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6.1 General introduction to the buffalo

Around 199 million heads around the world and in all continents account for the totality of the two subspecies, breeds,

and varieties of domestic buffaloes that can be found. According to some authors, buffaloes perform better than cattle

and predominate over the latter species under tropical conditions also because, among other variables, they are consid-

ered to be better converter of poor-quality feed resources into milk and meat [1]. These assumptions though are not

shared by other authors, as shown in some nutritional studies [2,3]. Actually, it is likely that as milk production

increases and high nutritive value diets with low crude fiber content are used, the difference between buffalo and other

ruminants regarding gross food digestibility decreases [4]. More realistically, the numeric prevalence of buffaloes in

tropical territories is very likely due to the inability of dairy cattle to express its productive potential when reared in

humid and hot climate. Conditions pertaining to other aspects such as commercial and political facets make the buffalo

farming, like in Italy, more profitable than dairy cattle as buffalo milk is paid to the farmers three to four times higher,

and therefore a significant increase in the number of heads has been witnessed around the country over the last decades.

It is true that the domestic buffalo can be an ideal transformer of poor-quality forage within marginal areas into animal

products to be locally stored and commercialized. Nevertheless, whenever higher quality forage is available, the buffalo

can be more selective than cattle under intensive production systems [5]. In the last decades, a varied pattern of devel-

opment in buffalo both in terms of number of heads and production strategies has been witnessed around the world.

Countries characterized mostly by the presence of swamp buffaloes mainly used for draft purposes, like the ones in the

Far East such as the Philippines, Vietnam, Bangladesh, Sri Lanka, Thailand, and Indonesia, have seen their heads and

production either stabilized or even reduced due to the advancement of mechanization in agriculture [6�9]. On the con-

trary, in countries where the dominant buffalo is given by the river subspecies such as India, Pakistan, and Italy, an

improvement of those features has been reported. The countries where most of the advancement in reproduction and

production strategies has been carried out are Brazil in South America, India and Pakistan in the East, and Italy in the

Mediterranean area. This is due mainly to the presence of the most productive breeds in terms of milk yield, like

Murrah, Nili-Ravi, Surti, and Jaffarabadi in India and the Mediterranean Buffalo in Italy. In addition, these are the

countries where most of the efforts in terms of adopted genetic strategies have been and still are implemented, in order

to improve both quality and quantity of production traits. In China, where the majority of available buffaloes belong to

the less productive swamp type, an attempt at improving milk and meat production was made with the introduction of

the river type Murrah and Nili-Ravi in the 1950s�1970s, and more recently by crossbreeding with the local swamp buf-

faloes [10]. It is noteworthy to mention that in the same 1950s, in Italy the domestic buffalo was on the verge of extinc-

tion, due to swamp reclamation and changed economic conditions that would not support buffalo breeding. Despite

such economical constraints, from the end of World War II, on the contrary buffalo heads have increased steadily and

by the year 2000 the Mediterranean Italian Buffalo breed has been officially recognized, while selection has continued

throughout the years thanks especially to the natural isolation and the consequent lack of introduction of other breeds in

the country.
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Different production strategies characterize those countries where the least productive swamp subspecies are utilized

for both milk and meat production, and in some cases only for meat, as milk is enough only for sustaining calf growth

up to weaning. It has to be underlined though that in all Asia, both river and swamp subspecies have always been reared

as dual or three purpose animals. On the contrary in other European countries and especially in Italy, there has always

been a strong association between the buffalo and its milk production and derived cheese products, of which the mozza-

rella cheese is certainly the most known worldwide. Recently though, a strong interest in buffalo meat, due to its quali-

tative characteristics and health benefits, has lifted breeder attention into this parallel production strategy by creating

specific protocols for bringing animals to slaughter age and weight [11]. An incredible body of knowledge has been

built around buffalo meat and its benefits derived from its consumption in the human species, as opposed to cattle

meat, especially when fatty acid composition and cholesterol content are taken into consideration [12]. Although buf-

falo meat covers only a very small fraction of meat demand in the entire world, in countries where this species is preva-

lent such as in the Far East, or in countries where for religious beliefs cattle cannot be used for human consumption

like India, the availability of buffalo meat has greatly increased for both national and international markets [13].

6.2 The domestic buffalo and its genetic merit

Two are the buffalo species in the world: the African buffalo (Syncerus caffer) and the water buffalo (Bubalus bubalis),

and it is the domestic water buffalo the object of our interest in this chapter. The name buffalo may generate some con-

fusion, as in some parts of the world, like in the United States, often the bison (Bison bison, different genus and species)

is referred to as buffalo. Of the water buffalo species then, although several haplotypes both at genomic and mitochon-

drial level have been found to be shared, two distinct subspecies can be described, namely the river and the swamp buf-

falo, with 50 and 48 diploid number of chromosomes, respectively [14], and their phylogenetic separation predates

domestication. As previously synthetically reported, the two subspecies characterize the buffalo species in different

countries of the world, and their individual prevalence in each country is mainly dictated by the specific management

system that can be found in place, for the milk and meat production system adopted and the recorded yield, and for the

interest in enhancing the genetic potential through the implementation of old or newly developed reproductive technolo-

gies. Finally, the reason why such varied management system is in place for buffaloes has to be found in the intermin-

gling of a number of different factors such as climate, local geography and economical wealth or constraints, cropping

systems, size of farms, and finally the primary purpose for which buffaloes are reared in each different country, among

milk, meat, and draught, singularly taken or in combination.

