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Abstract 

 

Artificial insemination (AI) is applied worldwide to commercially breed pigs, with 

fertility outcomes similar to those of natural mating. However, it is not fully efficient, as 

only liquid-stored semen is used, with a single boar inseminating about 2,000 sows yearly. 

Use of liquid semen, moreover, constrains international trade and slows genetic 

improvement. Research efforts, reviewed hereby, are underway to reverse this inefficient 

scenario. Special attention is paid to studies intended to decrease the number of sperm 

used per pregnant sow, facilitating the practical use of sexed frozen-thawed semen in 

swine commercial insemination programs. 

 

Keywords: swine, fixed-time artificial insemination, frozen-thawed semen, sexed 

sperm. 
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1. Introduction 

Production rates and consumption demands for pig meat are continuously increasing 

worldwide. Production must, therefore, be sustainable and highly efficient while done in 

a livestock-compatible environment to avoid losing competitiveness [1]. In this context, 

increasing genetic progress of the swine population to produce more and better meat with 

fewer bred animals is critical to diminish environmental pressure, both in terms of 

feedstuff production and manure handling. Reproductive technologies, mainly artificial 

insemination (AI) and embryo transfer (ET), are the best means to, spreading genetic 

progress, improve global swine populations [2]. Although considerable progress has 

recently been made in long-term embryo preservation and non-surgical ET 

methodologies in pigs, their practical and commercial implementation are yet distant 

(reviewed in [3]); AI being left as sole practical tool for global pig gene dissemination. 

Commercial swine AI started over 50 years ago and it is today extensively used 

worldwide (reviewed in [4]). During the first 30 years it was more a tool for helping 

farmers improve breeding management and preventing the spread of venereal diseases 

rather than a mean to accelerate genetic progress. In this context, effectiveness prevailed 

over efficiency, which unfortunately still remains -partly- true. The most widely used AI-

procedure in swine farms involves use of liquid-stored semen (3-5 days of storage at 15-

17 ºC) and cervical deposition of large sperm numbers per sow/gilt in oestrus (usually 5-

7 x109 sperm in total, as a result of 2-3 AIs per sow/gilt in estrous using 2-3 x109 sperm 

per AI-dose) [4]. This AI-procedure is effective, yielding fertility outcomes equal to 

natural mating. But it is inefficient, limiting the profitability of the most genetically 

valuable boars, since not more than 2,000 sows/gilts are yearly inseminated per breeding 

boar. Furthermore, most AI-doses commercially used are derived from semen pools of 

several (usually 3) boars instead of from a single boar, a procedure that hinders genetic 
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progress [5]. This inefficiency contrasts with dairy cattle breeding, where wide use of 

frozen-thawed (FT) semen makes possible for a single selected breeding bull to 

inseminate around 50,000 cows yearly [6]. 

Then, it seems evident that AI-swine should become more focused on widening genetic 

improvement. We hereby postulate this can be achieved by substantially lowering the 

number of sperm expended by pregnant sow (which basically increases the number of 

AI-doses produced/used per single breeding sire) but also by facilitating use of other 

seminal technologies beyond AI with liquid-stored semen. Those involve use of 

cryopreserved sperm, with an emphasis on chromosomal-sexed semen. Obviously, focus 

is on effectiveness, ie maintaining current excellent fertility outcomes. This review is 

directed to scrutinize how AI-swine is evolving, exploring challenges ahead to become a 

truly useful and efficient tool to accelerate global genetic progress. 

 

2. Decreasing sperm numbers used per pregnant sow/gilt 

 

Drastic decreases in numbers of sperm currently used per achieved pregnancy has seen 

some progress in recent years. A conventional AI-catheter, which delivers semen AI-dose 

into the inner folds of cervix, is being gradually replaced by the so-called intrauterine 

insemination (IUI) catheter, which delivers the AI-dose into the uterine body. The IUI 

catheter was conceived over 40 years ago but it was not shown useful in commercial 

swine AI programs until 2000 [7] using 1,500 million sperm per AI-dose. Since then, 

several reviews discussed in detail particulars of the IUI, including materials, usage, 

volume and number of sperm per AI-dose and also fertility outcomes (reviewed in [8-

