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                                                        Abstract

The purpose of this overview is to review some of the major advances in reproductive technologies and genomics, and how they may be applied in forecasting the advances to meet the challenge of enhancing reproductive efficiency in the high producing dairy cow. The current population of high producing dairy cows is considered to be sub-fertile, as characterized by low pregnancy rates and high rates of embryonic mortality. Coordinated systems of reproductive management have been developed based upon a thorough understanding of the endocrine, cellular and molecular factors controlling ovarian and uterine function. These systems have partially restored herd reproductive performance and will contribute to an improved management environment to permit further advances for genetic selection of production traits, as well as less heritable health and reproductive traits. Advances in other reproductive technologies offer possibilities for wider use of superior germplasm. Technologies such as sexed semen, cloning, transgenesis, genomic selection and preimplantation genetic diagnosis offer the potential to enhance the impact of superior animals on production of food for human consumption. Genomic selection for production, health and reproductive traits will be the wave of the future as genomic and bioinformatic tools continue to be expanded and refined. Indeed increased production and efficiency of production is contributing to reductions in use of resources and mitigating adverse environmental impacts. Additional research is needed to counter the higher rates of embryonic and fetal mortality associated with some of these technologies and high production responses. Utilization of genomics, proteomics, metabolomics and bioinformatics in the study of reproduction will undoubtedly provide investigators with a greater understanding of the limitations to efficient reproductive processes in the sub-fertile lactating dairy cow in a changing world environment.

Introduction

Modern dairy practices require considerably fewer resources than dairying in 1944 with 21% of animals, 23% of feedstuffs, 35% of the water, and only 10% of the land required to produce the same 1 billion kg of milk in the USA. Waste outputs in modern dairy systems (i.e., manure, methane and nitrous oxide) have been reduced per billion kg of milk compared with equivalent milk from historical dairying in the 1940s (Capper et al., 2009). To fulfill the increasing requirements of the world population for dairy products, it is essential to adopt management practices and technologies that improve production efficiency, while reducing use of resources and lighten the environmental impact. The current high producing dairy cow has evolved through continued genetic progress for milk production coupled with nutritional management to obtain production potential. 
Recombinant bovine somatotropin (rbST) has been developed for the improvement in both milk production and efficiency of production. Somatotropin is a key homeorhetic control of nutrient partitioning. Administration of rbST to dairy cows increases milk production, improves the efficiency of milk synthesis (Bauman, 1999), and its timely use is associated with an increase in reproductive efficiency to first service after parturition (Moreira etal., 2001). When introducing new biotechnology to the dairy industry, it is essential to balance their biological benefits and efficiency to potential environmental impacts. Furthermore it is of paramount importance to properly and accurately extend to consumers the pros and cons of such technology, as related to health and well being to both cattle and consumers. For example, producers that implement rbST supplementation can glean an improvement in individual cow production, with reductions in nutrient input and waste output per unit of milk produced. From an industry and consumer perspective, supplementing one million cows with rbST reduced feedstuff and water use, cropland area, N and P excretion, greenhouse gas emissions, and fossil fuel use compared with an equivalent milk production from unsupplemented cows (Capper et al., 2008). Overall, rbST appears to represent a valuable management tool for use in dairy production to improve efficiency of production and to have less negative effects on the environment than conventional dairying. Acceptance and utilization of such breakthrough technologies will be essential over the next 20 years to meet the world’s food production needs at a time when consumer demands have also evolved. 
Continued genetic progress for milk production coupled with nutritional management of high producing dairy cows, without attention to reproductive performance, has contributed to an inverse relationship between milk production and reproduction (Lucy, 2001).  A recent review documented the perceived multiplicity of factors contributing to low reproductive performance of dairy cows (Rodriguez-Martinez et al., 2008). Various factors identified with low fertility were:  insufficient weight within genetic selection programs for longevity, health and fertility; interrelated factors such as negative energy balance, level of milk production, dystocia, retained placenta, twinning, stillbirths, and endometritis that reduce the risk for pregnancy; as well as inadequate attention to body confirmation, nutrition and reproductive management, infectious diseases, animal comfort and housing. Various short term and long term strategies were described to improve fertility that may or may not sustain high levels of milk production. 
To combat this problem of poor reproductive efficiency, research must focus on improvements in three main areas: the cow, the gametes and the environment. Problems associated with the cow include sub-optimal postpartum health, inability to properly express and/or to detect estrus, altered hormonal profiles associated with metabolic and reproductive control resulting in low conception rates and increased early embryonic death.  Coordinated systems of reproductive and nutritional management offer the vehicles to improve herd reproductive performance. Advances in reproductive technologies and genomics offer wider use of germplasm. However, at this time additional research is needed to counter the higher rates of embryonic and fetal mortality. Technologies associated with sexed semen, cloning, transgenesis, and preimplantation genetic diagnosis offer the potential to selectively enhance the impact of superior animals on production of food for human consumption.  Detailed studies of tissue and cell biology, utilizing the techniques of genomics, proteomics and bioinformatics, will undoubtedly allow investigators to understand the limitations to efficient reproductive processes of the sub-fertile lactating dairy cow.  Such technological advancements coupled with targeted use of nutraceuticals and management of critical biological windows will improve both milk production and reproductive efficiency. Objective of this presentation is to present a perspective of current and future advancements that will improve reproductive performance of dairy cows over the next 20 years. 

Programmed Insemination without Detection of Estrus


Intensive genetic selection for milk production without attention to reproductive performance has contributed to the low herd pregnancy rates in current production systems. Inclusion of Productive Life, Daughter Pregnancy Rate, and more recently the availability of Sire Conception Rate, as a measurement of phenotypic service-sire fertility, appear to have reduced the rate of decline in fertility in the USA (Norman et al., 2007). Reproductive management of the lactating dairy cow has been a challenge because of poor expression of estrus and low fertility to insemination at a detected estrus. The duration of estrus is reduced as milk production increases, and the frequency of double ovulations and subsequent occurrence of twins also is increased in cows with high levels of milk production at the time of the breeding period (Lopez et al., 2005) The high producing dairy cow of today expresses estrus for approximately 7 hours during which time an average of 6.5 standing events takes place with an accumulative period of standing of 20 seconds (i.e., 3 seconds per standing event; Lopez et al., 2004).