Cytogenetic studies in buffaloes have revealed that the karyotype characterizing the swamp type has derived from

the tandem fusion translocation of chromosome 4 (BBU4) and 9 (BBU9) of the river type, giving rise to the large char-

acteristic chromosome number 1 in swamp buffaloes [15]. Their genetic similarity can be inferred by G- and R- band-

ing homologies, in addition to the hypothesis of a common genetic ancestor among all bovids (urus�Bos primigenius

taurus) as evidenced by centric fusion translocation between two of the ten homologous cattle autosomes, that gives

rise to each of the five river buffalo biarmed pairs [16].

The knowledge of a complete genome sequence in farm animals allows a technical and conceptual step to be taken,

namely the prediction of phenotypes from available genotypes, reducing thus the time constraints posed by older

acquired protocols such as progeny testing. Therefore bulls acquire a genomic breeding value, through the use of

genome DNA markers, and semen doses can be sold solely on this basis. In cattle, genome-wide association studies

have been widely applied, and therefore either marker-assisted selection or gene-assisted selection constitutes today a

strong basis for the application of breeding selection schemes. The buffalo genome has been fully sequenced, although

only a very small percentage of genes with known function have been reported so far [17]. In turn, this limited knowl-

edge is reflected into little information for the genetic variability of the species, which prevents a fast and correct

genetic improvement. Nevertheless, following comparison with the bovine genome, some knowledge of single-

nucleotide polymorphism (SNP) sites in buffaloes has been achieved, bringing to the availability of SNP chips and mak-

ing it possible to delve into buffalo genetics among all the available breeds and to spot those markers responsible for

exerting a greater effect not only on production of the traits of interest, but also on health and efficiency [18]. It has to

be underlined though, that still missing the complete notation of the entire buffalo genome, the utilization of the avail-

able existing tools for the genetic enhancement of the buffalo species is not yet satisfying. At present, only few genomic

studies have been performed in buffaloes. A genome-wide association study (GWAS) was carried out in Italian

Mediterranean Buffaloes, in which four candidate SNPs were found in two genomic regions associated with buffalo

milk production traits [19]. One region is linked to milk fat and protein percentage and was located on the equivalent of

Bos taurus autosome (BTA3), while the other region, linked to total milk yield, fat yield, and protein yield, was located
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on the equivalent of BTA14. Interestingly, both of the regions were reported to have quantitative trait loci affecting

milk performance also in dairy cattle. Although usually milk production in ruminants is not associated to prolactin, in

another study, high resolution melting techniques were developed for genotyping Italian Mediterranean Buffaloes and

showed that polymorphisms of the buffalo prolactin gene (PRL) were associated with milk production traits [19].

Hence, PRL could be used as a candidate gene for marker-assisted selection in Italian Mediterranean river buffalo

breeding. Regarding reproductive activity, another GWAS study performed in buffaloes showed that a total of 40 sug-

gestive loci (related to 28 genes) were identified to be associated with six reproductive traits (first, second, and third

calving age, calving interval, the number of services per conception and open days) [20]. Nevertheless, marker-assisted

selection for the traits of interest in the buffalo, with forthcoming increased knowledge and improved efficient technol-

ogy, can still be seen today for the near future as the best choice for the identification of animals with high breeding

value and for planning appropriate breeding schemes [21].

6.3 Reproductive physiology

Buffaloes adapt well to a broad variety of climatic conditions and, like other production species such as horses, small

ruminants and some cattle breeds kept under extensive pasture, are tendentially seasonal animals although they can

breed all year round. This is an evolutionary strategy adopted in the wild in order to match birth and weaning under the

best environmental conditions, to better satisfy nutritional and thermal requirements typical of the species. In fact, being

an animal of tropical origin where most of the green pasture is available from the end of the rainy season, coincident

with the end of summer, the peak of reproductive activity in natural condition will be therefore witnessed in the semes-

ter going from the end of summer into the first months of winter. This will ensure that birth, after around 310�320

days of pregnancy, will coincide with the highest forage availability. The nocturnal release of melatonin from the epiph-

ysis will be triggered by the coincident decrease of daylight hours, and thanks to a domino effect, melatonin in turn will

exert an effect on the hypothalamus hypophysis gonadal axis, heading thus toward the beginning of estrous cycles. We

can say then that, under such conditions, the buffalo increases its reproductive activity in the period of the year charac-

terized by reduced daylight hours or, even if light hours increase, night hours are still prevalent within the day. Of

course, whenever buffaloes are reared in environments where daylight and night light hours are equivalent, reproductive

activity is similar throughout the year, and possibly other variables, such as nutritional requirements will represent the

key element for reproductive success [22].

Traditionally, the domestic buffalo under farm conditions and in comparison to cattle, has always been considered

to be characterized by a reduced reproductive efficiency due to late sexual maturity, seasonality, long time interval calv-

ing to first estrus, reduced signs of estrous behavior and conception rate. Up to a very large extent this is true, although

recently the efficiency in conception rate following artificial insemination (AI) in conjunction to the newly developed

synchronization protocols has approached similar results with cattle, even when sexed semen is utilized. Differently, if

we consider the parameters concerning reproductive efficiency in other contexts, where the buffalo is naturally mated

without human intervention and/or constraints posed by local governing laws of milk and cheese production and com-

mercialization, then this species can be regarded as highly efficient and productive. As an example of how buffalo

reproductive efficiency is put into play, let us consider what happens in Italy, where most of the milk and cheese pro-

duced is traditionally required by the market in the time of the year where, by physiologic limits of the species, the least

number of calvings are recorded. To offset for such intrinsic species-specific seasonality, a tendency for selecting ani-