11]). Briefly, the IUI-catheter is cheap, easy to use, does not require special training or 

extra time per AI, achieving similar as high fertility outcomes as conventional cervical 
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AI but using significantly fewer sperm per dose. On average, IUI requires around half the 

number of sperm per AI-dose than conventional cervical AI when used under similar 

breeding management conditions, basically because depositing sperm into the uterus 

body reduces the loss of sperm by backflow [12]. Due to its high fertility, the commercial 

use of IUI is increasingly widespread in countries with intensive pig breeding and 

production [11]. Alongside this expansion, many IUI-trials were carried out to define 

minimum sperm numbers yielding high fertility (based on conventional AI yields). 

Despite many efforts, there is no yet a standardized minimum sperm number [10]. 

Looking over the results of IUI-trials it seems obvious that high fertility can be achieved 

using only 750 million spermatozoa when both farm breeding management and sperm 

quality of AI-dose are optimal [13]. However, from the same compelling IUI-trials, it also 

seems clear that the threshold sperm number per IUI-dose that systematically achieves 

high fertility should be at least 1 x109 sperm/dose. Further decrease in sperm numbers/AI-

dose remain challenging since it may compromise fertility outcomes under commercial 

conditions.  

In addition to lowering sperm numbers/AI-dose, efforts are directed towards reducing the 

number of AIs performed per oestrus. Rozeboom et al. [14] demonstrated that a properly 

ovulation-timed AI is more important that the number of sperm/AI-dose used. Currently, 

sows/gilts are inseminated with liquid-stored semen 2 to 3 times per oestrus, averaging 

between 1.7 and 2.6 AIs depending on the country. Only one of these AIs is effective; the 

one performed closely to ovulation, in a narrow time window, estimated between 12 h 

before and up to 4 h after ovulation [15]. This single AI would be enough to ensure 

successful pregnancy, resulting in a significant economic profit as labour time and semen 

spending decreases. Moreover, the fewer sperm used, the higher the number of AI-doses 

available, which automatically increases the chances of spreading ejaculates from boars 
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with high genetic merit. In addition, a single AI per oestrus would be essential to 

incorporate use of cryopreserved and sex-sorted semen. 

It is thus evident that forecasting the moment of ovulation is critical, which is feasible 

with a good breeding management, staged in a correct detection and control of oestrus 

length as it is well know that ovulation occurs about two thirds of oestrus time [16]. An 

excessive number of AI per oestrus often hides poor breeding management. The accurate 

detection of oestrus duration is a simple, inexpensive and easy to implement procedure 

but scarcely used in most swine farms because it is time-consuming as oestrus length 

varies significantly among sows within the same farm. Oestrus length in weaned sows 

varies according to the weaning-to-onset of oestrus interval (WOI), being shorter at 

longer WOIs, and also among farms [17], demanding differential setting of AI-strategies 

for each WOI and farm. However, this breeding management strategy should not be 

discarded as its implementation is not risky considering the considerable economic 

benefits it offers. Most obvious is the elimination of a third insemination without 

deterioration of fertility outcomes. 

Fixed-time AI in sows/gilts with hormonally induced ovulation is the alternative to 

effectively decrease AI-numbers per oestrus, as it has been praxis for dairy cattle. The 

procedure is practical because it does not require oestrus detection, decreasing labour 

costs and increasing reproductive throughput. Noteworthy, a single fixed-time AI per 

oestrus, which should be the ultimate goal, could be sufficient for a successful pregnancy 

if the hormonal treatment is well conducted. Many commercially available hormones are 

available to synchronize ovulation after induction of follicular growth with FSH or their 

natural agonist eCG, The most effective ones are porcine LH or their natural agonist hCG 

(both acting at the ovary level) and natural GnRH or their synthetic analogues, such as 

Buserelin® and Goserelin® (acting at pituitary gland level). For more details, including 
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dosage and timetable, see reviews of [18] and [19]. A protocol including porcine LH and 

single fixed-time AI, 36 h after porcine LH application resulted in farrowing rates of 86.1 

% and 10.6 piglets born per litter, comparable to control untreated sows and double AI 

[20]. Similar promising fertility outcomes were achieved recently by Driancourt et al. 

