a homogenous cytoplasm and 3-5 layers of cumulus cells were denuded and snap frozen in 2 μl of PBS. They were then lysed as previously described. The oocyte lysate was then combined with 12.5 μl of Accustart II PCR SuperMix (2X; Quantabio, Beverly, MA), 0.5 μl of 5 μm forward primer, and 0.5 μl of 5 μm reverse primer (Table 2) for a final volume of 25 μl. Cycling conditions of 2 minutes at 94°C followed by 40 cycles of 10 seconds at 94°C, 15 seconds at 57°C, and 12 seconds at 72°C were used. The PCR product was further processed through electrophoresis on a 1.5% agarose gel. The resulting band was located at ~ 183 base pairs, indicating that it was the correct PCR product. The band was then excised from the gel, and the PCR product was purified from the gel using the Zymoclean™ Gel DNA Recovery kit (Zymo Research, Irvine, CA). DNA concentration of the final eluate was determined using the Qubit™ dsDNA High Sensitivity Assay Kit (ThermoFisher Scientific, Waltham, MA), and purity was determined using 260/280 ratios measured on a NanoDrop spectrophotometer. Number of mitochondrial DNA copies per microliter was calculated from the DNA concentration of the eluate and the molecular weight of the PCR product. The eluate was first diluted 1:1000 before being further diluted to create a standard curve ranging from 10 copies to 1,000,000 copies of the mitochondrial DNA segment per 9μl. The amplification efficiency of the standard curve was calculated using the qPCR efficiency calculator from ThermoFisher. 
mtDNA Copy Number Quantification 
The 18 μl portion of oocyte lysate and inactivated proteinase K were divided into two, 9 μl aliquots and quantitative PCR (qPCR) was performed in duplicate using our custom TaqMan primers and probe (Table 2). The standards of known mtDNA copy number (described above) were included during each assay. Nine microliters of sample or standard was combined with 1μl of the custom TaqMan primer/probe mix and 10μl Fast Advanced Master Mix (ThermoFisher Scientific, Waltham, MA) in a MicroAmp® Fast 96-well Reaction Plate (0.1mL, ThermoFisher Scientific, Waltham, MA). The PCR settings were as follows: 2 minutes at 94°C followed by 40 cycles of 10 seconds at 94°C, 15 seconds at 57°C, and 12 seconds at 72°C (QuantStudio3, ThermoFisher Scientific, Waltham, MA). Average cycle threshold (CT) values were calculated and compared to those obtained from the standard curve to determine mtDNA copy numbers. 
[bookmark: _Toc100072177]Statistics and Analyses
All statistical analyses were performed in R software (R Core Team, 2020). The code is available online (https://github.com/CaseyRead/Read_etal_2021_MethdPrtc). For validation of our procedures, coefficient of variation (CV) was calculated for the quadruplicate ATP (fluorescence) or mtDNA copy number (CT) values obtained for each individual oocyte analyzed. The data for ATP and mtDNA values was tested for normality by performing a Shapiro Wilk test and by plotting the residuals for visual evaluation of normality. The values for ATP were determined to have an approximately normal 
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Figure 6. Workflow for oocyte lysis and quantification of ATP levels and mtDNA copy number within a single oocyte.








distribution while the mtDNA values were natural log transformed. Analysis of variance was performed to determine the differences in ATP and ln(mtDNA) between GV and MII oocytes. Linear regression was performed to determine the relationship between ATP and ln(mtDNA). Results were considered significant if P < 0.05. All values are presented as mean + SD. 
[bookmark: _Toc100072178]Results and Discussion
[bookmark: _Toc100072179]Standards Quality
The 260/280 ratio for the PCR product used to make the standards was 1.78. A 260/280 ratio of approximately 1.8 is generally accepted as “pure” for DNA, so we confidently used this PCR product to generate the standards for mtDNA copy number (Wang et al., 2011). The amplification efficiency of the qPCR assay was calculated to be 100.25%. The desired range for amplification efficiency is 90-110% (Svec et al., 2015). The R2 values for the standard curves for each assay were > 0.99. Desired R2 values fall in the range of 0.95-1.0 with the goal to be as close to one as possible (Hazra and Gogtay, 2016). Based on the values for our standard curves falling within the optimal ranges, we are confident that our standard curves were accurate measures of the mtDNA copy number and ATP concentration within the oocyte.
[bookmark: _Toc100072180]Validation of Procedures for Quantification of ATP and mtDNA Copy Number in Quarter Oocyte Equivalents
We validated that the lysate from a single oocyte could be divided into quarters with minimal variation among the ATP or mtDNA CT values for each quarter oocyte equivalent. Intra-assay CV values for ATP and mtDNA were 4.72 + 0.98% and 1.61 + 1.19%, respectively. Because the CV values from our methodology were below 5%, we have concluded that there is minimal variation between oocyte lysate portions. This allows us to be confident that the measures obtained via use of this protocol in future studies are valid for comparisons of both ATP and mtDNA copy number in single oocytes. 
[bookmark: _Toc100072181]ATP and mtDNA Copy Number in GV versus MII Oocytes
Of the 30 total oocytes utilized for this study, data from 4 oocytes were removed from the dataset prior to analysis due to values outside of the standard curve. Interassay coefficient of variation was 6.61 + 5.89 and 2.04 + 1.48 for the ATP and mtDNA copy number assays, respectively.
Metaphase II stage oocytes had significantly higher quantities of ATP than GV stage oocytes (GV=628.02 + 199.53 pg, MII=1326.24 + 199.86 pg, P < 0.001, Figure 7A). The increased levels of ATP in MII oocytes is consistent with previously published studies of bovine oocytes (Stojkovic et al., 2001; Iwata et al., 2011; Scantland et al., 2014). This further validates the accuracy of our protocol and the sensitivity of our protocol to distinguish ATP quantities between different developmental stages of oocytes. However, our values for the concentration of ATP within the oocyte were higher than those previously reported in literature (Stojkovic et al., 2001; Tamassia et al., 2004; Jiao et al., 2007; Iwata et al., 2011; Scantland et al., 2014; Dadarwal et al., 2017; Payton et al., 2018; Hashimoto et al., 2019). This difference could be due to differences in assay sensitivity, oocyte dilution factors, and/or additional sources of variation in sample processing. Due to differences in assay methods and dilutions, and to allow for interstudy comparison, we suggest presenting the amount of ATP present within the oocyte as a weight measure.
Mitochondrial DNA copy number was significantly different between GV and MII stage oocytes (GV=490,799.4+544,745.9, 1,087,126.9+902,202.8, p=0.035, Figure 7B). Multiple studies have shown that, in the bovine, MII stage oocytes have significantly more copies of mtDNA than GV stage oocytes (Jiao et al., 2007; Iwata et al., 2011). Additionally, the values retrieved for our assessment of mtDNA copy number were in the same range as those previously reported for bovine oocytes (Tamassia et al., 2004; Jiao et al., 2007; Chiaratti et al., 2010; Iwata et al., 2011; Hashimoto et al., 2019). This experiment also validated the capability of our methods to measure a large range in mtDNA copy numbers (12,478 to 3,141,658 copies).  
Mitochondrial DNA copy number and ATP content were not significantly correlated in our samples (p=0.18, Figure 7C). Iwata et al 2011 evaluated ATP levels and mtDNA copy number from separate pools of oocytes collected from cows of increasing age and reported a positive correlation between ATP concentration and age, but a negative correlation between mtDNA copy number and age (Iwata et al., 2011). Such results suggest a negative correlation between ATP concentration and mtDNA copy number. This was the only paper we identified that compared mtDNA copy number to ATP level within the bovine oocyte. One potential reason for our different outcomes is that Iwata et al. 2011 utilized different pools of oocytes for analysis and our measures were from the same oocyte which allowed us to more accurately relate ATP levels to the corresponding mtDNA copy number from the same oocyte. Studies involving other cell types have shown no relationship between ATP content and mtDNA copy number as well as both positive and negative correlations between the two values (May-Panloup et al., 2007; Jeng et al., 2008; Van Blerkom, 2011). The highly variable relationship between ATP level and mtDNA copy number suggests that there are multiple variables within the cell that are affecting ATP levels and highlights the importance of collecting multiple metabolic measurements when possible to fully elucidate the cause of altered oocyte metabolism. 
[bookmark: _Toc100072182]Conclusions
[bookmark: _Hlk94471366]Due to small sample volumes, many oocyte focused studies rely on pooled oocyte samples to have adequate substrate to perform analyses. As technology has advanced, single cell oocyte analysis is possible (Kimble et al., 2018). Because ATP concentration and mitochondrial numbers within oocytes are important for downstream developmental competence, it is integral that protocols be developed to further investigate these parameters within single oocytes. This would eliminate the need to pool oocytes and retrieve average values for an oocyte population. By retrieving values for individual oocytes, one can relate ATP and mtDNA copy number values, use fewer samples for analysis, and more accurately depict intraoocyte variations in these values.
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Figure 7. (A) Violin plot depicting the differences in ATP quantity within single GV stage and MII stage oocytes. (B) Violin plot depicting the natural log of the differences in mtDNA copy number between single GV stage and MII stage oocytes. (C) Scatterplot depicting the relationship between the ATP quantity and natural log of the mtDNA copy number within individual oocytes. 
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Cattle induced to ovulate a small, physiologically immature pre-ovulatory follicle had reduced oocyte developmental competence that resulted in decreased embryo cleavage and day 7 embryo quality compared to animals induced to ovulate a more advanced follicle. RNA-sequencing performed on oocytes and their corresponding cumulus cells 23 hours after gonadotropin releasing hormone (GnRH) administration to induce the pre-ovulatory gonadotropin surge suggested reduced capacity for glucose metabolism and oxidative phosphorylation in the cumulus cells and oocytes from follicles < 11.7 mm, respectively. We hypothesized that induced ovulation of a small, physiologically immature pre-ovulatory follicle results in a suboptimal follicular microenvironment and reduced oocyte metabolic capacity. We performed a study with the objective to determine the impact of pre-ovulatory follicle diameter and serum estradiol concentration at GnRH administration on oocyte metabolic competence and follicular fluid metabolome profiles. We synchronized the development of a pre-ovulatory follicle and collected the follicle contents via transvaginal aspiration ~20 hours after GnRH administration in lactating beef cows (n = 319). We determined ATP levels and mitochondrial DNA (mtDNA) copy number in 110 oocytes and performed ultra-high-performance liquid chromatography – high resolution mass spectrometry metabolomic studies on 45 follicular fluid samples. Intraoocyte ATP and the amount of ATP produced per mtDNA copy number were significantly associated with serum estradiol concentration at GnRH and time from GnRH administration to follicle aspiration (P < 0.05). Mitochondrial DNA copy number was not significantly related to follicle diameter at GnRH, serum estradiol concentration at GnRH, or any potential covariates (P > 0.10). We detected 90 metabolites in the aspirated follicular fluid. We identified 22 metabolites significantly associated with serum estradiol concentration at GnRH and 63 metabolites associated with follicular fluid progesterone concentration at the time of follicle aspiration. Pathway enrichment analysis of significant metabolites suggested altered proteinogenesis, citric acid cycle, and pyrimidine metabolism in follicles of reduced estrogenic capacity pre-gonadotropin surge or reduced progesterone production by the time of follicle aspiration. 
[bookmark: _Toc100072186]Introduction
Utilization of fixed time artificial insemination (FTAI) positively impacts reproductive management and genetic merit of the beef herd (Lima et al., 2010; Sá Filho et al., 2010; Funston et al., 2012; Rodgers et al., 2012; Cushman et al., 2013; Lamb and Mercadante, 2016; Baruselli et al., 2018). Such protocols, however, result in a subset of cattle that have not displayed estrus prior to insemination and rely on the administration of gonadotropin releasing hormone (GnRH) to induce ovulation. Expression of estrus is essential for optimal pregnancy outcomes, and induced ovulation of small, physiologically less advanced pre-ovulatory follicles is associated with decreased pregnancy rates and increased early pregnancy loss in beef cattle (Lamb et al., 2001; Perry et al., 2005; Perry et al., 2007). Reduced fertility is likely the result of ovulation of an oocyte with reduced developmental competence and poor preparation of the maternal environment to support a pregnancy (Perry et al., 2005; Sá Filho et al., 2010; Atkins et al., 2013; Jinks et al., 2013; Ciernia et al., 2021). Cattle induced to ovulate prematurely after pharmacological induction of ovulation had lower serum estradiol concentrations before GnRH administration and reduced progesterone production by the corpus luteum (CL) after ovulation compared to animals that displayed estrus (Busch et al., 2008; Richardson et al., 2016; Cooke et al., 2019). Additionally, cattle pharmacologically induced to ovulate a small (< 12.5mm) versus large (> 12.5mm) pre-ovulatory follicle had impaired oocyte developmental competence that resulted in decreased probability of producing a cleaved embryo and decreased embryo quality grade 7 days after insemination (Atkins et al., 2013). In the same study, serum estradiol concentration at the time of GnRH administration to induce ovulation was also positively associated with probability of recovering a cleaved or high-quality embryo. Multiple in vitro studies have demonstrated that removal of the oocyte from the follicle, and thus inducing oocyte maturation, prior to the endogenous gonadotropin surge results in decreased oocyte developmental competence as evidenced by decreased cleavage rates, blastocyst rates, and embryo quality (Pavlok et al., 1992; Lonergan et al., 1994; Blondin and Sirard, 1995; Fair et al., 1995; Blondin et al., 1996; Hyttel et al., 1997; Otoi et al., 1997; Hagemann et al., 1999; van de Leemput et al., 1999; Dieleman et al., 2002; Iwata et al., 2004). Collectively, these studies support the hypothesis that decreased oocyte developmental competence contributes to the reduced fertility in cattle induced to ovulate a small, physiologically immature pre-ovulatory follicle. 
Though oocytes obtain meiotic competence much earlier than the pre-ovulatory follicle stage of development, follicles greater than ~9 mm contain oocytes that are completing the capacitation phase of oogenesis (Hyttel et al., 1997; Mermillod et al., 1999; Conti and Franciosi, 2018). Throughout this phase, the oocyte is maintained in a state of meiotic arrest while it undergoes ultrastructural changes, modifies its RNA and proteins to prevent degradation, increases its organelle number, alters the distribution of organelles, and finishes accumulating nutrient and metabolic substrate stockpiles important to sustain development (Hyttel et al., 1986; Hyttel et al., 1989; Hyttel et al., 1997; Mermillod et al., 1999; Merton et al., 2003; Swain and Pool, 2008; Gougeon, 2010; Zhang and Smith, 2015; Labrecque et al., 2016; Liu et al., 2017; Reader et al., 2017; Conti and Franciosi, 2018). Metabolism in the oocyte and early embryo relies on energetic substrates such as pyruvate, lactate, NADH, and FADH2 that are derived from cumulus cell glycolytic activity and transferred to the oocyte via gap junctions during antral follicle development (Sutton-McDowall et al., 2010; Winterhager and Kidder, 2015; Richani et al., 2021).  The oocyte creates stockpiles of these substrates that are utilized by its mitochondria to produce ATP necessary to sustain development through the energy-demanding processes of oocyte maturation, fertilization, and embryo development to the blastocyst stage (Johnson et al., 2007; Swain and Pool, 2008; Chappel, 2013; Zhang and Smith, 2015). In addition to metabolic coupling with the cumulus cells, the follicular microenvironment plays a key role in the ability of the oocyte to achieve metabolic competency. The follicular fluid of antral follicles provides many of the nutrients, metabolic compounds, and signaling molecules that are essential for the cumulus cells to perform glycolysis and for the oocyte to increase its mitochondrial number and perform oxidative phosphorylation (Jeong et al., 2009; Hennet and Combelles, 2012; Mao et al., 2012; Dunning et al., 2014; Da Broi et al., 2018; Aguila et al., 2020). 
The pre-ovulatory gonadotropin surge induces oocyte maturation, and the subsequent breakdown of gap junctional transfer of metabolic compounds to the oocyte (Granot and Dekel, 2002; Conti et al., 2012; Conti and Franciosi, 2018). By inducing the pre-ovulatory gonadotropin surge before estrus and the onset of an endogenous gonadotropin surge, the capacitation timeline of the oocyte is interrupted. As such, we have previously detected transcriptome profiles indicative of altered oxidative phosphorylation or mitochondrial function in oocytes and altered glycolytic activity in cumulus cells collected from small pre-ovulatory follicles ~23 hours following gonadotropin releasing hormone administration to induce the pre-ovulatory gonadotropin surge (Moorey et al., 2021). We recently also detected a positive correlation between pre-ovulatory follicle diameter and abundance of metabolites involved in glucose metabolism in follicular fluid collected ~20 hours following an induced gonadotropin surge of pre-ovulatory follicles of increasing size (Read et al., 2021b). Such observations may be due to incomplete progression of the follicle’s physiological maturity before the induced pre-ovulatory gonadotropin surge and thus an altered follicular microenvironment and inadequate opportunity for the oocyte to complete capacitation. Therefore, we hypothesized that the follicle’s developmental progression toward estrus and exposure to an endogenous pre-ovulatory gonadotropin surge leads to necessary alterations in the follicular microenvironment that are essential for optimal metabolic capacity of the cumulus-oocyte complex and induced ovulation of small, physiologically immature pre-ovulatory follicles results in a suboptimal follicular microenvironment and reduced oocyte metabolic capacity. To test this hypothesis, we utilized pre-ovulatory follicle diameter and serum estradiol concentration as indicators of follicle physiological maturity at the time of GnRH administration to induce the pre-ovulatory gonadotropin surge. We then performed a study with the objective to determine relationships between pre-ovulatory follicle diameter and serum estradiol concentration, follicular fluid metabolome profiles, oocyte mitochondrial DNA copy number, and oocyte ATP concentration.