Pregnancy rate over a 21 day period for the national herd of dairy cows in the United States is approximately 16.2%. The component parts of pregnancy rate are the rate of estrus detection and conception rate.  Technology is available for systems to detect estrus accurately, but a major issue is that lactating dairy cows don’t display strong symptoms of estrus. Expression of estrus has been affected adversely by high milk production and associated metabolism of hormones, as well as housing facilities (e.g., concrete floors) that reduce the cow’s willingness to be sexually active. An additional challenge is the high occurrence of non-ovulatory dairy cows that either have re-occurring follicle waves without ovulation or development of ovarian cysts.  

A major advance in reproductive management that has addressed how to improve pregnancy rate has been development of timed artificial insemination (TAI) programs based on development of systems to control or program optimal development of ovarian follicles, induce ovulation, and develop a corpus luteum (CL) capable of supporting pregnancy (Moore and Thatcher 2006).  The component pharmaceutical agents available to the dairy industry in many countries for use with dairy cattle are GnRH, luteolytic prostaglandins, and intravaginal progesterone (using a controlled internal drug-releasing insert, CIDR, or similar device). These are pharmaceuticals that mimic the actions of the cow’s endogenous hormones, are physiological, and pose no health hazard to the cow. The original TAI protocol is the Ovsynch procedure (Pursley et al., 1997).  This protocol has been in use for approximately 12 years.  During this period, both basic and applied research has lead to major advancements in optimizing the system. As a consequence, pregnancy responses have increased, the system has been extended to resynchronization of nonpregnant cows, and programs have been developed for TAI in dairy heifers. When using efficient systems of TAI, the dynamics of various cow factors such as body condition score, parity, and health status in the transitional-periparturient period have been shown to influence pregnancy rates to the controlled breeding program. 

Optimized System of Timed Insemination
It is essential that dairy producers, farm staff, nutritionists, and veterinarians understand the physiological underlying reasons why certain components of the reproductive management program are able to improve reproductive performance or conversely why a misunderstanding of the program can lead to catastrophic pregnancy results. No one reproductive breeding program is practical and economically optimal for all dairy production units due to differences in available facilities, size of the unit, labor that places reproduction as a high priority, and a functionally dynamic record system. The following system has been optimized from the foundation Ovsynch program (Figure 1) that involved two injections of GnRH administered 7 days before and 48 hours after an injection of PGF2α, and cows are inseminated 16–20 h after the second injection of GnRH (Pursley et al., 1997).
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Figure 1. Follicle dynamics and hormonal responses to the Ovsynch Protocol





Optimization of stage of the estrous cycle (i.e., days 5 to 9) at the onset of the Ovsynch protocol is important to achieve a subsequent synchronized ovulation at the second GnRH preceding the TAI (Figure 1). Programming the stage of the estrous cycle at the time the Ovsynch protocol is implemented (e.g., Days 5-9 of estrous cycle) insures there is progesterone availability throughout the period between the first injection of GnRH and injection of PGF2α, and that there is a CL to respond to the luteolytic injection of PGF2α (Figure 1). The continual exposure to progesterone is important for sequentially programming the brain, oviduct and uterus with the appropriate changes in hormones, receptors and secretions leading to an induced ovulation, fertilization and development of an embryo capable of maintaining a pregnancy with minimal embryonic and fetal losses. Programming the start of the Ovsynch protocol to occur between Days 5 to 9 of the estrous cycle in lactating dairy cows increases the probability that the first injection of GnRH will induce ovulation of the first wave follicle and recruitment of a new follicle wave (Figure 1), which upon induction of ovulation to the second GnRH increases the probability of producing a viable oocyte for fertilization and a robust CL. Indeed ovulation of the first follicle wave results in presence of both the original CL and an accessory CL, induced by the GnRH injection, which are responsive to the injection of PGF2α.         
The Ovsynch protocol preceded by a PGF2α presynchronization program (Presync-Ovsynch) has become the nucleus program for reproductive management in the industry. Successful use of such a program is dependent highly upon obtaining good compliance in implementing all component parts of the protocol. The original Presynch-Ovsynch program entailed two injections of PGF2α given 14 days apart with the Ovsynch protocol initiated 12 days after the second injection of PGF2α for presynchronization (Moreira et al., 2001; Figure 2).  This system increased pregnancy rates compared to Ovsynch alone for the reasons outlined, and it is essential to start the Ovsynch program between 10 to 12 days after presynchronization (i.e., the second injection of PGF2α ) to obtain good pregnancy rates to the TAI. A 14- day interval may be convenient for producers but is not optimal to obtain maximal fertility. 

High-producing lactating dairy cows have a greater incidence of two waves of follicle growth during the estrous cycle compared with growing heifers that are more likely to have three follicular waves. The interval from follicle emergence to estrus is ~3.5 days greater for cows with two follicular waves than for those with three follicular waves (Bleach et al., 2004); consequently the period of follicular dominance is greater and fertility to TAI in cows with greater periods of follicle dominance is reduced.  One means of reducing the period of ovulatory follicle dominance is to shorten the interval from follicle recruitment to luteal regression (i.e., implement a 5 day interval between GnRH and PGF2α injection) to possibly increase pregnancy per TAI in lactating dairy cows. Following two injections of PGF2α at 36 and 50 d in milk, Santos et al. (2010) randomly assigned 933 cows to a Cosynch 72 h protocol (CoS72: d 61 GnRH, d 68 PGF2α, d 71 GnRH) or to a 5d-Cosynch 72 h with two injections of PGF2α (5dCoS2: d 61 GnRH, d 66 and 67 PGF2α, d 69 GnRH). Blood was sampled for progesterone analyses at the first GnRH, first PGF2α, second GnRH and 7 day after timed AI. Regression of CL was lesser (91.5 vs. 96.3%) and P/AI was greater (39.3 vs. 33.9%) for 5dCoS2 than CoS72, respectively. It was essential to inject two doses of PGF2α given 24 h apart (i.e., d 66 and 67) to insure complete regression of the CL, whereas in dairy heifers described above CL regression was completed with one injection of PGF2α. 