[21] in both sows and gilts treated with Buserelin® and single fixed-time inseminated at 

30-33 h later. Please be aware that some of the above hormones are not commercially 

available in some countries owing to national regulations. In addition, and for animal 

welfare reasons, the injectable way for hormonal application is currently under discussion 

in many state members of the European Union, so alternative application pathways should 

be explored. Recently, a gel product containing a GnRH agonist (Triptorelin®) for 

intravaginal application was evaluated, showing satisfactory results in preliminary trials 

[22]. 

A single AI with encapsulated sperm could be another alternative to consider, because it 

can be performed irrespective of ovulation time. Sperm encapsulation was a sperm 

technology developed in the 1980s [23] yet currently not commercially applied in 

livestock. Sperm encapsulation consists in enclosing undiluted semen drops within a 

semipermeable barium-alginate membrane that allows the exchange of nutrients and 

metabolites with the medium and that disintegrates slowly, releasing viable sperm 

gradually over time [24]. Once into the uterus, the slow release of viable sperm ensures 

an adequate number of functional cells ready to fertilize when ovulation occurs. Swine 

AI-trials conducted to date are promising, as showed by Vigo et al [25] in a large AI-trial 

(4,245 AI-sows) achieving farrowing rates of 84.97% and an average of 12.56 piglets 

born per litter after a single AI with just 2.5 x109 encapsulated sperm at the beginning of 

oestrus. Fertility outcomes are similar to those achieved after 2-3 conventional AIs (82.36 

% of farrowing rate and 12.79 piglets born). However, efforts ought to be made to solve 
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some technical questions, linked to preparation, storage and transport of encapsulated 

sperm, before this sperm technology can be practically used in swine commercial AI 

programs [24, 26].  

 

3. Early identification of potentially sub-fertile boars 

 

Decreasing total sperm numbers per pregnancy pursues the widespread diffusion of 

genetically high-ranking boars across a greater number of sows/gilts through AI. 

Certainly, AI-centres contemplate a scenario for the coming years where about 6,000 

sows/gilts per year inseminated with ejaculates from just one boar (Data from Artificial 

Insemination Management Iberica, Spain). To achieve it, changes in the AI-doses 

production system are necessary, as switching from pooled doses to single-boar doses in 

order to maximize genetic diffusion of merit boars and, thereby, optimizing breeding farm 

productivity [5]. Consequently, the current picture of AI-centers is moving from classical 

small centers housing a few boars usually integrated within breeding farms, towards large, 

independent and technically highly specialized centers housing a large number of healthy 

and genetically superior boars that produce, following strict regulations and guidelines to 

prevent disease spreading, large daily numbers of ready-to-use high-quality liquid-stored 

AI-doses [27]. This substantial structural progress has also led AI-centers towards more 

accurate and precise semen assessment by incorporating technologies such as CASA 

and/or flow cytometry [11], resulting in better fertility outcomes on-farm of the dispensed 

AI-doses. Despite progress, it is estimated that between 5-7% subfertile boars still remain 

“hidden” in AI-centers [27], percentage that could be increased substantially as sperm 

numbers/AI-dose decreases. It is well known that lowering sperm numbers/AI-dose 

emerge subfertility problems in boars with previous high fertility using conventional AI-
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doses [28]. Boars and/or ejaculates for AI are normally selected in AI-centres via a 

standardized spermiogram including sperm numbers, motility and morphology, which is 

powerful to identify boars/ejaculates with substantial fertility deficiencies but 

unfortunately unable to identify sub-fertile boars/ejaculates. With this background, AI-

centres should supplement current spermiograms with new evaluation assessments able 

to early identify sub-fertile boars, ideally before incorporated into commercial AI-

programs. In addition, such new evaluation assessment should be cost-effective for the 

AI-centres. Recently, Roca et al. [27] proposed a battery of assessments including sperm 

nuclear DNA evaluation, cytogenetic analysis for reciprocal translocations and an in vitro 

fertilization assay that would meet the above requirements as a single assessment for 

young healthy boars entering AI-centres. Such evaluation could be enough to obtain 

meaningful estimates of their future in vivo fertility potential. 