[bookmark: _Toc100072187]Materials and Methods
[bookmark: _Toc100072188]Animal handling and synchronization of pre-ovulatory follicle development
All animal protocols and procedures were approved by the University of Tennessee Knoxville Institutional Animal Care and Use Committee. Pre-ovulatory follicle development was synchronized in postpartum, suckled beef cattle (Angus; n = 319) according to procedures outlined in Figure 1. The study contained two replicates conducted over two years (year 1: n = 162, year 2: n = 157). Estrous cycles were pre-synchronized by administration of gonadotropin-releasing hormone (GnRH; Cystorelin, Boehriner Ingelheim, Ingelheim am Rhein, Germany) and placement of a controlled internal drug release (CIDR; Eazi-Breed CIDR, Zoetis Animal Health, Kalamazoo, MI, USA). After seven days, the CIDR was removed and cows were administered prostaglandin F2α (PGF; Lutalyse HighCon, Zoetis Animal Health). Approximately 66 hours later, cows were administered a second dosage of GnRH. Cows were then divided into 4 groups to facilitate transvaginal aspiration with 21 to 44 animals per group. Eight to eleven days after pre-synchronization, cows were administered GnRH on day -9 to start a new follicular wave. On day -2, PGF was administered to lyse corpora lutea. On day 0, cows received a second dosage of GnRH (GnRH2) to induce a pre-ovulatory gonadotropin surge. On day 1, approximately 19 hours after GnRH2 administration, each cow’s largest follicle underwent transvaginal aspiration by one of four experienced technicians to collect the pre-ovulatory follicle contents (Moorey et al., 2021; Read et al., 2021b). 
[image: ]Figure 8. Timeline for synchronization of pre-ovulatory follicle development and sample collection. We collected oocyte and follicular fluid samples ~19 hours after GnRH administration to induce the pre-ovulatory gonadotropin surge to determine the functional significance of varied pre-ovulatory follicle maturity at the time of GnRH administration on the follicular fluid metabolome and oocyte metabolic capacity. GnRH1, gonadotropin releasing hormone administration to turn over a new follicular wave at the onset of synchronization; PGF, prostaglandin F2α; GnRH2, gonadotropin releasing hormone administration to induce the pre-ovulatory gonadotropin surge. Values depicted as mean + SD.