mals less sensitive to photoperiod is in place in farms, in addition to the practice of skewing the time of the year when

most of the natural mating and AI is practiced. Obviously, this contrived protocol may inevitably bring some strong

financial loss to the breeders, as a consequence of the attempt at increasing the number of births in the period of the

year where naturally a physiological anestrus, typical of this species, will occur. In fact, at these latitudes during

increasing day length months, buffaloes sensibly reduce their capacity to reboot an ovarian cycle heading toward a new

pregnancy. In this period, if pregnancy is not established, the animal may delay a new fertile follicular development

within the ovaries and will possibly restore fertility into the successive autumn to winter months. This will determine a

significant and deleterious lengthening of the intercalving period and a strong reduction of milk production. This chal-

lenge to buffalo reproductive efficiency is still active in most farms, even though more and more cheese makers are

devoting part of their production to being exported in other countries, such as United States and Japan, a context in

which the time of the year in which milk and cheese are consumed can also be important for the trade. The strong influ-

ence of the environment over reproductive function and success can also be seen, in addition to higher rates of reduced

or failed ovarian function as above described, in the case of reported higher embryo mortality. In fact, this is typically
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witnessed in the same countries such as Italy where animals are challenged with AI in the period of winter-spring

transition, characterized by increasing day length [23].

Despite such species-specific limitation, the buffalo is characterized by a reproductive and productive longevity by

far not comparable to cattle. In fact, dairy cattle are ordinarily culled following only few lactations, whereas in contrast

usually most buffaloes remain in production for many years and for many lactations mainly due to an intrinsic lower

milk production and to a more physiological feed rationing. This is surely due to its more rustic characteristics and

shorter time available in the hands of breeders for adopting selection strategies for the characters of interest [24].

Again, an additional element that contributes to lower the overall reproductive efficiency, whenever manipulative

technologies are applied to this species, is given by the 10-fold lower content of ovarian primordial follicles when com-

pared to cattle. This accounts for a significant lower number of available antral follicles even following hormonal stim-

ulation within adopted protocols for multiple ovulation and embryo transfer (MOET), and ovum pickup (OPU) in

conjunction to in vitro embryo production (IVEP) procedures [25,26]. It is noteworthy to mention though, that prepu-

beral buffalo calves display the same high number of antral follicles as recorded in cattle calves. In addition, and simi-

larly to cattle, buffaloes are both qualitatively and quantitatively characterized by two to three waves of follicular

development within the ovaries in puberal and pluriparous animals. As expected, the pattern of hypothalamic-

hypophyseal-gonadal hormonal release is in fact superimposable to other ruminant species too [22]. All the above

aspects have to be aligned and put in the correct perspective whenever any of the newly developed reproductive tech-

nologies are going to be implemented in this species.

6.4 The role of artificial insemination

The first documented attempt at AI goes back to 1783, when Lazzaro Spallanzani achieved the first pregnancy in a

bitch, although it was only at the beginning of the 20th century that the Russian I.I. Ivanov devised the first artificial

vaginas for equine and ruminants. Only after the Second World War though, the technology spread over the most

important species of zootechnical interest with dairy cattle benefitting the most. Among ruminants, buffaloes have been

subjected to AI practice much later than cattle for a number of reasons. Firstly, in most parts of the world the least pro-

ductive buffaloes have always been considered labor animals, and only residual milk production other than the milk

used by the calves is processed for family and local cheese production, and in some countries such as Nepal and India,

milk used by families for direct consumption is high, from roughly 50%�80% of the whole production, respectively.

Meat from buffalo is made available to families and for local trade only at the end of the animal career within small

holders. The small number of animals per owner and the poor management conditions typical of farmers at the village

level, especially in Southeast Asia has been a substantial halt to the application of AI. On the contrary, in countries

characterized by the availability of the most productive subspecies and breeds, and where intensive management is run,

animals have been selected for their production by massal selection, prior to the introduction of reproductive technolo-

gies. In these last countries a proper buffalo genetic selection has started few decades ago, and the earlier studies on

male and female reproductive characteristics have been performed. Nevertheless, a very slow beginning has character-

ized the implementation of AI in buffaloes, mostly due to the resistance and doubts posed by the same breeders, skepti-

cal over the years that this technique may prove beneficial for buffalo genetic enhancement.

Therefore, and always in comparison with the cattle counterpart, buffaloes have had less time to be selected for the

traits of breeders interest. This can be seen in both males and females. Buffalo bulls are in fact characterized by a

poorer sperm quality and larger individual variability in fertility, which is exacerbated in the season of the year of

reduced reproductive performance, where also libido is usually affected. The reduced fertility may be attributed to a

higher sensitivity to oxidative stress due to an increased lipid peroxidation, in conjunction to a reduced activity of anti-

oxidant enzymes [27]. Attempts have been made in order to overcome the natural sensitivity of buffalo semen to cryo-

preservation damage, by including in semen extenders proteins derived from the isthmic portion of oviducts [28,29].

Similarly to other ruminant species and mammals in general, nutrition, thermal stress, and other environmental variables

may also be responsible for higher or lower semen quality, depending on the intermingling of the variables involved

[30].

On the female side, under intensive management and correct and balanced feeding regimen, photoperiod, as previ-

ously stated, is known to affect reproductive function. This sensitivity though is different between heifers and pluripar-

ous cows, the first being less sensitive to the light stimulus. Therefore whenever AI protocols are applied in the period

of the year characterized by increasing daylight hours, a higher conception rate should be expected from heifers [31].