 

4. Daily use of frozen-thawed semen and of sex-sorted sperm in commercial AI-

programs 

 

It is striking, in the XXI century, that practical application of frozen-thawed (FT) semen 

in commercial swine AI-programs remains a pending target. The swine industry has 

systematically disregarded its potential benefits against liquid-stored semen, despite its 

advantages for biosecurity and international exchange in addition to its higher flexibility 

for use. The clearest evidence of this indifference is that currently only about 1% of the 

worldwide total inseminations are performed with FT-semen [29].  

The improvements made in cryopreservation methods for the past 15 years, including in 

composition of freezing and thawing extenders, and the knowledge that not all boars are 

“good sperm freezers” have shown that AI-doses cryopreserved today show good sperm 
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quality and functionality at thawing [30]. Certainly, post-thaw sperm recovery rates over 

70% in motility and viability are now usual, resulting in fertility outcomes near to those 

achieved with liquid-stored semen. Indeed, Didion et al. [31] reported farrowing rate of 

78.7 % and average litter size of 12.5 piglets in a large field AI-trial with more than 2,600 

sows intra-cervically inseminated three times per oestrus with AI-doses of 2 x109 motile 

sperm (4 x109 total sperm per AI-dose). Consequently, other causes beyond fertility 

outcomes should explain the currently limited use of FT-semen in swine AI-programs. 

Almost certainly, the requirements for a larger number of sperm per AI-dose and total 

sperm expended by pregnant sow together with the complex handling of the AI-dose and 

the greater variability in fertility outcome, are main causes [4, 9]. Looking at the last 

cause, Bolarin et al. [32] showed that the inter-AI trials variability in fertility outcomes is 

higher when using FT-semen compared to liquid-stored semen.  

Some tools are already available to overcome the above drawbacks. Deep intrauterine 

insemination (DUI), delivering the AI-dose in the depth of a uterine horn [33], is a 

commercially available AI-procedure (DeepBlue AI Catheter®, Minitüb, Germany) 

proved efficient for FT-semen. Although training requirements and device costs prevent 

their use for liquid-stored semen, the DUI would be the AI-procedure of choice for FT-

semen because use of only 1 x109 total FT-sperm yield fertility outcomes similar to 

conventional AI-procedure (using 6 x109 total FT-sperm) [34]. Frozen-thawed 

spermatozoa have short lifespan (estimated to 6-8 h) once delivered in the female 

reproductive tract [15]. Thus to reach high fertility AI must be performed within a very 

brief time window before expected ovulation time. Certainly, Bolarin et al. [35] got 

farrowing rates of 81.1% and 9,93 piglets born per litter in sows with hormonally induced 

ovulation and twice DUI-inseminating with just 1 x109 sperm per AI-dose close to 

ovulation time. Interestingly, the same authors reached similar high fertility outcome 
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regardless of the total number of FT-sperm per AI-dose (1 or 2 x109 total sperm), proven 

that inseminating just prior ovulation time is more relevant for the fertility of FT-sperm 

than the number of sperm delivered/AI-dose. Additionally, the AI-trials carried out by 

Bolarin et al. [32, 35] also showed that variability in fertility outcomes of FT-sperm 

among farms, AI-trials and even the season of the year are practically negligible when 

sows are inseminated shortly before ovulation.  

Finally, the complexity in handling frozen AI-doses versus "ready to use" liquid-stored 

AI-doses, including the obvious careful thawing and also the mandatory subsequent 

dilution in an appropriate extender to both mitigate cryoprotectant toxicity and fulfil the 

customary volume of AI-dose, requires training and overtime labour, frustrating the 

practical usage of FT-semen on-farm. Further research should focus on simplifying 

procedures. Unfortunately, manufacturers of AI material do not seem too interested to do 

this, arguing the limited use of FT-semen in the swine AI-programs, which is in itself an 

incongruity. An example of this lack of interest is the still pending marketing of the 

FlatPack® packaging system, proven a most suitable cryogenic packaging for boar semen 

AI-doses [36, 37]. 