[bookmark: _Toc100072189]Transvaginal aspiration of the pre-ovulatory follicle
We performed transvaginal aspiration to collect oocyte and follicular fluid samples ~19 hours after GnRH2 administration to induce the pre-ovulatory gonadotropin surge. We aimed to determine the functional significance of variations in pre-ovulatory follicle maturity at the time of GnRH2 administration on follicular fluid metabolome profiles and oocyte metabolic capacity after progression toward oocyte maturation. Prior to aspiration, all cows received a spinal block via administration of lidocaine (2% lidocaine, 5 ml) into the spinal cord at the first intercoccygeal space of the tailhead. The perineal area of each cow was then cleaned of all contaminants and an ultrasound guided aspiration device attached to a Samsung HM70A ultrasound and CF4-9 convex probe was inserted into the anterior vagina. The ultrasound device consisted of an 18-gauge needle and a series of tubing to facilitate removal of follicular contents. The ovary containing the pre-ovulatory follicle was located and positioned for follicle aspiration before the needle was gently pushed through the vaginal wall and guided through the ovarian cortex into the antrum of the pre-ovulatory follicle. Follicular fluid was withdrawn into a clean 12 ml syringe before the syringe was removed, replaced, and the follicle lavaged with PVA TL-HEPES (114.0 mM NaCl, 3.2 mM KCl, 2.0 mM NaHCO3, 0.34 mM NaH2PO4, 0.50 μM MgCl2*6H2O, 10.0 mM HEPES, 2.0 mM CaCl2*H2O, 2.3 μM PVA, and 12 mM sorbitol) multiple times to collect remaining follicular cells.
[bookmark: _Toc100072190]Detection of estrus, ovarian mapping, and determination of cow weight and body condition score
Patches for the detection of estrus (Estrotect; Rockway Inc; Spring Valley, WI, USA) were placed on the tailhead of all cows at the time of PGF administration during pre-synchronization and on day -9 of synchronization. Patches were visually assessed 66 hours after pre-synchronization PGF administration to determine expression of estrus during pre-synchronization and on days -2 and 0 of synchronization to detect any animals that displayed estrus between GnRH1 and PGF (n=0) or between PGF and follicle aspiration (removed from the study, n=5). Patches were scored on a scale of 0-4 with 0 being a missing patch, and 1-4 equating to < 25% rubbed (patch=1), 25-50% rubbed (patch=2), 50-75% rubbed (patch=3), and > 75% rubbed (patch=4). Estrus was recorded if patch score equaled 3 or 4. 
On days -9, -2, 0, and 1, ovaries of all cattle were examined by an experienced technician using trans-rectal ultrasonography with a Samsung HM70A ultrasound and CF4-9 convex probe. All follicles > 7 mm in diameter and all corpora lutea were recorded. Follicle size was calculated for all recorded follicles by averaging the measures of the largest diameter and the diameter perpendicular to it. Body weights of all animals were collected and body condition score ((Whitman, 1975; scale of 1, emaciated-9, obese) was assigned on day 1.
[bookmark: _Toc100072191]Blood collection and processing
Blood samples were collected on days -9, -2, 0, and 1. Approximately 10ml of blood was collected via the tail vein using vacutainers for serum collection and 18-gauge, 1-inch long needles (Becton, Dickinson and Company; Franklin Lakes, NJ, USA). Blood was allowed to clot for at least 1 hour before being refrigerated at 4 oC for approximately 24 hours. Samples were then centrifuged at 1200 x g for 25 min at 4 oC and the serum supernatant was collected into borosilicate glass tubes and stored at -20 oC until processing for estradiol and progesterone hormone assays (VWR, Radnor, PA, USA). Samples collected in year one were stored for 19 months and samples collected in year two were stored for 7 months prior to processing. 
[bookmark: _Toc100072192]Processing of follicular fluid and oocyte samples
Follicular fluid and PVA TL-HEPES media flushes collected during follicle aspiration were deposited into individual wells of a 4-well petri plate and searched to find the cumulus-oocyte-complex (COC). Once located, the COC was placed into a four-well plate containing 1 ml of 1x trypsin (Thermo Fisher Scientific, Waltham, MA, USA). The oocyte was denuded by gently pipetting the COC within the trypsin using a Cook Flexipet Adjustable Handle pipette with a 130 μm Cook Flexipet pipette tip (Cook Group, Bloomington, IN, USA). The oocyte underwent 3 consecutive washes in phosphate buffered saline (PBS) before being snap frozen in a 2 ml cryovial (Neptune Scientific, San Diego, CA, USA) containing 2 μl PBS. The follicular fluid was then collected into 1.7 ml tubes (VWR, Radnor, PA, USA) and centrifuged at 4 oC for 5 min at 500 x g to remove the remaining cellular debris. The follicular fluid supernatant was distributed between a borosilicate glass tube and 2 ml cryovials. Follicular fluid samples in glass tubes were stored at -20 oC, and samples stored in cryovials were snap frozen in liquid nitrogen for storage at -80 oC until further processing. 
[bookmark: _Toc100072193]Oocyte ATP and mtDNA copy number quantification
Quantification of oocyte ATP levels and mtDNA copy number were performed according to a protocol previously optimized by our lab (n = 110; Read et al., 2021a). Briefly, oocytes were lysed by adding 8 μl of 5 mM Tris HCl to each tube and heating for 10 min at 95 oC. The lysate was then divided in half with 5 μl used to quantify intra-oocyte ATP levels and the remaining 5 μl used to quantify mtDNA copy number. Quantification of ATP levels was performed in duplicate using the ATP Determination Kit according to the manufacturer’s directions (Life Technologies; Carlsbad, CA, USA). The portion of the lysate for mtDNA copy number analysis was combined with proteinase K (final concentration of 200 μg/ml; Zymo Research, Irvine, CA, USA) and heated at 55 oC to expose the mtDNA. A custom TaqMan assay was designed to determine the mtDNA copy number of each oocyte (Thermo Fisher Scientific, Waltham, MA, USA; Read et al., 2021a). TaqMan primer and probes were combined with the oocyte lysate and Fast Advanced Master Mix (Thermo Fisher Scientific) and analyzed in duplicate using a QuantStudio3 (Thermo Fisher Scientific). The PCR settings were as follows: 2 min at 94°C followed by 40 cycles of 10 seconds at 94 °C, 15 seconds at 57 °C, and 12 seconds at 72 °C. Average sample values for each assay were compared to the values from a known standard curve (ATP: 0.5 μM, 0.05 μM, 0.025 μM, 0.005 μM, 0.0025 μM; mtDNA: 10, 100, 1000, 10000, 100000, 1000000 copies) and used to calculate the levels of ATP and mtDNA copy number within each oocyte. Intra-assay and inter-assay CV values averaged 0.65% and 4.39% for mtDNA copy number and 13.29% and 15.16% for intraoocyte ATP.
[bookmark: _Toc100072194]UHPLC-HRMS metabolomics
Follicular fluid samples corresponding to each collected oocyte (n = 45) from year two were selected for metabolomics processing. Cryovial-stored, follicular fluid samples were thawed on ice, and 50 µl aliquots of each sample were placed into individual 2 ml tubes. Each sample was analyzed by ultra-high-performance liquid chromatography – high resolution mass spectrometry (UHPLC-HRMS) at the University of Tennessee Biological and Small Molecule Mass Spectrometry Core (RRID: SCR_021368). Briefly, metabolites were extracted from the follicular fluid using a 20:40:40 water/methanol/acetonitrile (v/v/v) solution with 0.10 M formic acid (Martens et al., 2011; Greene et al., 2020). The metabolomes of each sample were separated on a Synergy Hydro RP (2.5 μm, 100 mm x 2.0 mm column (Phenomenex, Torrance, CA, USA) at 25 oC. The solvents for the elution were: phase A: 97:3 methanol/water (v/v) with 11mM tributylamine and 15mM acetic acid and phase B: 100% methanol. The solvent gradient from 0 to 5 min was 100% A: 0% B, from 5 to 13 min was 80% A: 20% B, from 13 to 15.5 min was 45% A: 55% B, from 15.5 to19 min was 5% A: 95% B, and from 19 to 25 min was 100% A: 0% B with a flow rate of 200 L/min. Detection of the metabolome components was accomplished using an Exactive Plus Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA) fitted with an electrospray ionization (ESI) probe operated in negative mode. The scan range was 72-1000 m/z, the resolution was set to 140,000, and the acquisition gain control target to 3e6. Files were generated by the HRMS in the Xcalibur (RAW) format and were converted to the open-source mzML format via the open-source msconvert software, which is part of the ProteoWizard package (Chambers et al., 2012; Clasquin et al., 2012). MAVEN (mzroll) software, Princeton University (Melamud et al., 2010), which uses a grouping algorithm for non-linear retention time alignment, was used to pick peaks, integrate intensities, and visualize the data and extracted ion chromatograms. Pre-processed data from MAVEN was used to conduct all further biological and statistical analyses.
[bookmark: _Toc100072195]Quantification of estradiol and progesterone concentrations in serum and follicular fluid
Serum collected on days -2, 0, and 1 (PGF, GnRH2, and FA timepoints, respectively) that corresponded to each collected oocyte (n = 110) underwent estradiol radioimmunoassay as previously described (Kirby et al., 1997). Intra-assay and inter-assay CV values averaged 3.49% and 10.74%.  
Serum collected on days -9, -2, 0, and 1 (GnRH1, PGF, GnRH2, and FA timepoints, respectively) that corresponded to each collected oocyte (n = 110) as well as the follicular fluid stored in the glass tubes (n = 106) were analyzed for progesterone concentration using the ImmuChem progesterone double antibody radioimmunoassay kit (MP Biomedicals; Pohler et al., 2016; Rispoli et al., 2019) per manufacturer’s instructions. Due to limitations in sample volume, three serum samples from the GnRH1 timepoint and four follicular fluid samples were not analyzed. Follicular fluid samples were diluted 1:5 to 1:20 to ensure it was within the assay’s range of detection. Intra-assay and inter-assay CV values averaged 5.97% and 5.66% for serum samples and 4.54% and 3.52% for follicular fluid samples. The follicular fluid stored in glass tubes corresponding to the collected oocytes (n = 106) was also analyzed for estradiol concentration using the DetectX1 serum 17β-estradiol multi-species enzyme immunoassay (Arbor Assays, Ann Arbor, MI, USA) per manufacturer’s instructions. Samples were diluted from 1:20 to 1:2500 to ensure they were within the detectable range of the assay. Intra-assay and inter-assay CV values were 6.67% and 8.58%. 
[bookmark: _Toc100072196]Statistical analyses
Before statistical analyses were performed, steroid hormone profiles in serum, follicle dynamics, and/or follicular fluid estradiol: progesterone ratios were utilized to identify cattle that underwent luteolysis following PGF administration, developed a growing pre-ovulatory follicle, and responded to the induced pre-ovulatory gonadotropin surge. Successful luteolysis was defined as serum progesterone < 1 ng/ml at the GnRH2 and FA timepoints (Tenhagen et al., 2000; Rispoli et al., 2019; Madureira et al., 2021). Development of a growing pre-ovulatory follicle was classified as an increase in serum estradiol concentration and follicle diameter between PGF and GnRH2 (Alvarez et al., 2000; Fortune et al., 2004; Perry et al., 2014). Response to the administration of GnRH2 was verified by a decrease in serum estradiol between GnRH2 and FA and a follicular fluid estradiol:progesterone ratio < 3 (Fortune and Hansel, 1985). Thirty oocytes were removed from analyses due to their corresponding hormonal profiles not meeting these criteria. All analytical procedures were performed using R software (R Core Team, 2020), and the corresponding code is available online (https://github.com/CaseyRead/Read_etal_2022_JAS). Oocytes with ATP and mtDNA values inside the standard curve and ideal hormonal profiles were used for analysis (n = 52). All values are presented as mean + SD.
A mixed effects linear model with the random effect of year was used to perform intraoocyte ATP, mtDNA copy number, and ATP per mtDNA copy number analyses and identify cow trait or synchronization timeline parameter covariates. Linear regression (cow weight, cow age in days, days postpartum at aspiration, hours between PGF and GnRH2, follicular fluid progesterone, follicular fluid estradiol, and hours between GnRH2 and aspiration) or analysis of variance (serum progesterone > 1 vs <1 ng/ml at the start of synchronization, BCS) were used to determine any effects of potential covariates on pre-ovulatory follicle diameter and serum estradiol at GnRH2 or oocyte ATP, oocyte mtDNA copy number, and oocyte ATP produced per mtDNA copy number. After initial analyses of each covariate, variables that were significantly related to ATP, mtDNA copy number, or ATP/mtDNA copy number were included in the respective models along with follicle diameter and serum estradiol at GnRH2. We then utilized a top down, stepwise approach to remove covariates that lost significance (P > 0.10) in the full model and reach a final model for ATP, mtDNA copy number, or ATP/mtDNA copy number analyses. For ATP and ATP/mitochondrial DNA copy number analyses, the final model contained our independent variables of interest (follicle diameter and serum estradiol at GnRH2) as well as time from GnRH2 to follicle aspiration. For the mitochondrial DNA copy number analysis, the final model only contained pre-ovulatory follicle diameter and serum estradiol concentration at GnRH2.
Linear regression and analysis of variance were also performed where appropriate to determine the effects of cow trait and/or synchronization timeline parameters on the 90 individual follicular fluid metabolites. A similar top down, stepwise approach was taken to determine the best model for each individual metabolite. Each cow trait and timeline parameter was included in the full model and any covariates with P > 0.05 were removed. Once the final model was obtained for each metabolite, false discovery rate (FDR) was calculated for the p-values of pre-ovulatory follicle diameter, serum estradiol concentration at GnRH2, and each covariate. Metabolites were considered significantly correlated to each predictive variable if FDR < 0.10 was observed. Metaboanalyst 5.0 (Pang et al., 2021) was used to perform KEGG pathway enrichment analysis of metabolites whose abundance was correlated with variables of interest or covariates. Enrichment of pathways was determined to be significant if FDR was < 0.10. 
The effects of individual follicular fluid metabolite on intraoocyte ATP level were determined using linear regression with the covariates of serum estradiol at GnRH2 and hours from GnRH2 to follicle aspiration included in the model. After false discovery rate was calculated, no follicular fluid metabolites were found to be significant to intraoocyte ATP (FDR > 0.10).
[bookmark: _Toc100072197]Results and Discussion
[bookmark: _Toc100072198]Overview of Animal Data
All samples were collected from suckled, postpartum beef cows managed as part of the productive herd at one of the University of Tennessee AgResearch and Education Centers. Age (2068.3 + 648.02 days, 5.2 + 2.3 years), BCS (5.96 + 1.10), and weight (617.40 + 103.19 kg) of the 52 cattle included in our analyses were similar to previously reported values for beef cattle operations (Cushman et al., 2007; Cushman et al., 2013; Damiran et al., 2018; Bonacker et al., 2020). To maintain the yearly breeding season schedule, animals were 58.36 + 4.12 days postpartum at the time of pre-ovulatory follicle aspiration. There was no effect of days postpartum or serum progesterone concentration at onset of synchronization on pre-ovulatory follicle diameter, serum estradiol concentration, oocyte ATP, oocyte ATP per mtDNA copy number, or oocyte mtDNA copy number (P > 0.10). Largest follicle diameter at GnRH administration to induce a pre-ovulatory gonadotropin surge (GnRH2) was 12.33 + 1.53 mm and serum estradiol concentration at the time of GnRH2 administration was 7.23 + 3.69 pg/ml. These measures are consistent with previously published studies investigating pre-ovulatory follicle diameter or estradiol production (Geary et al., 2001; Lamb et al., 2001; Perry et al., 2005; MacNeil et al., 2006; Perry et al., 2007; Atkins et al., 2013; Moorey et al., 2021; Read et al., 2021b). Serum estradiol and follicle diameter at GnRH2 were not significantly associated with cow phenotypic traits of age, BCS, weight, and days postpartum or synchronization timeline parameters of time between GnRH1 and PGF, PGF and GnRH2, or GnRH2 and FA (P > 0.05).
Oocytes and follicular fluid samples utilized in this study were collected via transvaginal follicle aspiration of the pre-ovulatory follicle 19.02 + 1.90 hours after administration of GnRH2. At this time, the induced luteinizing hormone (LH) surge should have stimulated the follicle’s progression towards ovulation resulting in alterations in the pre-ovulatory follicular environment. At this timepoint after GnRH administration, the somatic follicular cells have begun luteinization and are increasing their production of progesterone, cumulus cells are expanding, and the oocyte has achieved metaphase I (MI) and has reached or is progressing towards metaphase II (MII) (Hyttel et al., 1986; de Loos et al., 1991; Hyttel et al., 1997; Richards et al., 1998; Iwata et al., 2011; Pulley et al., 2015). The mitochondria within oocytes of this maturation stage would have increased their production of ATP in order to support progression through meiotic maturation (Fair et al., 1997; Jeong et al., 2009; Dalbies-Tran et al., 2020). Measuring the metabolic capacity of the oocyte at this time point should reveal differences in the acquisition of metabolic competence of oocytes within follicles of varied physiological maturity when exposed to an induced pre-ovulatory gonadotropin surge. Alterations in the metabolome of follicular fluid samples collected at this time after premature induction of the gonadotropin surge could highlight both lasting implications of the follicle’s physiological status at the time of the surge as well as impacts of the follicle’s pre-surge developmental status on metabolic processes occurring in cumulus-oocyte complex and granulosa cells.
[bookmark: _Toc100072199]The impact of follicle physiological status on oocyte metabolic capacity
Amount of ATP (pg) and mtDNA copy number were used to quantify the metabolic capacity of individual oocytes. Intraoocyte ATP ranged from 55.31-1111.30 pg (532.29 + 279.15 pg) and mtDNA copy number ranged from 25355-1070864 copies (535696 + 419745.3 copies). ATP values were higher than those previously reported by others, however this could be due to differences in assay sensitivity, dilution factors, and/or other sample processing variations (Stojkovic et al., 2001; Tamassia et al., 2004; Jiao et al., 2007; Iwata et al., 2011; Scantland et al., 2014; Dadarwal et al., 2017; Payton et al., 2018; Hashimoto et al., 2019). The mtDNA copy number values obtained in this study were consistent with previously published literature (Tamassia et al., 2004; Jiao et al., 2007; Chiaratti et al., 2010; Iwata et al., 2011; Hashimoto et al., 2019). 
Initial correlation analyses determined time between GnRH2 and follicle aspiration should be included in oocyte ATP modelling and weight should be included in mtDNA copy number modelling (Table 3). Intraoocyte ATP at approximately 19 hours after GnRH2 administration was significantly related to serum estradiol concentration at GnRH2 (P = 0.014; Figure 2A) and time between GnRH2 and follicle aspiration (P = 0.004; Figure 2B). Follicle diameter at GnRH2, however, was not significantly related to oocyte ATP level approximately 19 hours after GnRH administration (P = 0.085). Though samples collected from year two had higher levels of both intraoocyte ATP and serum estradiol (P < 0.001)), similar trends for the relationship between oocyte ATP level and serum estradiol concentration or time from GnRH2 to follicle aspiration were observed in each year (Figure 2C, Figure 2D). Mitochondrial DNA copy number was not significantly related to follicle diameter at GnRH2, serum estradiol concentration at GnRH2, or any potential covariates (P > 0.10). The lack of relationship between mtDNA copy number and physiological status of the follicle and/or intraoocyte ATP is not surprising. There is variation in published literature on the relationship of mtDNA copy number and oocyte developmental competence (Reynier et al., 2001; Tamassia et al., 2004; May-Panloup et al., 2007; Wai et al., 2010; Iwata et al., 2011; Hashimoto et al., 2019).  A study by van Blerkom et al in 2004 suggested that mtDNA copy number could be linked to oocyte developmental competence if metabolic capacity of the oocyte was accounted for. Therefore, we performed an additional analysis to determine if there was an impact of follicle physiological status on the amount of intraoocyte ATP present per mtDNA copy number. The amount of ATP produced per mtDNA copy number was significantly related to serum estradiol concentration at GnRH2 (P = 0.015 ; Figure 3A, Figure 3C) and time from GnRH2 to follicle aspiration (P = 0.039 ; Figure 3B, Figure 3D).
Table 3: P values for the initial correlations performed to identify covariates to be used in oocyte ATP (pg) and oocyte mtDNA copy number analyses.
	Independent
Variable
	Oocyte ATP (pg)
	TP Correlation
	Oocyte mtDNA Copy Number
	mtDNA Copy Number Correlation