Following two injections of PGF2α at 46 and 60 days in milk, Bisinotto R. and Santos J.E.P (Unpublished observations, 2010) randomly assigned 1227 lactating dairy cows to a 5-day OVS56h or to a 5-dayCosynch72h as depicted in Figure 3.  Pregnancy/TAI did not differ between groups when evaluated at either d32 or d 60 after TAI (Table 1).  Indeed, overall mean Pregnancy/TAI of 45.9% (n=1227) at d32 is excellent with overall pregnancy loss estimated d 60 to be 13.1% (n=557).  Thus, the 5-dayCosynch 72 h program with two injections of PGF2α is very efficient in getting cows pregnant. 
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Figure 3. Effect of timing of induced ovulation withma 5d-Ovsynch 56 h or a 5d-
Cosynch 72 h on pregnancy responses of lacatating dairy cows




	Table 1. Effect of 5d-Cosynch 56 h (OVS56)  and 5d-Cosynch 72 h (COS72) on fertility responses, % (n/n),  of lactating dairy cows 

	
	OVS56
	COS72
	AOR (95% CI)1
	P

	Estrus at timed AI2
	32.4 (199/615)
	40.6 (235/579)
	1.43 (1.13-1.82)
	< 0.01

	Pregnant
	
	
	
	

	Day 32
	46.4 (294/634)
	45.5 (270/593)
	0.97 (0.78-1.22)
	0.82

	Day 60
	40.7 (256/629)
	38.6 (228/591)
	0.92 (0.73-1.16)
	0.46

	Pregnancy loss3
	11.4 (33/289)
	14.9 (40/268)
	1.36 (0.83-2.24)
	0.22

	1 AOR = adjusted odds ratio; CI = confidence interval. OVS56 is the reference for comparison.

2 Evaluated based on removal of tail chalk at timed AI.

3 Number of pregnant cows on d 32 that were not pregnant on d 60 divided by the number of pregnant cows on d 32.


Cows diagnosed as nonpregnant by transrectal ultrasonography on d 32 after the first AI postpartum (112 ± 3 DIM) were blocked by parity and method of synchronization at first AI. Within each block, cows were assigned randomly to one of two treatments (Figure 2). All cows received an injection of GnRH 2 d after the pregnancy diagnosis, day 34 after the previous AI. They were treated with an injection of PGF2α 5 and 6 d after the first GnRH. A second injection of GnRH was administered 56 h after the first PGF2α and insemination was performed 16 h later. Cows assigned to the control group (RCON, n = 334) did not receive any further treatment, whereas cows assigned to supplemental progesterone (RCIDR, n = 341) received an intravaginal insert containing 1.38 g of progesterone (Eazi-Breed CIDR Cattle Insert, Pfizer Animal Health, New York, NY) from the first GnRH to the first PGF2α of the resynchronization protocol. Cows were painted with chalk on their trailheads daily after the first GnRH of the resynchronization protocol and removal of chalk was used as indication of estrus. Cows supplemented with progesterone had greater P/AI compared with unsupplemented cows (51.3 vs. 43.1%). Premature ovulation tended to be greater for RCON than RCIDR cows (7.5 vs. 3.6%), treatments. 


Presently in 2010, systems have been developed to optimize the beginning of a TAI program, period of follicle dominance has been optimized to improve fertility, the need to sustain progesterone exposure throughout the period of follicular synchronization is realized, complete regression of the CL is essential in lactating dairy cows, and timing of AI relative to induction of ovulation with GnRH needs to be optimized and is somewhat dependent upon the TAI system utilized. These advancements allow on farm pregnancy rates of 40 to 50% for first and second service.  However, they require maximal compliance in protocol implementation, integration with on farm computer monitoring for lists of cows to be handled, treated, and efficiency of the system to be monitored.  Further future developments will entail early diagnosis of pregnancy, online monitoring of cycling and health status in the milking parlor with the use of nano-technology. Such technology combined with optimized housing to achieve animal comfort, health and well-being will further allow high producing lactating dairy cows to successfully reproduce and yet produce high levels of production. 

ASSISTED REPRODUCTIVE TECHNOLOGIES (ART)


Although many techniques are now available that promise to enhance reproductive performance, additional refinement and optimization allowing for subsequent embryo development and well being of the offspring are needed in order to have these technologies impact the dairy industry.  There impact for the dairy producer in the next 20 years will be primarily for producers trying to propagate superior individuals. The forms of ART with the most promise will be summarized briefly below.

Superovulation and Embryo Transfer: The advent of hormonal manipulation of the reproductive cycle of the cow, inducing multiple ovulations, coupled with artificial insemination, embryo collection and embryo transfer, allows dairy producers to obtain multiple offspring from genetically superior females, by transferring their embryos into recipients of lesser genetic merit.  Moreover, high genetic merit embryos can be frozen for later transfer or sale. Non-surgical embryo embryo collection and  transfer procedures makes this technology even more feasible for the producer and readily modified to accommodate implementation of other technology such as transfer of IVF produced embryos, timed embryo transfer etc. Currently, costs associated with superovulation and embryo collection and storage are approximately $100/embryo and transfer costs average $25 to $50/transfer. 

A major advancement has been made with the generation of single-chain recombinant dually active gonadotropin analogs of FSH and chorionic gonadotropin (CG). Utilizing a sheep model, the recombinant expressed construct that incorporates beta-domains from both human FSH and CG and the alpha chain had dual activity in that follicle growth and estradiol secretion was stimulated (Adams et al., 2008; Lemke et al., 2008). The long-lived nature of the single-chain construct suggested that these recombinant gonadotropins may be effective alternatives to the use of pituitary- or placenta-derived gonadotropins. Further development of this technology with bovine gonadotropins offers the promise of out of season breeding, stimulation of ovarian development in deep anestrus cows, enhancement of functional follicle competence of anovulatory cows, and programmed follicle development for superovulation with one injection of the appropriate recombinant gonadotropin analogue. Furthermore, such recombinant gonadotropin molecules may be effective alternatives to the use of GnRH analogues in reproductive management programs of the future.
In Vitro Production (IVP) of Embryos: Progress has been made in culture conditions, such that immature oocytes can now be retrieved and matured in vitro (IVM), undergo in vitro fertilization (IVF), and then cultured in vitro (IVC) to the blastocyst stage for subsequent transfer to a receipient. The first live calf born from the integrated process of IVP was reported by Sirard (1989).  The nonsurgical technique of ovum pick-up (OPU),  utilizing a transvaginal ultrasound probe with a needle guide to aspirate oocytes from growing follicles in a live donor female, has enhanced the selective utilization of valuable donor cows for IVP. Oocyte retrieval by OPU can be carried out with females at virtually any age or reproductive status, including prepubertal heifers and pregnant cows.  This has the potential to substantially increase the lifetime productivity of high genetic merit females, and effectively reduces the generation interval. 