The practical use of sex-sorted spermatozoa in AI-programs would open a new dimension 

to the swine industry (for more details see 38 and 39). Sexed sperm has itself the potential 

to substantially expand genetic progress when implemented in commercial AI programs. 

It allows producing only females thus waiving male-castration, a major animal welfare 

issue in many countries, particularly in Europe. Currently, the only commercially viable 

method for sexing sperm is the “Beltsville Sperm Sexing Technology” which involves 

separation of X- and Y-chromosome bearing sperm populations by flow cytometry of 

semen samples previously incubated with the Hoechst 33342 (H-42) fluorochrome, that 

binds to the sperm DNA [40]. The separation of the two sperm populations is possible 
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due to the differences in DNA content between X- and Y-chromosome, where  pig X-

sperm has a 3.6% more DNA than the Y-sperm [41]. This small difference in DNA 

content however hinders the ability of flow cytometers to correctly identify all 

spermatozoa, making the separation speed slower than expected. Certainly, even in the 

best current scenario, using high-speed flow cytometers, the number of X or Y sperm 

separated with a purity above 90% hardly exceeds 20 million per hour [42]. This 

separation speed is acceptable to produce bovine AI-dose, usually of 2 millions per AI-

dose when sex-sorted sperm are used [43], but not to produce porcine AI-doses, that must 

contain at least 500 million sperm. Consequently, enhancing the efficiency of the current 

procedure is a challenge for the practical use of sex-sorted sperm in commercial swine 

AI programs. Alternatively, other more efficient procedures than flow cytometry are to 

be developed. With regard to the first target, research is currently done for identification 

of Y chromosome-specific sequences by bi-functionalised gold nanoparticles and triplex 

hybridisation in vivo as well as developing a new laser-controlled deflection system that 

replaces the deflection of spermatozoa in the electrostatic field [44]. In addition, parallel 

sorting based on microfluidic chips is being tested to avoid the complex orientation of 

spermatozoa by the flow-tip, therefore providing much higher rates of sorting [42].  

A further obstacle for the commercial application of sex-sorted semen in commercial AI-

programs is its special sensitivity to sustain cryopreservation post-sorting. Sex-sorted 

boar sperm tolerate liquid storage at 15-17ºC for at least 120 h [45]. This storage time is, 

however, insufficient in practice as current flow cytometry procedure requires too long 

working time to sort sufficient sperm numbers for swine AI-doses, and an additional 

storage time to send the AI-doses from the sex-sorting lab to farms. Therefore, under this 

scenario, cryopreservation seems the only useful method to store boar sex-sorted sperm 

AI-doses. We have demonstrated that sex-sorted and cryopreserved boar spermatozoa 
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show acceptable recovery rates in terms of motility and viability after thawing [46], but 

unfortunately they achieve poor fertility after AI [47]. Consequently, further research, 

aimed at optimizing cryopreservation protocols is required before sex-sorted sperm can 

be commercially used. Other compelling constraints for the practical application of sex-

sorted sperm in commercial swine AI-programs is the ineffectiveness of current AI-

procedures. Neither the conventional, requiring at least 1.5 x109 sperm per AI-dose, or 

IUI, requiring at least 500 million per AI-dose, are useful. This is due to the fact that, 

even when employing high-speed sorting flow cytometers, just between 300 and 400 

million of sex-sorted spermatozoa can be available each 24 h per cytometer. Accordingly, 

alternative AI-procedures requiring much fewer sperm per AI-dose ought to be used. DUI 

AI-procedure has been postulated as useful onsidering farrowing rates of 47% with an 

average of 9.2 piglets born per litter were reached using just 140 million sex-sorted sperm 

per AI-dose [48]. However, the nowadays still large number of sperm used per AI-dose 

together with the relatively low fertility limits the possibility of DUI as an efficient AI-

procedure for on-farm use of boar sex-sorted sperm. Nevertheless, DUI will be attractive 

in the future when sorting rates and extend lifespan of sorted sperm are reached. 