	Follicle Diameter at GnRH2 (mm)*
	0.11
	0.017
	0.12
	0.051

	Cow Age* 
	0.38
	0.008
	0.73
	0.0035

	Days Postpartum at FA*
	0.17
	0.013
	0.73
	0.0025

	Weight*
	0.46
	0.001
	0.04
	0.062

	Serum Estradiol at PG (pg/ml)*
	0.76
	0.014
	0.13
	0.0003

	Serum Estradiol at GnRH2 (pg/ml)*
	0.26
	0.011
	0.91
	0.04

	Serum Estradiol at FA (pg/ml)*
	0.3
	0.02
	0.2
	0.031

	Serum Progesterone at PG (ng/ml)*
	0.43
	0.0044
	0.18
	0.039

	Serum Progesterone at GnRH2 (ng/ml)*
	0.91
	0.0001
	0.84
	0.0009

	Serum Progesterone at FA (ng/ml)*
	0.7
	0.0011
	0.11
	0.055

	Follicular Fluid Progesterone (ng/ml)*
	0.09
	0.020
	0.27
	0.028

	Follicular Fluid Estradiol (ng/ml)*
	0.3
	0.0078
	0.94
	0.0001

	Follicular Fluid Estradiol:Progesterone Ratio*
	0.74
	0.0009
	0.53
	0.0093

	Days from GnRH1 to PG*
	0.87
	0.0002
	0.31
	0.024

	Hours from PG to GnRH2*
	0.33
	0.011
	0.1
	0.074

	Hours from GnRH2 to FA*
	0.003
	0.067
	0.39
	0.022

	Pyruvate**
	0.41
	-0.014
	0.65
	-0.043

	Alanine/Sarcosine**
	0.14
	0.06
	0.83
	-0.053

	Serine**
	0.09
	0.093
	0.89
	-0.055

	Creatinine**
	0.32
	0.0014
	0.57
	-0.036

	Valine/Betaine**
	0.3
	0.0062
	0.89
	-0.054

	Homoserine/Threonine**
	0.22
	0.027
	0.77
	-0.05

	Pyroglutamic Acid**
	0.22
	0.028
	0.92
	-0.055

	N-Acetyl-β-Alanine**
	0.2
	0.032
	0.73
	-0.048

	Creatine**
	0.04
	0.14
	0.97
	-0.056

	Leucine/Isoleucine**
	0.24
	0.02
	0.72
	-0.048

	Ornithine**
	0.1
	0.084
	0.69
	-0.046

	Aspartate**
	0.47
	-0.021
	0.08
	0.11

	Malate**
	0.24
	0.019
	0.73
	-0.048

	α-Ketoglutarate**
	0.31
	0.0027
	0.97
	-0.056





Table 3 continued

	Independent
Variable
	Oocyte ATP (pg)
	ATP Correlation
	Oocyte mtDNA Copy Number
	mtDNA Copy Number Correlation

	Glutamine**
	0.1
	0.081
	0.84
	-0.0539

	Glutamate**
	0.15
	0.052
	0.69
	-0.0533

	2-Oxo-4-Methylthiobutanoate**
	0.91
	-0.047
	0.13
	0.1677

	Methionine**
	0.53
	-0.028
	0.89
	-0.0522

	Xylose**
	0.17
	0.043
	0.82
	-0.0475

	3-Methylphenylacetic Acid**
	0.39
	-0.011
	0.68
	0.0034

	Allantoin**
	0.08
	0.096
	0.69
	-0.0467

	Phenylalanine**
	0.32
	0.0021
	0.77
	-0.0477

	Phenyllactic Acid**
	0.38
	-0.0086
	0.81
	-0.0554

	Uric Acid**
	0.06
	0.12
	0.8
	-0.0484

	N-Acetylornithine**
	0.15
	0.052
	0.85
	-0.0545

	Arginine**
	0.09
	0.092
	0.68
	0.0044

	Citrulline**
	0.09
	0.089
	0.71
	-0.0027

	Tricarballylic Acid**
	0.84
	-0.045
	0.36
	-0.0549

	Citrate/Isocitrate**
	0.5
	-0.025
	0.69
	-0.0455

	2-Dehydro-D-Gluconate**
	0.15
	0.052
	0.92
	-0.0536

	D-Gluconate**
	0.09
	0.091
	0.98
	-0.0544

	Kynurenine**
	0.26
	0.016
	0.93
	-0.0064

	Uridine**
	0.26
	0.015
	0.78
	-0.047

	Cholate**
	0.49
	-0.023
	0.63
	-0.0525

	Glycodeoxycholate**
	0.42
	-0.015
	0.77
	-0.0542

	Cholesterol Sulfate**
	0.49
	-0.024
	0.84
	-0.0548

	Glycine**
	0.34
	-0.0021
	0.64
	0.0607

	Lactate**
	0.67
	-0.038
	0.29
	0.0388

	Proline**
	0.1
	0.084
	0.98
	-0.0555

	Guanidoacetic Acid**
	0.12
	0.067
	0.19
	-0.0456

	Succinate/Methylmalonate**
	0.52
	-0.027
	0.77
	-0.0067

	3-Hydroxyisovalerate**
	0.12
	0.068
	0.96
	-0.0245

	Taurine**
	0.33
	-0.0011
	0.12
	0.0279

	Citraconate**
	0.13
	0.064
	0.12
	-0.0518

	Hydroxyproline**
	0.04
	0.16
	0.79
	0.1158






Table 3 continued

	Independent
Variable
	Oocyte ATP (pg)
	ATP Correlation
	Oocyte mtDNA Copy Number
	mtDNA Copy Number Correlation