Along this line, in countries where photoperiod is a critical factor in reproductive efficiency for buffaloes and where

higher production is differentially required among seasons, breeders tend to select animals less sensitive to the light
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stimulus. On a different note, and likewise cattle, additional nutritional and metabolic factors may negatively affect

pregnancy rates following the implementation of AI programs [32].

The very first attempts at synchronization protocols in buffalo heifers and cows have been made by using double

prostaglandin administration with variable and inconsistent results. Typically, such well-established protocols would be

taken from cattle and strictly applied to buffaloes with the assumption that similar synchronization and conception rate

would be achieved. Differently, poor results have been reported initially, discouraging breeders from accepting the

introduction of a new concept of genetic improvement in the buffalo species. One of the most important reasons behind

such initial failure in AI has to be searched in the physiological difference between cattle and buffaloes control of

reproductive function, following exogenous administration of hormones in the course of synchronization protocols. It

may be hard to spot the best moment to perform AI in individual buffaloes as, under natural conditions and differently

from cattle, they do not frequently express homosexual behavior and are characterized by a reduced frequency of mucus

discharge, together with a similar coat color. A vasectomized bull within the herd though [33] usually is effective in sig-

nificantly increasing sexual behavior among females. The reduction in sexual behavior and signs is even more pro-

nounced when exogenous hormones are applied to synchronize animals, making the heat detection and hence the

identification of the best time for AI even more difficult. Following an estrous cycle, which is much more variable in

length than cattle, a similar higher variable timing of inner hormonal discharge progression, leading finally to ovulation,

is recorded in buffaloes. In early seminal studies by Seren [34], the reproductive hormones (luteinizing hormone (LH),

follicle-stimulating hormone (FSH), estradiol, progesterone, prostaglandin, and prolactin) involved and needed to a fer-

tile ovulation were evaluated during the estrous cycle successive to the one induced by double prostaglandin administra-

tion. From that study, it emerged that the interval between the beginning of behavioral estrus and ovulation lies

between 50 and 55 hours in the case of single ovulation. As previously reported [35], a high frequency of double ovula-

tions, up to more than 30%, was in fact recorded. In that case the timing to the first and second ovulation would be of

40 versus 110 hours, respectively. In case of a single ovulation the interval between LH peak and ovulation would be of

35 hours, whereas in the event of double ovulations, the interval would be of 30 and 65 hours to the first and second

ovulation, respectively. A more recent study following the implementation of two different estrus synchronization pro-

tocols has revealed a similar time interval between LH peak to ovulation [36]. Of course, such unexpected variability in

hormonal discharge and progression followed by ovulation did explain part of the reasons of unsuccessful attempts of

AI at that time.

Far better results have been obtained more recently, through the combined implementation of protocols for synchro-

nization of ovulation and ultrasound monitoring of the reproductive tract and ovarian follicular dynamics.

Synchronization protocols have been largely taken from those in use in cattle, especially following the widespread effi-

ciency of the Ovsynch with its various modifications when applied to both heifers and cows [37]. The availability of

protocols for the synchronization of ovulation has allowed the possibility to reduce the incidence of double ovulations

and to more precisely target the timing of ovulation with a timed fixed AI (TAI). In fact, De Araujo Berber et al. [38]

have shown that following the second gonadotropin-releasing hormone (GnRH) administration, most of the ovulations

lie between 26 and 38 hours, justifying therefore the insemination of animals up to 20 hours after the second GnRH.

The highest efficiency has been reported on cyclic animals with an average, although variable, conception rate of

50%�60% when ultrasound diagnosis is made up to the first 30 days following AI. This protocol, cheap and easy to be

performed, is nowadays largely applied to buffaloes. Protocols have been subjected to modifications on acyclic animals

by adding progesterone as a removable implant, with a resulting efficiency variable in terms of restoring cyclicity and

conception rates [39,40].

The efficiency of AI in conjunction to protocols for synchronization of ovulation has in recent years greatly benefit-

ted by the use of ultrasound technology. A first and important improvement has derived from the significant reduction

of mistakes incurred during manual exploration and diagnosis within the reproductive tract. In comparison to cattle,

smaller size of the ovaries and corpora lutea (CLs) at times deeply embedded into the ovarian stroma is responsible for

misjudgment and clinical false interpretation. In addition, ultrasound technology enables a reliable and correct diagnosis

of early pregnancy, as well as detecting embryonic mortality, anticipating though the new course of action to be fol-

lowed on every single animal. An additional significant aid to reproductive management is given by the possibility to

follow the events occurring at the ovarian level with great accuracy. In fact, available ultrasound machines allow easy

interpretation of ovarian structures and follicular dynamics, with the result of a better-timed implementation of proto-

cols for synchronization of ovulation and a more suitable selection of animals to be enrolled into AI programs. De

Rensis et al. [40] have in fact reported a higher conception rate in the course of Ovsynch programs, whenever a large

dominant follicle responsive to the first GnRH administration is found. In the same line, Neglia et al. [41] have found

that the ovulation after the first GnRH administration within an Ovsynch protocol results into a larger CL area, a higher
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response to the following prostaglandin administration, and finally into a higher response to the second GnRH adminis-

tration leading to the ovulation of a larger dominant follicle. As expected, the corresponding CLs show a greater proges-

terone concentration paralleled by significant higher pregnancy rates. Higher efficiency and conception rates are then

usually accomplished when such treatments run in parallel to an ideal reproductive management within the herd. In

recent years, modifications of TAI programs have mushroomed and tried repeatedly in many farms, usually with such

satisfying results, to convince breeders of the usefulness of this technology and make them even more confident as to

include synchronization programs into their farm reproductive management. Under this light Rossi et al. [42] have

shown that buffaloes, whenever found nonpregnant, can be submitted into a continuously running TAI program without

prejudice to their health or future reproductive function, and that the first three consecutive TAI programs hold for the

majority of pregnancies established. The same study demonstrated that the intercalving period between animals under-

going TAI programs in comparison to animals following natural mating within the herd is shorter of a little less than 2

months. This translates into an optimization of reproductive efficiency in the herd, higher conception rates, and calving,

heading toward a higher economic efficiency of the farm.