Nowadays, laparoscopy insemination, despite its high cost and skill requirements, is the 

only procedure allowing the efficient use of sexed sperm [48]. The procedure involves 

direct sperm deposition into the utero-tubal junction and⁄or into the tubal ampulla 

whereby fewer sperm are required for successful fertilization [8]. Recent AI-trials showed 

farrowing rates of 80% and average litter sizes of 10.8 piglets born after a single fixed-

time laparoscopic insemination in hormonally treated sows placing 1 and 2 million liquid-

stored sex-sorted sperm in each oviduct and uterine horn, respectively [49]. These 

excellent fertility results that open for the use of sex-sorted sperm in swine industry, at 

least at nucleus and multiplier farms where the investment (surgery equipment and trained 
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personnel) can be cost-effective, should not prevent further research in developing 

alternative AI-procedures that allow practical and less expensive ways to use sex-sorted 

sperm in commercial programs. 

 

5. Seminal plasma, a mine to fully discover 

 

Boar ejaculates contain a large amount usually above 150 mL of seminal plasma (SP). 

Most SP is discarded during manual collection of the distinct ejaculate fractions or diluted 

when processing the semen. This handling is now switching towards a growing interest 

to scrutinize SP-composition and evaluate its relevance for sperm functionality, even 

fertility. Recent findings support the complex composition of boar SP [50-52] and also 

demonstrate the relevance of some SP-components, such as Glutathione Peroxidase 5 

[53] or Paraoxonase-I [54], for promoting sperm fertility of liquid stored semen IA-doses. 

In contrast, other SP-components, such as the major proteins PSP-1 and AQN-3, could 

impair fertility of boar sperm [53, 55]. This functional contrast between SP-components 

should be considered before using raw SP as sperm extender of post-thaw semen, action 

leading to inconsistent fertility results [56, 57]. 

The relevance of SP on AI-fertility outcomes could be more decisive as AI-centres are 

moving, for hygienic and labour costs reasons, the traditional procedure of manual 

ejaculate collection (gloved hand method, which allows to collect separately the sperm 

rich ejaculate fraction (SRF) poor in SP), to semi-automatic methods, where the entire 

ejaculate is collected, including the sperm-poorer post-SRF fraction, a fraction containing 

a larger amount of specially protein-rich SP. The boar SP is especially rich in cytokines 

(a total of 14 have been recently found in measurable amounts, [52]). Cytokines act as 

signals for the female immune system once into the female genital tract, modulating the 
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maternal tolerance towards embryo and placental development, thus conditioning 

embryo/foetal development [58]. Exosomes, small extracellular membrane vesicles 

modulating cellular functionality, also deserve future attention, as they are substantially 

present in SP. It is speculated that exosomes secreted by the male reproductive tract play 

important roles in promoting and regulating sperm motility, protecting the sperm in the 

female genital tract and facilitating fertilizing ability [59]. 

Together, these findings strongly reveal that improving our knowledge of boar SP-

composition together with an appropriate identification of SP-components involved in 

sperm functionality and fertility would help predicting the potential fertile of AI-boars 

and would also be an essential requirement for generating new semen extenders able not 

only to maintain long time sperm functionality but also and specially to improve sperm 

fertilizing ability. New extenders for extending lifespan of FT-sperm and for 

cryopreserving sexed sperm are imperative [30, 47]. 

 

6. Conclusions and future challenges 

 

Swine AI is clearly progressing but it has still exciting challenges ahead that should 

substantially help swine industry to achieve desired more efficient production. All 

challenges point to the same target: to achieve the highest fertility with a single fixed-

timed AI using a very small sperm number from the genetically best merited breeding 

boars, ideally using sexed, cryopreserved sperm. At present, many different research lines 

are underway to reach this goal, the most notable being those focused in developing new 

insemination devices, efficient production of pathogens-free and fertile AI-doses, 

establishing healthy hormonal treatments for ovulation time and improving the efficiency 

of sperm sexing. However, the swine industry should contribute more decisively for AI 
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to become the desired efficient tool, by incorporating the above emergent reproductive 

technologies, even assuming that its implementation can require some substantial changes 

in current breeding management programs. Finally, stronger research efforts should focus 

on the seminal plasma, which seems to contain both the cause and the solution to fertility 

issues of AI-doses, and which may also open for new perspectives to the successful use 

of frozen-thawed semen and sexed sperm. 
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