	Asparagine**
	0.12
	0.068
	0.87
	-0.054

	Homocysteine**
	0.45
	-0.019
	0.85
	-0.053

	Phosphorylethanolamine**
	0.6
	-0.034
	0.04
	0.17

	Lysine**
	0.3
	0.006
	0.81
	-0.05

	Hydroxyphenylacetate**
	0.42
	-0.015
	0.71
	-0.048

	Xylitol**
	0.75
	-0.042
	0.32
	0.0034

	2-3-Dihydroxybenzoate**
	0.69
	-0.039
	0.7
	-0.047

	Histidine**
	0.43
	-0.017
	0.72
	-0.048

	Orotate**
	0.59
	-0.033
	0.96
	-0.055

	Methionine Sulfoxide**
	0.07
	0.11
	0.73
	-0.048

	Quinolinate**
	0.68
	-0.039
	0.9
	-0.055

	Phosphoenolpyruvate**
	0.83
	-0.045
	0.31
	0.0044

	Sulfolactate**
	0.33
	0.0004
	0.34
	-0.0027

	SN-Glycerol-3-Phosphate**
	0.65
	-0.037
	0.92
	-0.055

	Aconitate**
	0.6
	-0.034
	0.68
	-0.046

	N-Carbamoyl-L-Aspartate**
	0.16
	0.048
	0.86
	-0.054

	Allantoate**
	0.36
	-0.0063
	0.89
	-0.054

	Myo-Inositol**
	0.45
	-0.019
	0.36
	-0.0064

	Tyrosine**
	0.3
	0.006
	0.71
	-0.047

	Acetyllysine**
	0.12
	0.067
	0.82
	-0.053

	Homocitrulline**
	0.03
	0.17
	0.88
	-0.054

	Tryptophan**
	0.87
	-0.046
	0.91
	-0.055

	Xanthurenic Acid**
	0.28
	0.011
	0.15
	0.061

	Jasmonate**
	0.38
	-0.0082
	0.2
	0.039

	Cystathionine**
	0.51
	-0.026
	0.97
	-0.056

	Deoxycytidine**
	0.22
	0.027
	0.68
	-0.046

	Deoxyuridine**
	0.9
	-0.047
	0.36
	-0.0067

	Ribose Phosphate**
	0.17
	0.044
	0.47
	-0.025

	Cystine**
	0.27
	0.013
	0.23
	0.028

	Cytidine**
	0.19
	0.038
	0.8
	-0.052

	Biotin**
	0.82
	-0.045
	0.08
	0.12





Table 3 continued

	Independent
Variable
	Oocyte ATP (pg)
	ATP Correlation
	Oocyte mtDNA Copy Number
	mtDNA Copy Number Correlation

	Thiamine**
	0.18
	0.042
	0.92
	-0.055

	6-Phospho-D-Gluconate**
	0.09
	0.086
	0.36
	-0.0068

	1-Methyladenosine**
	0.11
	0.077
	0.79
	-0.051

	Ophthalmate**
	0.14
	0.06
	0.19
	0.045

	S-Methyl-5-Thioadenosine**
	0.3
	0.0056
	0.82
	-0.052

	N-Acetylglucosamine-1-6-Phosphate**
	0.41
	-0.014
	0.47
	-0.024

	Trehalose/Sucrose**
	0.52
	-0.027
	0.82
	-0.053

	GMP**
	0.2
	0.035
	0.44
	-0.021

	Octulose Bisphosphate**
	0.86
	-0.046
	0.87
	-0.054

	Taurodeoxycholate**
	0.13
	0.065
	0.93
	-0.055

	Cysteine**
	0.2
	0.032
	0.76
	-0.05

	Uracil**
	0.11
	0.078
	0.19
	0.045

	Aminocaproic Acid**
	0.24
	0.02
	0.72
	-0.048

	Trehalose-6-Phosphate**
	0.18
	0.04
	0.32
	0.0019

	BCS***
	0.87
	---
	0.33
	---

	BCS 5 x BCS 4****
	0.97
	---
	1.0
	---

	BCS 6 x BCS 4****
	0.9
	---
	0.86
	---

	BCS 7 x BCS 4****
	0.98
	---
	0.99
	---

	BCS 8 x BCS 4****
	0.85
	---
	0.36
	---

	BCS 6 x BCS 5****
	1.0
	---
	0.82
	---

	BCS 7 x BCS 5****
	1.0
	---
	0.99
	---

	BCS 8 x BCS 5****
	0.97
	---
	0.30
	---

	BCS 7 x BCS 6****
	1.0
	---
	0.98
	---

	BCS 8 x BCS 6****
	1.0
	---
	0.71
	---

	BCS 8 x BCS 7****
	0.97
	---
	0.50
	---


      * Analysis performed using linear regression including year as a random effect
    ** Analysis performed using linear regression on data from year two only
  *** Analysis performed using ANOVA including year as a random effect
**** Pairwise comparisons performed on BCS ANOVA using Tukey post-hoc test 
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Figure 9. (A, C) Relationship between serum estradiol concentration at GnRH2 and intraoocyte ATP (pg). (B, D) Relationship between time from GnRH2 to FA and intraoocyte ATP (pg). Panels A and B depict the line of best fit for both years of the study, and panels C and D depict the line of best fit for each year individually. GnRH2 = gonadotropin releasing hormone administration to induce the pre-ovulatory gonadotropin surge, FA= pre-ovulatory follicle aspiration.
[image: ]
Figure 10. (A, C) Relationship between serum estradiol concentration at GnRH2 and intraoocyte ATP per mtDNA copy number ratio. (B, D) Relationship between time from GnRH2 to FA and intraoocyte ATP per mtDNA copy number ratio. Panels A and B depict the line of best fit for both years of the study, and panels C and D depict the line of best fit for each year individually. GnRH2 = gonadotropin releasing hormone administration to induce the pre-ovulatory gonadotropin surge, FA= pre-ovulatory follicle aspiration, mtDNA = mitochondrial DNA copy number. 

	




Increased level of oocyte ATP has been associated with increased developmental competence of the oocyte (Quinn and Wales, 1973; Calarco, 1995; Stojkovic et al., 2001; Tamassia et al., 2004; Dalton et al., 2014). Therefore, the positive relationship between serum estradiol concentration at GnRH2 and both oocyte ATP level and oocyte ATP production per mitochondria likely contributes to the positive relationship between serum estradiol concentration at GnRH2 and day seven embryo cleavage and quality grades previously observed by Atkins (Atkins et al., 2013). As the dominant follicle progresses through proestrus, it grows in diameter and produces increasing levels of estradiol (Alvarez et al., 2000; Fortune et al., 2004; Perry et al., 2005; Perry et al., 2014). Though both pre-ovulatory follicle diameter and serum estradiol concentration have been previously associated with embryo cleavage, embryo quality, and pregnancy success in animals that did not exhibit estrus, data from animals that did exhibit estrus and experience an endogenous gonadotropin surge determined that pre-ovulatory follicle diameter did not influence pregnancy outcome in estrual cows (Perry et al., 2005; Atkins et al., 2013).  Therefore, pre-ovulatory follicle diameter is primarily an indicator of the follicle’s physiological maturity and its proximity to reaching estradiol production required to stimulate estrus and an endogenous gonadotropin surge. As such, there is variation in serum estradiol concentration across pre-ovulatory follicle diameters among cows requiring exogenous GnRH to induce ovulation (Jinks et al., 2013), which indicates that follicle maturity is likely equally variable across such follicles. The results of the present study support the notion that serum estradiol concentration is more closely tied to follicle maturity prior to the induced gonadotropin surge than follicle diameter and may have a stronger correlation with oocyte metabolic capacity. The positive relationship between intraoocyte ATP (pg) at ~19 hours post GnRH2 and serum estradiol concentration at the time of GnRH2 likely indicates that the oocyte was allowed to progress further through capacitation prior to induction of the LH surge and oocyte maturation. The oocyte would have an improved ability to produce ATP due to an increased opportunity to accumulate the stores of metabolic substrates like pyruvate, lactate, and lipids through gap junctional transfer from the cumulus cells prior to maturation and the disruption of such transfer (Fair et al., 1997; Swain and Pool, 2008; Zhang and Smith, 2015; Reader et al., 2017; Conti and Franciosi, 2018). These metabolic substrates are required by the oocyte or early embryo’s mitochondria to produce ATP during oocyte maturation and embryo development to the blastocyst stage (Biggers et al., 1967; Chappel, 2013; Ge et al., 2013; Dalton et al., 2014; Aguila et al., 2020). Aside from indicating advanced follicle maturity prior to the induced gonadotropin surge, increased estradiol concentration at GnRH2 may also have a more direct effect on COC metabolism as exposure of the COC to estrogen increases the expression of gap junctional proteins and increases their localization to the plasma membrane (Firestone and Kapadia, 2012). This increase in functional gap junctions enhances the ability of the cumulus cells to transport cGMP to the oocyte as well as the metabolic substrates needed to support oocyte and embryo development. Because the oocyte relies on gap junction transport to store pyruvate, lipids, and other metabolic substrates, increased functional gap junctions during proestrus could allow for more effective transport of these materials and thus greater ATP levels in oocytes collected from pre-ovulatory follicles of increased estradiol production.
As the oocyte progresses from the germinal vesicle (GV) stage to MII, the activity of its mitochondria increases to produce the ATP necessary to sustain progression through meiotic maturation (Fair et al., 1997; Jeong et al., 2009; Chappel, 2013; Dalton et al., 2014; Aguila et al., 2020). The positive relationship between time from GnRH2 to follicle aspiration and ATP level or ATP per mtDNA copy number observed in the present study reflects this increase in mitochondrial activity during oocyte maturation. Because the pre-ovulatory gonadotropin surge, and thus the onset of oocyte maturation, is induced approximately 2 hours after GnRH is administered (Giordano et al., 2012), the positive correlation between time from GnRH2 to follicle aspiration is also related to the stage of meiotic resumption of the oocyte.  Oocytes in the current study were collected from 16.42 to 23.08 hours after GnRH2 administration and, thus, would have reached approximately 15-21 hours of oocyte maturation. In vitro studies have indicated that bovine oocytes reach MI at approximately 10-15 hours of maturation and MII at approximately 18-24 hours of maturation (Sirard et al., 1989; Fair et al., 1995; Hyttel et al., 1997). Therefore, the oocytes utilized in this study should all have completed MI and have reached or are nearing MII. Multiple studies have demonstrated that intraoocyte ATP increases as oocytes progress from GV to MII (Jiao et al., 2007; Iwata et al., 2011; Read et al., 2021a). Therefore, increased time between the administration of GnRH2 and follicle aspiration would result in an oocyte closer to MII with increased levels of intraoocyte ATP.
As the oocyte progresses from the germinal vesicle (GV) stage to MII, the activity of its mitochondria increases to produce the ATP necessary to sustain progression through meiotic maturation (Fair et al., 1997; Jeong et al., 2009; Chappel, 2013; Dalton et al., 2014; Aguila et al., 2020). The positive correlation between time from GnRH2 to follicle aspiration and ATP level or ATP per mtDNA copy number observed in the present study reflects this increase in mitochondrial activity during oocyte maturation. Because the pre-ovulatory gonadotropin surge, and thus the onset of oocyte maturation, is induced approximately 2 hours after GnRH is administered (Giordano et al., 2012), the positive correlation between time from GnRH2 to follicle aspiration is also related to the stage of meiotic resumption of the oocyte.  Oocytes in the current study were collected from 16.42 to 23.08 hours after GnRH2 administration and, thus, would have reached approximately 15-21 hours of oocyte maturation. In vitro studies have indicated that bovine oocytes reach MI at approximately 10-15 hours of maturation and MII at approximately 18-24 hours of maturation (Sirard et al., 1989; Fair et al., 1995; Hyttel et al., 1997). Therefore, the oocytes utilized in this study should all have completed MI and have reached or are nearing MII. Multiple studies have demonstrated that intraoocyte ATP increases as oocytes progress from GV to MII (Jiao et al., 2007; Iwata et al., 2011; Read et al., 2021a). Therefore, increased time between the administration of GnRH2 and follicle aspiration would result in an oocyte closer to MII with increased levels of intraoocyte ATP.
[bookmark: _Toc100072200]The impact of follicle physiological status on follicular fluid metabolites
We previously determined that pre-ovulatory follicle diameter at GnRH2 was positively correlated with abundance of follicular fluid metabolites potentially involved in glucose metabolism, proteinogenesis, DNA methylation, and oxidative balance (Read et al., 2021b). In the current study, we aimed to determine repeatability of such a relationship and determine if abundance of follicular fluid metabolites was related to intraoocyte ATP levels. We detected 90 metabolites in the follicular fluid of the aspirated pre-ovulatory follicles (Table 4). Serum estradiol concentration at GnRH2 was positively associated with the abundance of 22 follicular fluid metabolites (FDR < 0.10; Figure 4, Table 4). There was no relationship between follicle diameter at GnRH2 and abundance of any metabolites (FDR > 0.90; Table 4). However, four of the metabolites positively related to serum estradiol at GnRH2 were previously determined to be positively correlated with follicle diameter at GnRH2 (2-dehydro-d-gluconate, 3-methylphenylacetic acid, α-ketoglutarate, and pyruvate). Follicular fluid progesterone concentration at the time of follicle aspiration was significantly associated with the abundance of 62 metabolites (FDR < 0.10; Figure 4, Table 4). A positive relationship between follicular fluid progesterone concentration and metabolite abundance was identified in each significant metabolite with the exception of N-carbamoyl-l-aspartate and aspartate. Animal weight was negatively related to the abundance of 60 metabolites and positively related to 1 metabolite, phosphoenolpyruvate (FDR < 0.10; Figure 4, Table 4). Covariates of BCS, hours from GnRH2 to follicle aspiration, follicular fluid estradiol, and/or days postpartum also contributed significantly to the abundance of 12 follicular fluid metabolites (FDR < 0.10; Table 4). 
	The KEGG pathways ‘Aminoacyl tRNA biosynthesis’ and the ‘Citrate cycle’ were significantly enriched with metabolites positively related to serum estradiol concentration at GnRH2 (FDR < 0.10; Figure 5, Table 5). Interestingly, metabolites significantly associated with follicular fluid progesterone concentration at follicle aspiration and with cow weight also were enriched within KEGG pathways ‘Aminoacyl tRNA biosynthesis’, and ‘Citrate cycle’ as well as ‘Arginine biosynthesis’, ‘Arginine and proline metabolism’, 
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Figure 11. Venn diagram listing the follicular fluid metabolites whose abundance in follicular fluid collected ~19 hours after GnRH2 administration was significantly related to serum estradiol concentration at GnRH2 (pg/ml), follicular fluid progesterone concentration at follicle aspiration (ng/ml), and cow weight (kg). GnRH2 = gonadotropin releasing hormone administration to induce the pre-ovulatory gonadotropin surge.