The ultrasound technology comes in help when proper assessment of CL functionality is needed. This can be of

course accomplished by the ultrasound image referring to size, texture, and shades of gray on the screen. However, an

additional important help can be received by the understanding of blood flow through the CL itself, by the adoption of

the color Doppler technique. In fact, a reduced CL vascularization on day 5 following ovulation is inductive of signifi-

cant lower conception rates on day 45, as substantiated by a differential progesterone value made on day 5 [43]. In con-

clusion, in our experience with the use of ultrasound technology as ancillary aid in well-managed buffalo farms, fixed

TAI programs can result in approximately 75% of the animals being pregnant from calving onward up to less than 3

months if a 50% conception rate is assumed (Fig. 6.1).

From all the above, and comparisons over the years run among synchronization protocols, including also the ones

incorporating progesterone devices, it can be stated that an ideal synchronization treatment does not exist. In fact, in

order to achieve the highest results from AI practice, the following four most important variables have to be taken into

account: season of the year, category of animals, metabolic status of the animals and of course, and the protocol for

synchronization of ovulation that would fit best the first three variables.

In conclusion, farm and environmental conditions, feeding regimen and availability, season, age and parity of the

animals, and implemented protocols are in various degrees responsible for the high variability registered across the

years in terms of conception rates following AI.

6.5 Sexed semen

The implementation of sexed semen technology in buffaloes, as for other domestic species, is especially helpful among

others for optimizing female replacement and rapidly proliferating the genotypes of interest within the herd. This is

especially true also when, due to health problems, there is a need to have an internal turnover of replacement heifers, or

when it is mandatory to increase the number of heads in a fast-growing buffalo farm. The technology behind this new

tool for genetic improvement relies on the possibility of cell sorting cells bearing differential amount of DNA. In both

FIGURE 6.1 Pregnancy rates following two consecutive TAIs.
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cattle and buffaloes this difference in sperm cells bearing either X or Y chromosome is large enough to allow an

efficient separation of the two cell populations to obtain a roughly 90% purity within samples. The use of sexed semen

has become a potentially powerful tool for the genetic enhancement of B. bubalis since the first successful application

of the technology in Mediterranean Italian buffaloes [44]. In the intervening years, with a similar number of preselected

sperm cells, successful attempts have been carried out in Murrah and Nili-Ravi breeds following either IVEP procedures

or AI [45�47]. Finally, the same reduced dose of 2 million live preselected sperm cells has been used in Mediterranean

Italian buffalo heifers, showing a similar pregnancy rate when compared to nonsexed conventional frozen-thawed

semen. That same study showed that insemination into the body of the uterus ensures higher rates of pregnancies when

compared to deposition of preselected semen into the horn ipsilateral to the ovary where ovulation had occurred, possi-

bly as a consequence of more severe trauma received by the horn endometrium by the AI gun [48]. The chronology of

studies in buffaloes on preselecting sperm cell populations and first attempts via AI or IVEP procedures can be seen in

Fig. 6.2. More recently, in line with a number of ideas tested over the years to select sperm cells to alter sex ratio, a

commercial based group in the United States has brought into the market a product that would both increase fertility

rate and skew the sex ratio in favor of born female calves in cattle, by adding to conventional frozen/thawed semen a

preprepared solution containing molecules enhancing X-bearing sperm cells motility and allowing them to reach the fer-

tilization site earlier than Y-bearing sperm cells, in conjunction to a delayed insemination time as otherwise required by

the Ovsynch protocol. Despite the success that has been publicized in cattle, the first attempt in buffaloes has not been

equally successful [49], and a more recent trial in buffaloes, in the period of the year characterized by decreasing light

hours, has revealed similar results, confirming that even if AI is delayed as requested by the new protocol, both herd

fertility and born female calves rates are not altered (Presicce, 2019, unpublished results).

In buffaloes, a similar pregnancy rate with preselected frozen-thawed spermatozoa and conventional nonpreselected

cryopreserved semen was recorded, in contrast with reports in cattle, where usually rates are lower down to 60%�80%

when compared to controls [50,51]. Although speculative at this point, it could be possible that buffalo semen can better

survive to physical and chemical stress during the sorting process. Therefore sexed sperm cells may thus maintain the

same fertilizing capacity as controls, as it has also been demonstrated in sheep, by assuming the hypothesis that the

sex-sorting process may select a superior population of sperm cells. In fact, it may be possible that cell sorting will

select sperm cells against a 15 kDa protein (SLLP1—acrosome indicator protein), which is as a result abundant in con-

trol sperm cell samples but absent in sorted population of spermatozoa [52].