These advances have allowed for production of viable embryos from oocytes isolated from ovaries obtained at the slaughterhouse or selectively by OPU in donor animals.  The use of high genetic merit semen to fertilize oocytes retrieved from slaughterhouse ovaries is one method for generating large numbers of embryos with improved genetic potential.  Currently, 20-50% of oocytes fertilized in vitro develop into viable embryos depending on culture conditions, and are suitable for embryo transfer to synchronous recipients.  However, conception rates for IVF embryos (i.e., 30-40%) are reduced compared with AI or embryos recovered non-surgically from donor animals (i.e., 50-70%).  Losses occur most frequently during the first 30 days of pregnancy, but can also occur throughout gestation.  Moreover, some in vitro produced offspring have prolonged gestation and increased birth weights (8-50% larger) which is attributed to Large Offspring Syndrome (LOS), and a caesarian section is often required.  These problems infer that in vitro culture conditions are still not optimal and need additional improvements in order to achieve developmental rates similar to that of in vivo produced embryos.  Furthermore, the poorer fertility of IVF embryos is further exacerbated by their poor freezability as measured by reduced pregnancy rates post-thaw compared with fresh IVF embryos.

Heat Stress alters Early Embryo Development; Role of Timed Embryo Transfer to By-Pass this Window of Embryo Sensitivity: One example, that integrates the techniques of IVP for modern dairy production and is building the practical foundation for ART in the future, is the role of ART to improve reproductive efficiency in seasonal periods of heat stress.  Heat stress at d 1 or d 1 to 3 after breeding reduces embryonic survival. Heat stress of superovulated cows at d 3, 5, or 7 after estrus did not affect embryonic development or survival at d 8 (Ealy et al., 1993). Consequently, effects of heat stress on embryonic survival decrease as embryos proceed through development. Hansen (2007) reviewed various strategies to improve embryonic survival in dairy cattle during heat stress, and utilization of timed embryo transfer was effective in studies at both Florida and Brazil. Embryos transferred into recipients at days 7-8 after either an estrus or injection of GnRH to induce a programmed ovulation will by-pass the thermosensitive periods of the oocyte or early embryo. Pregnancy rates are enhanced with embryo transfer during periods of heat stress because transfers are made with embryos considered transferable that were not exposed to heat stress or were developmentally competent to be transferable. Natural embryos that were cryopreserved from superovulated donors or fresh embryos produced in vitro improved pregnancy rates but cryopreserved IVP embros did not enhance pregnancy rates. Current studies (Stewart et al., 2010) document on farm benefit of transferring fresh in vitro produced embryos. The experiment was conducted in the summer of 2009 on two commercial dairies in Texas.  Embryos were produced in vitro using X-sorted semen. The vitrification process of freezing embryos was done on embryos harvested on day 7 after insemination in which embryos were vitrified (VIT) using the open-pulled straw method.  Fresh IVP embryos were harvested also on day 7 after insemination and then transported to the farms for transfer.  Experimental recipients were lactating dairy cows and blood samples were collected to determine plasma progesterone concentrations on the day of AI (AI group) and comparable day for ET cows (day 0; VIT Embryo and Fresh [FR] Embryo Groups).  All cows were palpated on day 7 using ultrasonography to confirm the presence or absence of a CL.  Embryos were transferred only to those cows with a CL.  Cows were considered synchronized (i.e., both AI and VIT, FR embryo transfer groups) if they had less than 1.0 ng/mL progesterone on day 0 and a CL confirmed by ultrasound on day 7. The AI cows were inseminated with non-sorted commercial semen. Pregnancy was diagnosed by palpation at day 34-46 and again at day 90-107 of gestation. Pregnancy rates for the synchronized cows at 34 to 46 days were: AI 22.9% (36/157); VIT: 30.9% (58/188); FR: 45.5% (61/134). Reconfirmed pregnancy rate at days 90-107 were: AI 21.2% (33/156); VIT: 27.0% (50/185); FR: 39.4% (52/132). These findings under commercial conditions are very encouraging. Embryo transfer of female sexed embryos resulted in basically a 40% pregnancy rate by 90 to 107 days of pregnancy. Compared to AI, embryo transfer of fresh embryos resulted in 40% pregnancies or 34% female fetuses(i.e., 40% x 85% female enriched semen) as opposed to 21.2% pregnancies or 10.5% female fetuses (31.2% x 50% sperm carrying the X-chromosome). This demonstrates the power of using available reproductive technology. Clearly embryo transfer by-passed the early period of embryo sensitivity on the two commercial dairies.  An area needing further development is the technique of freezing in vitro produced embryos. Nevertheless, the VIT embryo group tended to have a higher pregnancy rate than the AI group indicating some progress compared to an earlier study in which frozen in vitro produced embryos gave exactly the same low pregnancy rate as the AI group and both were lower than the cows receiving non-sexed fresh embryos (Ambrose et al., 1999).  A by-pass of early embryo sensitivity to heat stress has occurred with the 7 day embryo transfer because transfers are made with embryos considered transferable that were not exposed to heat stress or were developmentally competent to be transferred. 

Several studies have documented the beneficial effects of adding IGF-1 to bovine embryos produced in vitro on both enhancing the rate of blastocyst development and reducing the magnitude of elevated temperature effects on inhibition of blastocyst development and apoptosis (Moreira et al., 2002;  Hansen, 2007). Furthermore, in vivo embryo transfer of in vitro produced embryos that were cultured with IGF-1 increased pregnancy and calving rates during heat stress but not the non-heat stress seasons. Utilization of current molecular approaches coupled with ART will expand our knowledge as to what is limiting reproductive efficiency and provide avenues to enhance fertility.  For example, a comparison of the genes differentially expressed in embryos that are cultured in the presence of IGF-1 or other candidate molecules that improve blastocyst development and subsequent pregnancy rates post-transfer, in comparison to control IVP embryos provides valuable insight into the embryonic processes controlling embryo development and survival.  This coupled with differential endometrial responses of the recipients (e.g., lactating versus non-lactating cows) will likely expand our capabilities to enhance fertility in the future. 