Table 4: False discovery rate values for the correlation between follicular fluid metabolites and serum estradiol at GnRH21, pre-ovulatory follicle diameter at GnRH2, or final model covariates.

	Metabolite
	KEGG ID1
	False Discovery Rate

	
	
	Serum E22 at GnRH23 (pg/ml)
	Follicle diameter at GnRH2 (mm)
	FF4 P45 at FA6 (ng/ml) 
	Weight (kg)
	Hours GnRH2 to FA
	BCS7
	FF E2 at FA (ng/ml)
	Days Postpartum

	Taurodeoxycholate
	C05463
	0.034
	0.998
	NA ⁵
	0.002
	NA
	NA
	NA
	NA

	Glycine
	C00037
	0.036
	0.998
	0.001
	0.003
	NA
	NA
	NA
	NA

	3-Hydroxyisovalerate
	C20827
	0.038
	0.998
	0.002
	0.017
	0.046
	NA
	0.035
	NA

	2-Dehydro-D-Gluconate
	C03342
	0.045
	0.998
	0.005
	0.004
	NA
	NA
	NA
	NA

	3-Methylphenylacetic Acid
	121219
	0.045
	0.998
	0.006
	0.007
	NA
	NA
	NA
	NA

	Acetyllysine
	C12989
	0.045
	0.998
	0.001
	0.003
	NA
	NA
	NA
	NA

	Cholate
	C00695
	0.045
	0.998
	NA
	NA
	NA
	0.037
	NA
	NA

	Glycodeoxycholate
	C05464
	0.045
	0.998
	0.046
	0.013
	NA
	NA
	NA
	NA

	Histidine
	C00135
	0.045
	0.998
	0.002
	0.129
	NA
	NA
	NA
	NA

	Malate
	C00149
	0.045
	0.998
	0.005
	0.014
	NA
	NA
	NA
	NA

	Trehalose-6-Phosphate
	C00689
	0.045
	0.998
	0.001
	NA
	NA
	NA
	0.035
	NA

	Alanine/Sarcosine
	C00041;
C00213
	0.054
	0.998
	0.001
	0.002
	NA
	NA
	NA
	NA

	Α-Ketoglutarate
	C00026
	0.054
	0.998
	0.003
	0.012
	NA
	NA
	NA
	NA

	Tricarballylic Acid
	C19806
	0.054
	0.998
	0.015
	0.013
	NA
	NA
	NA
	NA

	Pyruvate
	C00022
	0.060
	0.998
	0.006
	0.007
	NA
	NA
	NA
	NA

	Asparagine
	C00152
	0.060
	0.998
	0.001
	0.004
	NA
	NA
	NA
	NA

	Cytidine
	C00475
	0.060
	0.998
	0.003
	0.004
	NA
	NA
	NA
	NA

	Proline
	C00148
	0.069
	0.998
	0.002
	0.003
	NA
	NA
	NA
	NA

	Homoserine/Threonine
	C00263;
C00188
	0.075
	0.998
	0.002
	0.003
	NA
	NA
	NA
	NA

	Lysine
	C00047
	0.094
	0.998
	0.001
	0.008
	NA
	NA
	NA
	NA

	N-Acetylornithine
	C00437
	0.094
	0.998
	0.002
	0.002
	NA
	NA
	NA
	NA

	Serine
	C00716
	0.094
	0.998
	0.002
	0.003
	NA
	NA
	NA
	NA

	Ribose Phosphate
	C00117  
	0.101
	0.998
	0.005
	0.013
	NA
	NA
	NA
	NA

	Allantoate
	C00499
	0.101
	0.998
	0.006
	0.008
	NA
	NA
	NA
	NA

	Citrate Isocitrate
	C00158;
C00311
	0.108
	0.998
	0.003
	0.015
	NA
	NA
	NA
	NA

	Creatinine
	C00791
	0.108
	0.998
	0.001
	0.011
	NA
	NA
	NA
	NA

	Xylose
	C00181
	0.108
	0.998
	0.002
	0.004
	NA
	NA
	NA
	NA

	Creatine
	C00300
	0.132
	0.998
	0.002
	0.003
	0.056
	NA
	NA
	NA

	Allantoin
	C01551
	0.135
	0.998
	0.002
	0.007
	NA
	NA
	NA
	NA

	1-Methyladenosine
	C02494
	0.138
	0.998
	0.015
	NA
	0.020
	0.049
	0.042
	NA

	Homocysteine
	C00155
	0.138
	0.998
	0.002
	0.019
	NA
	NA
	NA
	NA






Table 4 continued

	Metabolite
	KEGG ID1
	False Discovery Rate

	
	
	Serum E22 at GnRH23 (pg/ml)
	Follicle diameter at GnRH2 (mm)
	FF4 P45 at FA6 (ng/ml) 
	Weight (kg)
	Hours GnRH2 to FA
	BCS7
	FF E2 at FA (ng/ml)
	Days Postpartum

	Kynurenine
	C00328
	0.138
	0.998
	0.009
	0.004
	NA
	NA
	NA
	NA

	Uridine
	C00299
	0.139
	0.998
	0.004
	0.017
	NA
	NA
	NA
	NA

	N-Acetyl-β-Alanine
	C01073
	0.139
	0.998
	0.013
	0.010
	NA
	NA
	NA
	NA

	Glutamine
	C00064
	0.140
	0.998
	0.001
	0.004
	NA
	NA
	NA
	NA

	Homocitrulline
	C02427
	0.140
	0.998
	0.015
	0.024
	NA
	NA
	NA
	NA

	Succinate/Methylmalonate
	C00042;
C02170
	0.140
	0.998
	0.023
	0.039
	NA
	NA
	NA
	NA

	Methionine
	C00073
	0.141
	0.998
	0.006
	0.034
	NA
	NA
	NA
	NA

	Phosphoenolpyruvate
	C00074
	0.141
	0.998
	NA
	0.0276
	0.056
	NA
	NA
	NA

	Hydroxyproline
	C01157
	0.152
	0.998
	0.0002
	0.002
	NA
	NA
	NA
	NA

	Xylitol
	C00379
	0.152
	0.998
	0.013
	0.070
	NA
	NA
	NA
	NA

	Deoxycytidine
	C00881
	0.164
	0.998
	0.004
	0.011
	NA
	NA
	NA
	NA

	Tryptophan
	C00078
	0.183
	0.998
	0.015
	0.031
	NA
	NA
	NA
	NA

	Aconitate
	C00417
	0.198
	0.998
	0.003
	0.031
	NA
	NA
	NA
	NA

	Phenylalanine
	C00079
	0.198
	0.998
	0.023
	0.025
	0.406
	NA
	NA
	NA

	Pyroglutamic Acid
	C01879
	0.198
	0.998
	0.005
	0.007
	NA
	NA
	NA
	NA

	Tyrosine
	C00082
	0.198
	0.998
	0.006
	0.019
	NA
	NA
	NA
	NA

	N-Carbamoyl-L-Aspartate
	C00438
	0.200
	0.739
	0.006
	NA
	NA
	NA
	NA
	NA

	Valine/Betaine
	C00183;
C00719
	0.200
	0.998
	0.006
	0.013
	NA
	NA
	NA
	NA

	D-Gluconate
	C00257
	0.201
	0.998
	0.004
	0.004
	NA
	NA
	NA
	NA

	Sulfolactate
	C11537 
	0.209
	0.998
	NA
	0.031
	NA
	NA
	NA
	NA

	Thiamine
	C00378
	0.215
	0.998
	0.003
	0.008
	NA
	NA
	NA
	NA

	Aminocaproic Acid
	C02378
	0.228
	0.998
	0.007
	0.010
	NA
	NA
	NA
	NA

	Glutamate
	C00025
	0.228
	0.998
	0.014
	0.036
	NA
	NA
	NA
	NA

	Leucine/Isoleucine
	C00123;
C00407
	0.228
	0.998
	0.011
	0.010
	NA
	NA
	NA
	NA

	SN-Glycerol-3-Phosphate
	C00093
	0.239
	0.998
	NA
	NA
	NA
	NA
	NA
	NA

	2-Oxo-4-Methylthiobutanoate
	C01180
	0.271
	0.998
	0.029
	NA
	NA
	NA
	NA
	NA

	Uracil
	C00106
	0.271
	0.998
	NA
	0.029
	NA
	NA
	NA
	NA

	Ophthalmate
	C21016 
	0.278
	0.998
	NA
	0.029
	NA
	NA
	NA
	NA

	Arginine
	C00062
	0.309
	0.998
	0.001
	0.003
	NA
	NA
	NA
	NA

	Deoxyuridine
	C00526
	0.321
	0.998
	0.008
	NA
	NA
	NA
	NA
	NA

	Ornithine
	C00077
	0.321
	0.998
	0.001
	0.004
	NA
	NA
	NA
	NA


Table 4 continued1 KEGG = Kyoto Encyclopedia of Genes and Genomes
2 E2 = Estradiol
3 GnRH2 = Gonadotropin releasing hormone administration to induce the pre-ovulatory gonadotropin surge
4 FF = Follicular fluid
5 P4 = Progesterone
6 FA = Follicle aspiration
7 BCS = Body condition score
8 Pubmed chem ID