FIGURE 6.2 Early chronological

events related to sperm cell tech-

nology and its implementation in

the domestic buffalo (B. bubalis).
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The use of sexed semen, considering its final cost to the farmer, type of farming, geographical location, and its

socioeconomical features, may have different impact worldwide. As an example (Table 6.1), it is interesting to highlight

what the benefits may be within an intensive buffalo farming system such as the one in place in Italy where the imple-

mentation of sexed semen can be an integral part of the reproductive management of the herd. If we assume some fixed

starting conditions such as a farm turnover of 20%, a nonexisting bull effect, and mortality, a heritability for milk pro-

duction of 30% and a mean farm milk yield of 2550 kg, then a reduced number and more productive buffaloes could be

used to obtain the same number of replacement heifers. Over the years, the use of the top production animals and sexed

semen would ensure a significant milk difference and a corresponding higher cash gain (Zicarelli, unpublished results).

6.6 In vivo embryo production (multiple ovulation and embryo transfer)

In line with a delayed attention to the implementation of reproductive technologies compared to cattle, the first attempts on

in vivo embryo production in the buffalo date back to the beginning of 1980s, with the first report by Drost et al. [53]. As

expected, procedures for MOET did rely on already existing protocols of hormone administration in cattle and have been

since then improved or modified, in order to enhance the success in terms of ovulating follicles and recovered embryos.

Hormones available such as pituitary extracts usually from porcine origin, equine chorionic gonadotropin, and

human menopausal gonadotropin [54�56] are administered in mid-cycle in conjunction to the controlled emergence of

a new follicular wave, by hormonal or, more recently, mechanical means [57,58]. Pitfalls in the use of hormonal treat-

ment for control of multiple follicle development are always possible, although a number of strategies, depending on

the type of used hormone, have been devised. In buffaloes too, the use of equine chrorionic gonadotropin (eCG) may

possibly lead to persistent stimulation due to the prolonged half-life of the molecule, and in order to reduce the inci-

dence of such occurrences, monoclonal or polyclonal antibodies have been administered, although no improvement in

terms of produced and recovered embryos have been described when compared to conventional protocols [59,60].

Indeed, nowadays the most used hormones for superovulatory treatment in buffaloes are pituitary extracts of FSH with

variable levels of LH content, which may additionally account for the large variability in the final response. Such vari-

ability could be overcome by using bovine FSH produced by recombinant DNA technology, although such option has

not been employed in buffaloes so far. Overall, the use of both pituitary extracts, eCG or human Menopausal

Gonadotropin (hMG), has given over the years similar values in terms of ovulating follicles and recovered embryos in

the two buffalo subspecies, river and swamp [61�63].

TABLE 6.1 Projected benefits following use of sexed semen in an intensive buffalo farming system.

Farm turnover 20%; bull effect50; mortality5 0; mean farm milk yield5 2550 kg

Semen

Sexed Nonsexed

To get 20Q 20Q

% conception 40 45

% top buffaloes to AI 50 90a

Mean milk (kg) of inseminated buffaloes 2800 2550

Selective differential (kg) 250 50

Hereditability (30%) 75 15

Difference from starting mean milk production of 2550 kg

Semen

After years Sexed Nonsexed Milk difference 3 head 3 10 heads

(kg) (kg) (kg) (h) (h)

4
175 163 12 15 150

8
579 436 143 178 1782

aHalf of them will be R.
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Nevertheless, despite many efforts carried out over the years, the efficiency of MOET in buffalo is still poor. In

addition to the inconsistent response to hormonal stimulation in this species, the major limitation is unquestionably the

low number of transferable embryos flushed per donor. Several factors may play a role in the efficiency of MOET pro-

grams in buffaloes. Age and parity do not seem to significantly alter the rate of embryo recovery, although in heifers a

higher number of ovulations are recorded [56,64]. Likewise cattle, the time of initiation of hormonal administration has

to respect the physiological command of follicle development within waves, and therefore it is key to start the protocol

at the beginning of the new follicular wave by hormonal or mechanical means, as previously highlighted. With regard to

the hormonal status of the animal, higher levels of hematic progesterone are inductive of a more satisfactory follicle devel-

opment following hormonal administration, and this is confirmed by a higher rate of available CLs and recovered embryos

[65,66]. When considering environmental variables, in an earlier study the effects of photoperiod on MOET programs

were not in line with the seasonality pattern of the species [67,68]. This unexpected result may be accounted for by the

fact that during the unfavorable season only the most fertile cows are cycling and hence can be recruited for MOET, lead-

ing to a sort of selection of the most responsive donors. The effect of nutrition on reproductive function has been amply

demonstrated in ruminants, and this is substantiated in buffaloes by a higher and more efficient response to reproductive

technologies such as AI and MOET programs when body condition score lies between 2.5 and 4 on a scale from 1 to 5

[32,69]. The time to start MOET programs in relation to calving has also been considered and a higher response has been

reported when protocols are implemented between 60 and 220 days postpartum [68]. In addition, according to Di Palo

et al. [70], better results when implementing MOET programs in buffaloes are achieved when richer diets containing

forages are given to the animals, as opposed to concentrates, being the former more physiologically fit to ruminants.

Other attempts at improving the efficiency of MOET programs in buffaloes include the possibility to increase the

number of developing ovarian follicles by recombinant-Bovine Somatotropin (rBST) priming on a dosage effect manner

[71,72]. Similar improvement can be obtained also by immunoneutralization of buffaloes against inhibin, reflected also

in the consequent rate of recovered transferable embryos [73]. An additional improvement has been reported by the

combined exogenous administration of a GnRH agonist and LH, restricting thus the timing of ovulation in a shorter

period of time [63]. The administration of prostaglandin F2α at the end of the superovulatory treatment has also been

implicated in some improvement in the rate of recovered ova and embryos, due to effects on endothelin-1 and

angiotensin-II gene expression inhibition within the CL, then by increasing ampulla and fimbriae contractility of smooth

muscles and finally by favoring follicle rupture [74]. Nevertheless, there is a clear evidence that the low efficiency of

MOET, in terms of embryo yields, in buffalo is not simply due to the reduced follicular reservoir at birth, as hormonal

stimulation is effective in inducing the growth of multiple follicles up to ovulation. In contrast, a poor embryo/CL rate

is commonly observed (7�9), suggesting an impairment of ovum capture by the oviduct at ovulation. Further studies

have confirmed the difficulty in improving the efficiency of MOET programs in buffaloes [75].