Sexed Semen: Altering the sex ratio in favor of heifer calves offers an advantage for the dairy industry for producing replacement heifers.  Until recently the only option was to sex embryos.  However, in 1987 Larry Johnson at the USDA introduced a method to sort sperm based on DNA content.  Using a DNA binding fluorescent dye, Hoechst 33342, sperm are stained and sorted on a Fluorescence Activated Cell Sorter (FACS).  The bovine X-bearing sperm contain 3.8 percent more DNA than Y-bearing sperm, allowing their separation.  Most of the leading breeding companies have sexed semen available.
Currently, there are two drawbacks associated with the sexed semen technology.  First it is a very slow process, producing only 150 to 200 straws of sexed semen per machine in a day.  To put that into perspective, US dairymen use almost 44,000 straws of semen each day.  Additionally, many sperm are damaged in the sorting process and 70% of the sperm fail to be sorted due to damage or non-distinction, making this technology more costly for the producer.  The second problem with sexed semen is lowered conception rates.  Conception rates in virgin heifers with sexed semen average 35% versus 55% for unsexed semen; however the technology is 95% effective at producing the desired sex.  

Strategies for using sexed semen to improve efficiencies and cost effectiveness are being developed. A means for improving efficiencies with sexed semen is its use for in vitro fertilization programs (see e.g., above in IVP of embryos).  On average it is recommended to use two million sexed sperm to inseminate a single heifer.  In contrast, less than100,000 sperm can effectively fertilize one hundred oocytes in vitro, thus reducing the problem of speed and low sperm numbers following sexing. 
An additional practical strategy for dairy producers is to make first service insemination of dairy heifers with sexed semen followed up with conventional unsexed semen for second service. A field experiment was conducted to evaluate a reproductive management program with sexed semen for the first TAI and sexed or conventional unsexed semen for the second TAI on two commercial dairy farms (Thatcher et al., 2009). Dairy heifers received the 5 d Co-Synch + CIDR (controlled internal drug-release) TAI protocol, consisting of an administration of GnRH and a CIDR insert at Day 0; 5 d later (Day 5) the CIDR insert was removed and one injection of PGF2α administered; 3 d later (72 h; Day 8) a second injection of GnRH was administered concurrent with TAI. A total of 802 heifers from two different locations (North Central Florida [NCF] and South Florida [SF locations]) were TAI to the first service with sexed semen. All heifers were inseminated with sexed semen from a total of 10 sires (four at the SF location and six at the NCF location) by 13 technicians (four from the SF location and nine from the NCF location).
For the SF location and for each group at the NCF location, P/TAI to first TAI with sexed semen and P/TAI to second TAI with sexed (SF location) or conventional semen (NCF location) is shown in Table 2. For the first TAI with sexed semen, overall P/TAI for both locations was 39.3% (315/802) at 32 d and 35.9% (288/802) at pregnancy reconfirmation. Pregnancy loss was 8.6% (27/315). For the SF location P/TAI was 40.6% (78/192) at 32 d and 36.5% (70/192) at 45 d. There was no significant effect of technician (P = 0.17), sire (P = 0.84) or the interaction (P = 0.14). Total P/TAI for the NCF location was 38.8% (237/610) at 32 d and 35.7% (218/610) at 60 d. There was a significant effect of group (P = 0.01) due to a lower P/TAI for group 1 (OR: 0.49; 95% CI: 0.31 to 0.8). There was no significant effect of technician (P = 0.83), sire (P = 0.78) or the interaction (P = 0.64).

For the second TAI, P/TAI at the SF location with sexed semen was 42.1% (48/114) at 32 d and 40.4% (46/114) at 45 d. There was no significant effect of technician (P = 0.67), sire (P = 0.39) or the interaction (P = 0.79). At NCF location, P/TAI with conventional semen was 62.2% (232/373) at 32 d and 59.2% (221/373) at 60 d. There was no effect of group (P = 0.95), sire (P = 0.48) or the interaction technician by sire (P = 0.74), although there was a tendency for the effect of technician (P = 0.07).
It is evident that the use of sexed semen for timed AI of dairy heifers decreases P/TAI. Considering the results of these field experiments, heifers at the SF location were TAI with sexed semen for both the first and second TAI, total pregnancy per heifers enrolled after the first and
	Table 2. Pregnancy per TAI (P/TAI) for the first and second TAI by group in heifers synchronized with the 5 d Co-Synch + CIDR protocol and TAI  with sexed semen (SS) for the first TAI and sexed (SF1 location) or conventional (CS) semen (NCF2 location) for the second TAI

	
	First TAI (SS)

(n = 802)
	Second TAI

(n = 487)

	32 d P/TAI (%) 
	
	

	SF location
	40.6 (78/192)
	(SS) 42.1 (48/114)

	NCF location
	
	

	    Group 1
	33.1 (90/272)a
	(CS) 62.6 (114/182)

	    Group 2
	40.1 (69/172)b
	(CS) 62.1 (64/103)

	    Group 3
	47.0 (78/166)b
	(CS) 61.4 (54/88)

	60 d P/TAI3(%)
	
	

	SF location
	36.5 (70/192)
	(SS) 40.4 (46/114)

	NCF location
	
	

	    Group 1
	31.3 (85/272)a
	(CS) 60.4 (110/182)

	    Group 2
	34.9 (60/172)b
	(CS) 58.3 (60/103)

	    Group 3
	44.0 (73/166)b
	(CS) 58.0 (51/88)

	1SF location: South Florida location.

2NCF location: North Central Florida location
3Pregnancy was reconfirmed at 45 d in SF location and at 60 d in NCF location.

a, b Means differ between groups for the first TAI (P = 0.01).