	Metabolite
	KEGG ID1
	False Discovery Rate

	
	
	Serum E22 at GnRH23 (pg/ml)
	Follicle diameter at GnRH2 (mm)
	FF4 P45 at FA6 (ng/ml) 
	Weight (kg)
	Hours GnRH2 to FA
	BCS7
	FF E2 at FA (ng/ml)
	Days Postpartum

	Cystathionine
	C02291
	0.324
	0.998
	0.011
	NA
	NA
	NA
	NA
	NA

	6-Phospho-D-Gluconate
	C00345
	0.335
	0.998
	NA
	NA
	NA
	NA
	NA
	NA

	Citrulline
	C00327
	0.350
	0.998
	0.001
	0.004
	NA
	NA
	NA
	NA

	Cysteine
	C00097
	0.380
	0.998
	NA
	NA
	NA
	NA
	NA
	NA

	Guanidoacetic Acid
	C00581
	0.430
	0.998
	0.006
	NA
	NA
	NA
	NA
	NA

	Taurine
	C00245
	0.432
	0.998
	NA
	NA
	NA
	NA
	NA
	NA

	Uric Acid
	C00366
	0.432
	0.998
	0.011
	0.008
	NA
	NA
	NA
	NA

	Trehalose Sucrose
	C01083;
C00089
	0.472
	0.998
	NA
	NA
	NA
	NA
	NA
	NA

	Methionine Sulfoxide
	C02989
	0.505
	0.998
	0.003
	0.007
	NA
	NA
	NA
	NA

	Hydroxyphenylacetate
	C05852
	0.516
	0.998
	0.046
	NA
	NA
	0.037
	NA
	NA

	Cholesterol Sulfate
	C18043
	0.523
	0.998
	NA
	0.008
	0.0163
	NA
	NA
	NA

	Orotate
	C00295
	0.545
	0.998
	NA
	0.037
	NA
	NA
	NA
	NA

	Octulose Bisphosphate
	---
	0.588
	0.998
	NA
	NA
	NA
	NA
	NA
	NA

	2-3-Dihydroxybenzoate
	C00230
	0.598
	0.998
	NA
	NA
	NA
	0.042
	NA
	NA

	N-Acetylglucosamine-1-6-Phosphate
	C00357
	0.663
	0.998
	NA
	NA
	NA
	NA
	NA
	NA

	Cystine
	C00491
	0.706
	0.998
	0.0138
	0.031
	NA
	NA
	NA
	NA

	s-Methyl-5-Thioadenosine
	C00170
	0.706
	0.998
	NA
	NA
	NA
	0.042
	NA
	0.007

	GMP
	C00144
	0.716
	0.998
	NA
	NA
	NA
	NA
	NA
	NA

	Biotin
	C00120
	0.742
	0.998
	0.019
	NA
	NA
	NA
	NA
	NA

	Lactate
	C00186
	0.742
	0.998
	NA
	NA
	NA
	NA
	NA
	NA

	Myo-Inositol
	C00137
	0.742
	0.998
	NA
	NA
	NA
	NA
	NA
	NA

	Phosphorylethanolamine
	C00346
	0.742
	0.998
	NA
	NA
	NA
	NA
	NA
	NA

	Quinolinate
	C03722
	0.742
	0.998
	NA
	NA
	NA
	NA
	NA
	NA

	Aspartate
	C00049
	0.755
	0.998
	NA
	NA
	NA
	NA
	NA
	NA

	Xanthurenic Acid
	C02470
	0.794
	0.998
	NA
	NA
	NA
	NA
	NA
	NA

	Phenyllactic Acid
	C01479
	0.823
	0.998
	NA
	NA
	NA
	NA
	NA
	NA

	Jasmonate
	C08491
	0.968
	0.998
	NA
	NA
	NA
	NA
	NA
	NA

	Citraconate
	C02226
	0.992
	0.998
	NA
	NA
	0.016
	NA
	NA
	NA




‘Alanine, aspartate, and glutamate metabolism’, ‘D-glutamine and D-glutamate metabolism’, ‘Glyoxylate and dicarboxylate metabolism’, ‘Cysteine and methionine metabolism’, ‘Phenylalanine, tyrosine, and tryptophan biosynthesis’ and ‘Pyrimidine metabolism’ (FDR<0.10; Figure 5, Tables 6 and 7). The KEGG pathways ‘Glycine, serine, and threonine metabolism’ and ‘Phenylalanine metabolism’ were also enriched with metabolites significantly correlated with follicular fluid progesterone concentration at follicle aspiration (FDR < 0.10; Figure 5, Table 6). 
Metabolites that were significantly associated with serum estradiol concentration at GnRH2, follicular fluid progesterone concentration at follicle aspiration, and/or weight were primarily involved in proteinogenesis, the citric acid cycle, and pyrimidine metabolism. Follicular fluid composition fluctuates throughout the estrous cycle and can be influenced by multiple extraovarian factors including ovarian stimulation protocols (Fortune and Hansel, 1985; Assey et al., 1994; Ambrose et al., 2006; Leroy et al., 2006; Bender et al., 2010; Von Wald et al., 2010; Wonnacott et al., 2010; Zachut et al., 2010; Leroy et al., 2011; Liu et al., 2012; Alves et al., 2014; O'Doherty et al., 2014; Palini et al., 2014; Moreno et al., 2015; Forde et al., 2016; Takeo et al., 2017). Inducing the pre-ovulatory gonadotropin surge in physiologically immature dominant follicles prior to the onset of estrus could result in decreased levels of metabolites involved in proteinogenesis and the citric acid cycle. This is consistent with our previous study that reported decreased abundance of metabolites enriched the KEGG pathway ‘aminoacyl tRNA biosynthesis’ as well as multiple pathways associated with the production of citric acid cycle intermediates in pre-follicles with decreased diameter (Read et al., 2021b). The positive relationship 
[image: ]
Figure 12. Venn diagram listing the KEGG pathways significantly enriched with follicular fluid metabolites related to serum estradiol concentration at GnRH2 (pg/ml), follicular fluid progesterone concentration at follicle aspiration (ng/ml), and cow weight (kg). GnRH2 = gonadotropin releasing hormone administration to induce the pre-ovulatory gonadotropin surge.












Table 5: KEGG pathways significantly enriched with metabolites that were significantly correlated with serum estradiol concentration at GnRH2.

	Pathway
	Pathway
Name
	Match Status1
	FDR ²
	Differentially Abundant
Metabolites in Pathway3

	bta00970
	Aminoacyl-tRNA biosynthesis
	5 of 48
	0.018259
	L-Asparagine (C00152), L-Histidine (C00135), Glycine (C00037), L-Lysine (C00047), L-Proline (C00148)

	bta00020
	Citrate cycle (TCA cycle)
	3 of 20
	0.070452
	α-ketoglutarate (C00026), S-Malate (C00149), Pyruvate (C00022)


	¹ Number of differentially abundant metabolites in pathway/total number of metabolites in pathway

	² FDR = False Discovery Rate

	³ Displayed as Name (KEGG identifier number); KEGG = Kyoto Encyclopedia of Genes and Genomes










































Table 6: KEGG pathways significantly enriched with metabolites that were significantly correlated with follicular fluid progesterone concentration at follicle aspiration.

	Pathway
	Pathway 
Name
	Match Status ¹
	FDR ²
	Differentially Abundant
Metabolites in Pathway ³

	bta00970
	Aminoacyl-tRNA biosynthesis
	12 of 48
	< 0.001
	L-Asparagine (C00152), L-Histidine (C00135), L-Phenylalanine (C00079), L-Arginine (C00062), L-Glutamine (C00064), Glycine (C00135), L-Methionine (C00073), Glycine (C00047), Tryptophan (C00078), L-Tyrosine (C00082), Glycine (C00148), L-Glutamate (C00025)

	bta00220
	Arginine biosynthesis
	7 of 14
	< 0.001
	L-Glutamate (C00025), L-Arginine (C00062), N-Acetylornithine (C00437), L-Citrulline (C00327), L-Ornithine (C00077), L-Glutamine (C00064), α-ketoglutarate (C00026)

	bta00330
	Arginine and proline metabolism
	8 of 38
	0.001
	L-Arginine (C00062), Guanidinoacetate (C00581), Creatine (C00300), Hydroxyproline (C01157), Glycine (C00148), L-Glutamate (C00025), L-Ornithine (C00077), Pyruvate (C00022)

	bta00250
	Alanine, aspartate and glutamate metabolism
	6 of 28
	0.008
	L-Asparagine (C00152), L-Glutamate (C00025), L-Glutamine (C00064), Pyruvate (C00149), N-Carbamoyl-L-aspartate (C00438), α-ketoglutarate (C00026)

	bta00471
	D-Glutamine and D-glutamate metabolism
	3 of 5
	0.008
	L-Glutamate (C00025), L-Glutamine (C00064), α-ketoglutarate (C00026)

	bta00630
	Glyoxylate and dicarboxylate metabolism
	6 of 32
	0.012
	cis-Aconitate (C00417), S-Malate (C00149), Glycine (C00135), L-Glutamate (C00025), Pyruvate (C00149), L-Glutamine (C00064)

	bta00270
	Cysteine
and methionine metabolism
	6 of 33
	0.012
	4-Methylthio-2-oxobutanoic acid (C01180), L-Cystathionine (C02291), L-Homocysteine (C00155), L-Methionine (C00073), L-Cystine (C00491), Pyruvate (C00149)

	bta00240
	Pyrimidine metabolism
	6 of 38
	0.023
	L-Glutamine (C00064), Uridine (C00299), Cytidine (C00475), Deoxycitidine (C00881), Deoxyuridine (C00299), N-Carbamoyl-L-aspartate (C00438)

	bta00020
	Citrate
cycle (TCA cycle)
	4 of 20
	0.049
	α-ketoglutarate (C00026), S-Malate (C00149), cis-Aconitate (C00417), Pyruvate (C00149)

	bta00260
	Glycine, serine and threonine metabolism
	5 of 34
	0.058
	Guanidinoacetate (C00581), L-Cystathionine (C02291), Glycine (C00135), Creatine (C00300), Pyruvate (C00149)

	bta00400
	Phenylalanine, tyrosine,
and tryptophan biosynthesis
	2 of 4
	0.058
	L-Phenylalanine (C00079), L-Tyrosine (C00082)

	bta00360
	Phenylalanine metabolism
	3 of 12
	0.058
	L-Phenylalanine (C00079), 2-Hydroxyphenylacetate (C05852), L-Tyrosine (C00082)


	¹ Number of differentially abundant metabolites in pathway/total number of metabolites in pathway

	² FDR = False Discovery Rate

	³ Displayed as Name (KEGG identifier number); KEGG = Kyoto Encyclopedia of Genes and Genomes




Table 7: KEGG pathways significantly enriched with metabolites that were significantly correlated with animal weight.