It has been previously hypothesized that estradiol plasma level, which under natural estrous cycles is lower in com-

parison to cattle, is particularly elevated following hormonal treatment resulting in abnormal estradiol to progesterone

ratio, affecting the capacity of fimbriae to capture ovulated oocytes, or worse push them back into the peritoneal cavity

by reversed peristalsis [76]. Similar assumption has been suggested by Baruselli et al. [77], invoking a lower quality of

the ovulated oocytes characterized by a reduced number of surrounding granulosa cells and preventing them to be

rightly captured by the fimbriae resulting in a failure entry into the oviduct. We have recently demonstrated that both

inappropriate cumulus expansion and disruption of contraction-relaxation of the oviduct contribute to OPU failure in

superovulated buffaloes, as a result of impaired steroid synthesis [78]. Indeed, in superovulated buffaloes granulosa cell

function was altered, as indicated by the overexpression of FSHR and CYP19A1 and the decreased expression of the

STAR protein, leading to lower estradiol synthesis. The altered intrafollicular steroid profile was associated to compro-

mised cumulus expansion in most of the oocytes recovered from periovulatory follicles. Finally, the reduced expression

of steroid receptors and vascular endothelial growth factor in the oviduct indicated that the contraction-relaxation of the

oviduct in the periovulatory period may also play a role.

6.7 In vitro embryo production

As previously reported, the implementation of MOET programs in buffaloes has brought limited success, despite the

attempts over the years at improving the recovery of high-quality embryos. Such lack of efficiency has paved the road

to the introduction of another younger strategy, again borrowed from cattle, dealing with the possibility to produce

embryos in vitro following procedures devised to mature oocytes recovered from antral follicles and to fertilize them

with capacitated frozen-thawed spermatozoa [79]. The mass production of embryos derived from the availability of ovaries

from slaughtered buffaloes though would have only a minor impact on the genetic improvement of the species, unless this

strategy could target the best available animals. This coupling has been brought on the scene by the possibility to recover
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oocytes from the ovaries in live animals, by ultrasound puncture of antral follicles [80]. The combined IVEP/OPU technol-

ogy has been proved feasible in buffaloes since more than a couple of decades and has resulted, over the world, in live off-

spring from the transfer of either fresh or cryopreserved embryos [81�85]. In line with the promising results obtained with

the use of sexed semen for AI, embryos have also been produced in vitro with sex-sorted sperm [47]. The possibility to

link the OPU technology to the IVEP procedures has been proved feasible even in prepuberal buffaloes in which immature

and mature oocytes from antral follicles were recovered, with and without hormonal treatment. In that study, the high num-

ber of recorded antral follicles within prepuberal ovaries, similar to cattle calves, highlighted the possibility to bypass the

intrinsic genetic paucity of antral follicles recorded in adult females, although no attempts were made at fertilizing the

recovered mature oocytes [86]. Recently, embryos were in vitro produced from oocytes recovered by laparoscopy from buf-

falo calves and pregnancies were obtained after embryo transfer [87]. This approach, commonly known as juvenile OPU,

would dramatically increase the genetic progress by shortening generation interval. The successes reported in a quarter of

century in buffaloes have been and still are hindered though by a series of: (1) in vivo aspects intrinsic to the species, such

as lower follicle count and oocyte recovery, partly surpassed by hormonal treatment, high individual variability [88], lower

quality of developing CL responsible for inadequate progesterone production to sustain pregnancy, and poor oocyte compe-

tence during the long day length season, leading to early and late embryo mortality [89�91]; and (2) in vitro aspects such

as reduced embryo quality according to international evaluation standards and corresponding viability, very likely as a con-

sequence of suboptimal culture conditions, together to a reduced capacity and resilience to withstand cryopreservation pro-

cedures, possibly due to a higher lipid content in comparison to cattle [92].

Following is a synthetic series of up-to-date findings and recent improvements related to the protocols implemented

in buffaloes in order to obtain in vitro embryos: (1) oocytes: in adult animals lower numbers of antral follicles and cor-

responding retrieved oocytes, the latter usually of lower quality, are recorded. Across the available literature, differ-

ences within this variable are reported according to the subspecies or breeds investigated, age, nutrition, and health

status. A number of other variables such as time interval between oocyte retrieval and laboratory processing, oocyte

holding temperature, time of the year (short or long day length), and environmental temperature, may overall affect the

efficiency of the procedure in buffaloes [93]. To enhance quality and number of punctured follicles and recovered

oocytes, especially when OPU is integral part of the in vitro procedure, hormonal treatment with FSH and rBST has

been evaluated earlier, resulted in limited success [94,95]. More recently, we demonstrated the efficacy of an OPU

priming, with FSH treatment in the presence of progesterone, at increasing the number of follicles, oocytes, and, more

importantly, transferable embryos. It consists in the ablation of dominant follicle and insertion of a progesterone-

releasing device on day 0, followed by 3 days of FSH given twice daily and a coasting period of around 40�44 hours,

with OPU carried out on day 6. A remarkable effect was observed in both seasons, with a fourfold increase of blasto-

cysts number. This certainly ensures a better exploitation of the germinal material especially when programming OPU

trials; (2) in vitro maturation: nuclear and cytoplasmic maturation in buffalo oocytes is usually completed between 20

and 24 hours after immature oocytes are placed into maturation media. It is worth noting that buffalo oocytes undergo

earlier aging, and hence the in vitro fertilization (IVF) should be carried out as soon as possible since 18 hours post-