second TAI with sexed semen was 60.4% (116/192). Hypothetically, if 90% of the born calves are heifers, it would be expected that from the total of heifers receiving one or two inseminations, 54.7% (105/192) of them would have female calves after an accumulated two services. In the field experiments at the NCF location, heifers were TAI with sexed semen for the first TAI and conventional for the second TAI, total pregnancy per heifers enrolled was 72% (439/610). Female calves born would be 90% from the first TAI and theoretically 50% for the second TAI. Consequently, from the total of heifers receiving two inseminations, 50.1% of them would have female calves after an accumulated two services (306/610). In this study there was not a group using conventional semen for both inseminations. Nevertheless, if conventional semen was used for both first and second TAI and P/TAI is 60% for the first and second TAI, then 84% of the heifers enrolled would become pregnant after two TAI services. From the total of calves born, 50% would be heifers or 42% of heifers enrolled would have a female calve after two services. The 12.7 percentage units of difference in heifers born after using exclusively sexed semen versus conventional semen for first and second timed AI, could be justified in commercial herds despite a lower P/TAI.
In the present series of experiments, overall P/TAI for the use of sexed semen was 81% of that achieved with conventional semen. Despite of this reduction in P/TAI, the use of sexed semen on dairy farms could be justified because it enhances producer’s ability to efficiently obtain replacement heifers thus mitigating some of the effects of high culling rates and poor reproductive efficiency. Furthermore, AI of virgin dairy heifers with X-bearing sperm would decrease the incidence of calving difficulty, because female calves are smaller than males. 
Cloning: Cloning is the production of a copy or copies of an individual and occurs in animals either naturally or artificially, when an embryo is split to produce identical twins. The word clone has also been used to describe animals produced by nuclear transfer for the production of an unlimited number of genetically identical offspring.  A major breakthrough in cloning came when Wilmut and colleagues (1996) produced Dolly the sheep as a consequence of  fusing a cultured adult somatic cell with an enucleated oocyte. The main application of cloning to the dairy industry is for expanding the use of genetically superior animals. Such animals of high merit, male or female, can be selected for cloning based on any desirable trait, including milk production, growth, feed efficiency, or disease resistance. Furthermore, the nutrition, reproduction and health of cloned animals should be more easily managed because of animal uniformity.  Nuclear transplantation also has been useful for propagating genetically superior individuals that are old, injured or recently deceased.  Cloning will become advantageous for producing genetically modified dairy cattle, by adding beneficial traits or removing less desirable ones, through transgenic approaches.
The cloning procedure involves removing the chromosomal DNA from mature oocytes and replacing it with a cell from the donor animal to be cloned.  The donor cell is then fused with the enucleated oocyte and activated either chemically or with an electrical pulse to induce activation and reprogramming of the somatic cell genome to that of an embryonic genome. Reconstructed cloned embryos are then cultured for 6 to 9 days and viable embryos are transferred to synchronized recipients and carried to term in order to produce live cloned offspring. 

Although cloning is commercially available, currently the technology is still quite inefficient and very costly.  Inefficiencies stem from micromanipulation of oocytes and embryos and culture of donor cells and cloned embryos. Only 10% of cloned embryos transferred are carried to term; this represents less than 1% of the cloned embryos originally constructed. This is due to the large number of abortions that occur throughout gestation.  Furthermore, when pregnancies progress to term, gestation is usually extended and calves are born much larger than average due to LOS that leads to dystocia, with most animals requiring cesarean section.  These large offspring often have postnatal weakness, hypoxia, hypoglycemia, metabolic acidosis and hypothermia requiring immediate intensive care. Problems such as these hinder the wide use of cloning by the dairy industry to date.

Transgenesis:
Traditional methods for making genetic improvements by the dairy producer have been through pedigree analysis and genetic selection of seed stock.  Although this will continue to be at the forefront, producers over the next 20 years may glean the benefits of transgenesis for improving dairy cattle genetics.  A transgenic cow has had its genome altered by the transfer of a gene or genes from another species or breed of cow. As an example, scientists from the USDA (Wall et al., 2005) introduced a bacterial gene for lysostaphin into Jersey cows that was expressed in the mammary gland. The three genetically engineered cows that have been tested so far are expressing lysostaphin in their milk and are resistant to S. aureus intramammary infection. The cows showed little or no sign of infection after repeated exposures to S. aureus; one cow never became infected which is indicative of complete protection. The implication of such technology is profound and raises the possibilities of taking such preventive health approaches with uterine bacterial diseases encountered in the early postpartum period.  Some biotech and pharmaceutical companies have also taken an interest in the dairy cow as a biopharmaceutical production unit; a transgenic cow is produced that contains a gene for a particular human drug that is only expressed in the milk. During lactation, the cow serves as a very efficient factory, producing large quantities of the drug in milk that can then be harvested and purified at a reduced price over traditional methods of making pharmaceuticals. 

Genetic modifications of dairy cattle through transgenesis offer many benefits for improved animal health and production, yet inefficiencies and ethical considerations may hamper its acceptance.  Current public and governmental understanding and acceptance of genetically modified foods is poor.  In order for this technology to have an impact on the dairy industry, both efficiencies of transgenic embryo production and public perception of the science will have to improve dramatically.

Genomics
Evoultionary Genomics: Since completion of the human genome sequencing project in 2001, the genome for the bovine has been sequenced in 2004 and further refined in 2009 to allow for evolutionary comparisons with other species and more detailed identification of expressed genes and their proteins. Sequencing of the bovine genome was a world-wide endeavor (for more information on the project and selected references see www.hgsc.bcm.tmc.edu/projects/bovine).  It has been estimated that the cattle genome contains approimately3 billion nucleotides with roughly 1% coding for functional genes. The high degree of conservation of genetic sequences across different species is providing valuable comparisons of genomic sequences to help in the discovery of genes and to map their location to bovine chromosomes. Latest estimates have identified at least 22,000 protein coding genes and 496 miRNA genes that are capable of differentially regulating gene expression. 

What applications and inferences does technology associated with elucidation of the bovine genome offer to dairy producers? First there are the evolutionary implications associated with the ruminant and importance of lactation (Elsik et al., 2009).  Seventy-six percent (778 out of 1020) of sequential duplications corresponded to complete or partial gene duplications with high sequence identity (median 98.7%). This suggests that many of these gene duplications are specific to either the Bos lineage (i.e., wild and domestic cattle) and tend to encode proteins that often interface with the external environment, particularly immune proteins and sensory and/or olfactory receptors and include defensins, and pregnancy-associated glycoproteins. Duplications that are present exclusively in cattle may have functional implications for their unique physiology, environment that they subside in, and diet of cattle. An overrepresentation of genes involved in reproduction in cattle is associated with several gene families expressed in the ruminant placenta. These gene families encode the intercellular signaling proteins pregnancy-associated glycoproteins, interferon tau  (IFNT) and prolactin-related proteins These genes regulate ruminant-specific aspects of early pregnancy recognition, fetal growth, maternal adaptations to pregnancy, and the coordination of parturition. Examples of genes varying in cattle relative to mouse include a cluster of b-defensin genes, which encode antimicrobial peptides.  Compared to the human and mouse genome, the cattle genome has increased changes in the numbers of interferon genes  and the number and organization of genes involved in adaptive immune responses. This extensive duplication and divergence of genes involved in innate immunity may be because of the substantial load of microorganisms present in the rumen of cattle, which increases the risk of opportunistic infections at mucosal surfaces and positive selection for the traits that enabled stronger and more diversified innate immune responses at these locations. Another possibility is that immunity may have been under selection due to the herd structure, which can promote rapid disease transmission. Also, immune function–related duplicated genes have gained nonimmune functions, e.g., IFNT that in addition to regulating antiviral activity is involved in maintenance of the corpus luteum in early pregnancy by its actions on the uterus to ultimately suppress secretion of prostaglandin F2α; the C-class lysozyme genes, which are involved in microbial degradation in the abomasum.
A summary of these evolutionary comparisons among species indicate that the biological systems most affected by changes in the number and organization of genes in the cattle lineage include reproduction, immunity, lactation, and digestion. These changes in the cattle lineage probably reflect metabolic, physiologic, and immune adaptations due to microbial fermentation in the rumen, the herd environment and its influence on disease transmission, and the reproductive strategy of cattle. Mapping of the cattle genome and associated resources will