	Pathway
	Pathway
Name
	Match Status ¹
	FDR ²
	Differentially Abundant
Metabolites in Pathway ³

	bta00220
	Arginine biosynthesis
	7 of 14
	< 0.001
	L-Glutamate (C00025); L-Arginine (C00062); N-Acetylornithine (C00437), L-Citrulline (C00327), L-Ornithine (C00077), L-Glutamine (C00064); α-ketoglutarate (C00026)

	bta00970
	Aminoacyl-tRNA biosynthesis
	11 of 48
	< 0.001
	L-Asparagine (C00152), L-Phenylalanine (C00079); L-Arginine (C00062); L-Glutamine (C00064), Glycine (C00037), L-Methionine (C00073), L-Lycine (C00047), L-Tryptophan (C00078), L-Tyrosine (C00082); L-Proline (C00148); L-Glutamate (C00025)

	bta00330
	Arginine and proline metabolism
	7 of 38
	0.007
	L-Arginine (C00062), Creatine (C00300), Hydroxyproline (C00148); L-Proline (C00148), L-Glutamate (C00025), L-Ornithine (C00077), Pyruvate (C00022)

	bta00471
	D-Glutamine and D-Glutamate metabolism
	3 of 5
	0.008
	L-Glutamate (C00025);  L-Glutamine (C00064); α-ketoglutarate (C00026)

	bta00020
	Citrate cycle (TCA cycle)
	5 of 20
	0.008
	α-ketoglutarate (C00026), S-Malate (C00149); cis-Aconitate (C00417), Pyruvate (C00022), Phosphoenolpyruvate (C00074)

	bta00630
	Glyoxylate and dicarboxylate metabolism
	6 of 32
	0.009
	cis-Aconitate (C00417), S-Malate (C00149), Glycine (C00037), L-Glutamate (C00025), Pyruvate (C00022), L-Glutamine (C00064)

	bta00240
	Pyrimidine metabolism
	6 of 38
	0.019
	L-Glutamine (C00064), Uridine (C00299), Cytidine (C00475), Deoxycytidine (C00475), Orotate (C00295); Uracil (C00106)

	bta00250
	Alanine, aspartate and glutamate metabolism
	5 of 28
	0.024
	Asparagine (C00152), L-Glutamate (C00025),  L-Glutamine (C00064), Pyruvate (C00022), α-ketoglutarate (C00026)

	bta00270
	Cysteine and methionine metabolism
	5 of 33
	0.046
	L-Homocysteine (C00155); L-Methionine (C00073), L-Cystine (C00491), Pyruvate (C00022), Ophthalmate

	bta00400
	Phenylalanine, tyrosine, and tryptophan biosynthesis
	2 of 4
	0.058
	L-Phenylalanine (C00079); L-Tyrosine (C00082)


	¹ Number of differentially abundant metabolites in pathway/total number of metabolites in pathway

	² FDR = False Discovery Rate

	³ Displayed as Name (KEGG identifier number); KEGG = Kyoto Encyclopedia of Genes and Genomes








between serum estradiol concentration at GnRH2 administration and metabolites involved in proteinogenesis or the citric acid cycle suggests altered protein production and metabolism throughout the time period of oocyte maturation in less physiologically mature follicles near the time of the pre-ovulatory gonadotropin surge.
Follicular fluid collected from ovulatory follicles contains proteins that are important for luteinization, maturation of the oocyte, and expansion of the cumulus cells (Krisher, 2013; Brown et al., 2017; Ferrazza et al., 2017). Bovine ovulatory follicles have increased expression of proteins involved in inflammatory, nitric oxide synthase (NOS), and reactive oxygen species (ROS) pathways compared to follicular fluid obtained from follicles prior to the LH surge (Ferrazza et al., 2017). Free amino acids in the follicular fluid are important to support the increased protein production occurring during the peri-ovulatory time period. In fact, aberrant follicular fluid protein expression is associated with reduced fertility in dairy cattle (Zachut et al., 2016). Amino acids can also be converted to substrates for the citric acid cycle (Guda et al., 2007; Martínez-Reyes and Chandel, 2020). The citric acid cycle generates ATP for cellular energy and NADH/FADH2 that are used during oxidative phosphorylation to generate additional energy (Fernie et al., 2004; Martínez-Reyes and Chandel, 2020). Increased levels of the metabolic substrates utilized by the citric acid cycle indicates increased citric acid cycle activity of the follicular cells. This aligns with previous studies demonstrating that cumulus cells have high glycolytic activity and NADH production (Biggers et al., 1967; Sutton-McDowall et al., 2010; Cinco et al., 2016; Richani et al., 2021).  
The metabolites within the numerous pathways that were significantly associated with follicular fluid progesterone or weight are primarily involved in the citric acid cycle. They are either components of the citric acid cycle (pyruvate, malate, and α-ketoglutarate, cis-aconitate) or are amino acids that can be converted into cycle intermediates (tyrosine, phenylalanine, asparagine, glycine, cysteine, tryptophan, arginine, histidine, glutamine, glutamate, methionine). There may be a direct effect of follicular fluid progesterone concentration at the time of follicle aspiration on both COC metabolism and follicular fluid metabolites. Both bovine cumulus cells and oocytes express progesterone receptors (Aparicio et al., 2011).  In somatic cells, progesterone increases oxidative phosphorylation and beta oxidation (Behera et al., 2009; Dai et al., 2019; Dai et al., 2020; Lee et al., 2021). During oocyte meiotic maturation, energy production via oxidative phosphorylation increases (Biggers et al., 1967; Babayev and Seli, 2015; Coticchio et al., 2015; Brown et al., 2017). Beta oxidation of fatty acids also increases and is used to generate substrates for use in the citric acid cycle (Hyttel et al., 1986; Sturmey et al., 2009; Paczkowski et al., 2013; Dunning et al., 2014; Dalbies-Tran et al., 2020). The citric acid cycle produces ATP as well as the NADH and FADH2 that are required for oxidative phosphorylation (Martínez-Reyes and Chandel, 2020). Based on this information, the increased presence of citric acid cycle components in follicular fluid with increased progesterone concentration could be directly due to progesterone receptor signaling to increase oxidative phosphorylation and beta oxidation within the oocyte and/or cumulus cells. Progesterone receptor signaling also induces the expression of genes involved with ovulation in granulosa cells (Robker et al., 2009). 
	Once false discovery rate was applied to account for testing multiple hypotheses, we did not detect a significant relationship between any follicular fluid metabolites and oocyte ATP level (FDR >0.10, Table 3). This preliminary experiment may have been performed too late in oocyte maturation to detect significant relationships among follicular fluid metabolites and oocyte ATP.  Samples in the present study were collected near ovulation and the completion of oocyte maturation when the oocytes have decoupled from their surrounding cumulus cells. Collection of samples earlier or at the time of the pre-ovulatory gonadotropin surge, may have better represented the metabolic environment available to the COC before or early in maturation when a higher level of active transfer of metabolites from the cumulus cells to the oocyte was present. Potential influences of granulosa cell metabolism on the follicular fluid metabolome may have also overshadowed potential relationships between the follicular fluid metabolome and oocyte ATP at ~19 hours after GnRH2 administration. We are optimistic to further explore relationships between the follicular fluid milieu and oocyte metabolic competency in future studies. 
[bookmark: _Toc100072201]Conclusions
The results of the present study provided an essential advancement to our knowledge of the relationship between pre-ovulatory follicle physiological status near the time of an induced gonadotropin surge on oocyte developmental and metabolic competency. We identified a positive relationship between serum estradiol concentration at GnRH2 and time from GnRH2 to follicle aspiration on the availability of ATP within the oocyte after ~17 hours of maturation. Pre-ovulatory serum estradiol concentration’s positive association with total ATP levels and ATP produced per mtDNA copy number in oocytes may be both correlative due to estradiol’s relationship with follicle maturity at the time of GnRH2 and causative due to estradiol’s upregulation of gap junction transfer of metabolites between the cumulus cells and oocyte. Oocyte meiotic maturation and early embryo development are energy-demanding processes, and the decreased developmental competence of oocytes following premature induction of the pre-ovulatory gonadotropin surge in physiologically immature pre-ovulatory follicle is likely due to decreased metabolic capacity of the oocyte. Additionally, we found a positive relationship between the follicle’s physiological status before and after exposure to the pre-ovulatory gonadotropin surge on the metabolome of the follicular fluid. Premature exposure of the follicle to the LH surge coupled with reduced follicular fluid progesterone production post surge resulted in an altered follicular environment that could have implications for oocyte developmental competence related to metabolism and areas beyond what was measured in this study. Future studies will seek to further elucidate the effects of premature induction of ovulation on oocyte developmental competence.















[bookmark: _Toc100072202]CONCLUSION
Previous studies have reported decreased pregnancy rate, embryo quality, and fertilization rate in cattle induced to ovulate prior to estrus during a FTAI protocol. A subsequent study reported decreased expression of transcripts involved with cumulus cell glycolysis and oocyte oxidative phosphorylation in cumulus-oocyte-complexes retrieved from smaller pre-ovulatory follicles exposed to an exogenous GnRH surge prior to estrus. The overall objective of the studies included in this dissertation was to examine the relationship between follicle physiological status at GnRH administration to induce the pre-ovulatory gonadotropin surge (GnRH2) and oocyte metabolic capacity and the follicular fluid metabolome.  An initial study revealed eighteen out of thirty-eight metabolites in follicular fluid 19.59±0.34 hours after GnRH administration were positively correlated with follicle diameter at the time of GnRH administration. KEGG pathway analysis of the significantly correlated metabolites revealed significant enrichment in glucose metabolism, energy production, and proteinogenesis. The composition of the follicular fluid provides the cumulus-oocyte complex with nutrients and metabolic substrates that are important for the acquisition of oocyte developmental competence. Decreased availability of metabolites and proteinogenic components to cumulus-oocyte-complexes from smaller pre-ovulatory follicles may contribute to the reduced oocyte developmental competence and lower pregnancy rates observed when beef cows are induced to ovulate a smaller pre-ovulatory follicle. A method was developed to quantify intraoocyte ATP levels and mtDNA copy number within individual oocytes. This allowed us to determine the metabolic capacity of individual oocyte samples and relate it to the physiological status of the corresponding follicle. We utilized these methods and identified a significant, positive relationship between oocyte ATP and serum estradiol concentration at GnRH2 as well as hours between GnRH2 and follicle aspiration. Reduced availability of ATP within the oocytes collected from pre-ovulatory follicles with decreased estradiol levels suggest an importance of completion of the oocyte capacitation phase on the metabolic capacity of the oocyte. The positive relationship between serum estradiol concentration and oocyte metabolic capacity could be due to estradiol’s relationship with follicle maturity or because of the increase in functional gap junctions available to transport metabolic substrates between the cumulus cells and the oocyte. The positive relationship between oocyte ATP levels and time from GnRH2 administration to follicle aspiration is likely due to the increase in intraoocyte ATP levels observed as oocytes progress through meiotic maturation. We also identified a significant positive relationship between the physiological status of the follicle before and after exposure to the exogenous pre-ovulatory gonadotropin surge and follicular fluid metabolome profiles. Lower serum estradiol concentrations at the time of GnRH injection and reduced follicular fluid progesterone production by ~19 hours post surge was associated with alterations in 22 and 63 metabolites, respectively, that were enriched in KEGG pathways primarily related to proteinogenesis and the TCA cycle. Follicular fluid composition is susceptible to multiple extraovarian factors. Changes in the follicular fluid proteinogenic and TCA cycle components as a result of premature induction of ovulation are indicative of altered metabolism of the cells within the follicle. Future studies will seek to further elucidate the importance of the pre-ovulatory follicular environment and the oocyte capacitation phase on oocyte metabolic capacity and developmental competence.
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