facilitate the identification of novel functions and regulatory systems as well as the tools for genetic improvement within the dairy industry.
Functional genomics: Gene discovery says nothing of gene function.  However, searching databases from other species and now the bovine genome is helping to predict gene function, particularly for single gene traits.  Other methods are also helping us to identify functional roles of genes and include gene chips or microarrays, gene knockouts and gene knockdowns.  Affymetrix Inc. now markets a bovine genotyping chip based on this work, allowing broader translation of the genome project into applications. Microarrays are nylon or glass slides or “chips”, as they are commonly called, that are spotted with partial gene coding sequences.  Chips are incubated with fluorescently tagged complementary DNA (cDNA) from tissues of interest to determine what genes are being expressed.  For example, we have compared uterine-endometrial tissue gene expression between lactating and non-lactating dairy cows of cyclic versus pregnant cows at 17 days after a synchronized LH surge that is comparable to onset of an estrus. A number of up-regulated expression of genes were detected due to lactation that were related to to immune function, particularly of B cells and γδ T cells (Cerri and Thatcher unpublished observations, 2010). Conversely developmental genes related to limb and neural development and glucose homeostasis were down-regulated by lactation. The genes associated with immune function and developmental genes expressed in the endometrium, that are impacted by lactational state, are possible candidate genes for interventions aiming to improve fertility of lactating dairy cows and warrant further investigation relative to alteration of immune function during lactation.
Genomic selection: Mapping of the bovine genome has facilitated the ability to complement direct genetics with traditional quantitative genetics that will benefit the dairy industry. The genetic contribution of many multi-gene traits in cattle (e.g., milk production) is well documented, and this knowledge has provided the basis for the identification and mapping of a growing number of quantitative trait loci (QTL). The only limitation to performing direct genetic experiments and identifying genes underlying these traits is the lack of a complete genome sequence, which is now available for the bovine. Selection experiments, heterosis studies and breed comparisons have all been used in bovine genetic studies. Many populations have been used to map genes to large chromosomal regions but positional mapping the gene has been difficult. Sequencing the bovine genome and identifying “Single Nucleotide Polymorphisms” (SNPs) will provide additional polymorphic markers and positional candidate genes derived from the human and bovine genomic maps.  Indeed due to the higher homology between the bovine with the human genome compared to the genome of the mouse, the functional genomics of the bovine is probably more applicable than using the mouse as an experimental model. The populations with designed mating generated by natural reproduction, artificial insemination or assisted reproductive technologies provides unique opportunities for selection and propagation of efficient dairy cattle in the future that can perhaps both produce milk and reproduce efficiently. Clones can also be generated from fibroblasts or stem cells and cryopreserved. 

The imprints of domestication and breed development on the genomes of livestock likely differ from those of companion animals. A deep draft sequence assembly of shotgun reads from a single Hereford female and comparative sequences sampled from six additional breeds were used to develop probes to interrogate 37,470 single-nucleotide polymorphisms (SNPs) in 497 cattle from 19 geographically and biologically diverse breeds (Gibbs et al., 2009). These data show that cattle have undergone a rapid recent decrease in effective population size from a very large ancestral population, possibly due domestication, selection, and breed formation. Domestication and artificial selection appear to have left detectable signatures of selection within the cattle genome, yet the current levels of diversity within breeds are at least as great as exists within humans. 
The availability of high-throughput assays for genotyping single nucleotide polymorphisms (SNP) has led to the genotyping of thousands of dairy cattle using the BovineSNP50 BeadChip (Illumina, Inc., San Diego, CA) or similar platforms. The SNP markers represent single base changes (A, T, C, or G) within the DNA sequence of a bull or cow. This technology provides the ability to carry out 54,000 DNA SNP marker tests simultaneously; SNPs are throughout the bovine genome of approximately 3 billion base pairs. Consequently, the SNPs become genetic markers for individual animals such as progeny tested bulls in artificial insemination (AI) programs or young bulls that are candidates for such programs. A study at the USDA-ARS Beltsville Agricultural Research Center established the SNP genotypes for 5,369 Holstein bulls and cows (VanRaden et al., 2009; Weigel et al., 2010). The genotype data of the bulls were used to estimate the effects of 38,416 SNP markers on production, type, longevity, udder health and calving ability. Based on the estimated SNP associations on these phenotypic traits from this parent population, a genomic predicted transmiting ability (PTA) was determined for each of 2,035 young Holstein bulls born from 2000 to 2003 that had no progeny.  In 2009 the PTA of each young bull was determined from its progeny and compared with the traditional PA (Parental Average) and the genomic PTA computed from the 2004 data.  The same process was performed in the Jersey breed (1361 older animals and 388 young bulls) and the Brown Swiss breed (512 older animals and 150 young bulls). Results in Table 3 show the increase in reliability (REL) due to genomic information, as compared with the REL from parent average information only.  Gains in REL from genomic information were positive for almost all responses.  Gains in REL for Jerseys and Brown Swiss were not as large as for Holsteins and this is largely due to a fewer number of progeny tested bulls that were genotyped. For each trait, a young animal’s PA can be combined with information from the BovinSNP50 bead Chip to obtain a genomic PTA of much greater accuracy. For a bull calf, REL of the genomic PTA is equivalent to what could be obtained by measuring performance on 25 or 30 test daughters.
Table 3. Changes in reliability due to the inclusion of genomic data in national genetic evaluations in the United States (VanRaden et al., 2009). 

	Trait 
	Holstein 
	Jersey 
	Brown Swiss 

	Net Merit 
	+24% 
	+8% 
	+9% 

	Milk Yield 
	+26% 
	+6% 
	+17% 

	Fat Yield 
	+32% 
	+11% 
	+10% 

	Protein Yield 
	+24% 
	+2% 
	+14% 

	Fat Percentage 
	+50% 
	+36% 
	+8% 

	Protein Percentage 
	+38% 
	+29% 
	+10% 

	Productive Life 
	+32% 
	+7% 
	+12% 

	Somatic Cell Score 
	+23% 
	+3% 
	+17% 

	Daughter Pregnancy Rate 
	+28% 
	+7% 
	+18% 


Weigel et al., (2010) compared how well genomic evaluations were performing for the young bulls of 2000-2003 that in 2009 had both genomic data and at least 50 milking daughters. Parent averages (PA), Genomic Predicted Transmitting Abilities (GPTA); and Daughter Yield Deviations (DYD; contains no genomic information) of the bulls.  A total of 238 Holstein bulls had official genomic PTAs for milk, fat, protein, somatic cell score (SCS) in January 2009 that were based solely on genomic information and the bulls had at least 50 milking daughters in August 2009.  Only 60 bulls had at least 50 daughters in their genetic evaluations for daughter pregnancy rate (DPR). Comparisons of reliability (REL) for PA (Jan. 2009), GPTA (Jan. 2009) and DYD (Aug. 2009) are very insightful and are presented in Table 4.  The average January 2009 RELs for PA was 42% for yield traits, 39% for SCC, and 26% for DPR; whereas RELs of the genomic PTA, which include both pedigree and genomic information, averaged a higher 72%, 67% and 62%, respectively.  When examining actual production responses of the daughters (DVD in August, 2009), the average REL of 84% for yield traits, 67% for SCS and 62% for DPR. The correlations between August 2009 DYD from progeny testing and January 2009 PA and GPTA for each trait were much higher with the inclusion of genomic information (Table 4). The lower REL for DPR and SCS illustrates the greater difficulty in improving lower heritable fertility and health traits through genetic selection although progress can be made. However, with good reproductive management, as described earlier, the opportunities to improve reproductive performance through selection will be enhanced. The ability to estimate genomic PTA of young bulls via genotyping of SNPs without progeny test estimates allows for the use of young bulls with some degree of confidence.  This would allow dairy producers to use a larger number of young bulls that would lower the risk associated with the use of lower REL bulls. Producers who supplement their traditional sire selections with a group of superior genome-tested bulls (i.e., each used in moderation) will achieve the greatest genetic progress. 
	Table 4. Comparison of January 2009 parent averages (PA) and genome-enhanced predicted transmitting abilities (GPTA) for milk, fat, protein, somatic cell score (SCS), and daughter pregnancy rate (DPR) with August 2009 daughter yield deviations (DYD) for US Holstein bulls whose first-crop daughters calved between January and August.

	
	Milk 
	Fat 
	Prot 
	SCS 
	DPR 

	No. Bulls 
	238 
	238 
	238 
	237 
	60 

	Reliability (Jan ‘09 PA) 
	42% 
	42% 
	42% 
	39% 
	36% 

	Reliability (Jan ‘09 GPTA) 
	72% 
	72% 
	72% 
	67% 
	62% 

	No. Daughters (Aug ’09 DYD) 
	71 
	71 
	71 
	71 
	62 

	Reliability (Aug ‘09 DYD) 
	84% 
	84% 
	84% 
	67% 
	52% 

	Correlation (Jan ‘09 PA, Aug ‘09 DYD) 
	0.444 
	0.540 
	0.476 
	0.376 
	0.213 

	Correlation (Jan ‘09 GPTA, Aug ‘09 DYD) 
	0.624 
	0.695 
	0.632 
	0.531 
	0.341 


 Use of genomic technology has identified a potential gene or associated locus that is related to bull fertility (Feugang et al., 2009). A Phase I comprehensive genome wide analysis of SNPs for bull fertility identified a total of 97 SNPs that were significantly associated with fertility (P < 0.01). In Phase II, the four most significant SNPs of Phase I were tested in 101 low fertility and 100 high-fertility bulls. One of the SNPs, rs41257187 (C → T) is in the coding region of the integrin beta 5 gene on chromosome 1. The SNP rs41257187 induces a synonymous (Proline → Proline) suggesting disequilibrium with the true causative locus. However, incubation of bull spermatozoa with integrin beta 5 antibodies significantly decreased the ability to fertilize oocytes. These insightful findings indicate that the bovine sperm integrin beta 5 protein plays a role during fertilization and could serve as a positional or functional marker of bull fertility.  This genomic approach enters into the tool box for strategies to improve dairy cattle fertility. 

Markers for several recessive diseases have been developed through the use of Marker Assisted Selection. Examples of diseases that severely impact reproductive performance, but that have been reduced to minor concerns because of the use of genetic markers, are BLAD (Bovine Leukocyte Adhesion Deficiency), DUMPS (Deficiency of Uridine - 5-Monophosphate Synthase) and  CVM (Complex Vertebral Malformation).

Sequencing the bovine genome and further advances in functional genomics promises great benefits to the dairy industry.  As genes for production traits are identified, genetic selection strategies can be improved. One can envision making improvements in milk yields and milk fat and protein composition, as well as herd health and reproductive performance. As genes for production traits are identified, gene selection will be reduced to simply running a genetic test for the particular gene(s) of interest. 
Conclusion

Tremendous advances have been made for improving milk production, but have in turn, resulted in an overall decline in reproductive efficiency for the dairy industry.  To combat this problem, research must focus on improvements in three main areas: the cow, the gametes and the environment. Problems associated with the cow include inability to properly detect estrus, and altered hormone profiles resulting in low conception rates and increased early embryonic death.  Coordinated systems of reproductive and nutritional management offer the vehicles to improve herd reproductive performance. Advances in reproductive technologies offer wider use of germplasm. However, at this time additional research is needed to counter the higher rates of embryonic and fetal mortality, and aberrant gene expression leading to the large offspring syndrome.  Technologies associated with sexed semen, cloning, transgenesis, and preimplantation genetic diagnosis offer the potential to enhance the impact of superior animals on production of food for human consumption.  Detailed studies of tissue and cell biology, utilizing the techniques of genomics, proteomics and bioinformatics, will undoubtedly allow investigators to understand the limitations to efficient reproductive processes of the sub-fertile lactating dairy cow. Genomic selection for production, health and reproductive traits will be the wave of the future as genomic and bioinformatic tools continue to be expanded and refined. Such technology combined with optimal reproductive management and the repertoire of assisted reproductive technologies will go hand in hand to improve reproductive performance coupled with increased milk production, as immune, metabolic and nutritional components are co=regulated to optimize cow performance and well being. 
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