IVM and not later than 24 hours [96]. Indeed, reduced efficiency in terms of both cleavage and blastocyst rates together

with higher proportion of degenerated oocytes has been reported at increasing maturation times. Improvements in

oocyte maturation have been reported following inclusion into maturation media of growth factors such as insulin-like

growth factor (IGF)-1, IGF-2, epidermal growth factor (EGF), and vasoactive intestinal peptide [97�99]. It has further-

more been reported that antioxidants such as thiol compounds promoting glutathione (GSH) synthesis [100�102], mela-

tonin or taurine [103], are fundamental to improve maturational processes and subsequent embryo development.

Finally, lectin was reported to ameliorate oocyte maturation and upregulate the expression of genes involved in gap

junction, cell communication and cell cycle proteins (Cx43 and growth differentiation factor-9), cell membrane protein

(fibronectin), and basic growth factor (fibroblast growth factor-4) [104]; (3) IVF: the fertilization of mature oocytes

in vitro is another fundamental and multifactorial milestone whose efficiency depends in turn on a number of finely

tuned steps. The most important and limiting factor is the so-called “bull effect,” as only roughly 10% of all the bulls

screened for IVF will satisfyingly respond with an adequate fertilizing efficiency, despite the fact that the quality of

cryopreserved semen has definitely been improved when compared to the past [105]. The most reliable method to

screen bulls for IVF is inevitably to test semen against batches of in vitro matured oocytes and assess the rate of late

embryo development. Lately, a simple double staining Trypan Blue/Giemsa technique was used, giving evidence of a

correlation between acrosome intact sperm cells and blastocyst development rate. Therefore, this staining technique can

be considered predictive of the in vitro fertilizing capability of sperm cells [106]. Both Percoll density gradient and

swim-up are efficiently used to select motile sperm cells prior to fertilization, although even with this procedure, the

one or the other may perform better depending on the individual bull [107]. While in coincubation with matured
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oocytes, sperm cells need the support of capacitating agents of which heparin is mostly used also in buffaloes. Other

molecules have been tested and proved successful in promoting the capacitation process in buffalo sperm cells, such as

progesterone, sodium nitroprusside, and melatonin [108�110]. Finally, factors available in both follicular fluid and

serum or present in the oviduct such as osteopontin, also detected in semen in high concentration [111], when included

in fertilization media significantly, increase the capacitation process and embryo development [84,112]. The “bull

effect” should also be considered when dealing with the time needed for sperm/oocytes coincubation. Although such

time has been set at 16 hours according to the results available [96], individual bulls may display a different timing in

the kinetics of sperm penetration [113]. Therefore the importance of testing each bull for this parameter prior to enter-

ing into fertilizing trials has to be taken into consideration; (4) in vitro embryo culture: differently from cattle, buffalo

in vivo and in vitro embryos are known to be characterized by an earlier minor genomic activation at the two- to four-

cell stage and a more important one at the four- to eight-cell stage development [114], suggesting from the start of pos-

sible differential in vitro culture requirements and explaining a faster development similarly to other domestic rumi-

nants [115]. Initial attempts at culturing buffalo embryos in vitro have relied on the combination of complex media and

cell coculture [116]. The need to understand the real requirements of embryos in the course of their early in vitro preim-

plantation development has brought the attention to the implementation of defined media, which are still today the elec-

tive choice [117]. Additionally, since the oviduct represents the only natural milieu where the initial development of the

embryos occurs, an understanding of the molecular environment present at the time of embryo presence in the oviduct

may well give the hint for the correct adjustments to make in the media used for embryo culture. With this aim, some

differences between buffaloes and cattle have been found, following analysis of the oviductal environment in the two

species. In fact, the total amount of proteins and their concentration was reported to be lower in buffaloes when com-

pared to cattle, suggesting thus to reduce their level in the formulation for media culture [118]. One of the strategies

adopted in cattle in order to reduce ammonium concentration, toxic catabolites, and free radicals in medium for embryo

culture, known to be potentially involved in the large offspring syndrome, is to periodically change the same medium

during in vitro culture. In contrast, not only this methodology does not improve buffalo embryo development, but on

the contrary in our experience it seems that better results are achieved if a minimum amount of manipulation is made

on embryos prior to the final evaluation. This is possibly due to the involvement of other variables more likely to affect

embryo development during manipulation such as temperature and pH fluctuation. Another significant difference to

other domestic ruminants for embryo energy requirement during culture is the need for higher amount of glucose espe-

cially in the course of buffalo early development [119,120]. The addition into culture media of cysteamine, taurine,

melatonin, or by lowering O2 concentration, has increased the quality of late-stage embryo development in buffaloes.

Such supplementation into culture media has in fact the merit to overcome the oxidative stress in the course of embryo

culture as evidenced by a higher expression of antiapoptotic genes in the embryos [121]. Higher quality of embryo

development together with increased cryotolerance has been proved successful by inclusion into media of L-carnitine,

hyaluronic acid, and leukemia inhibitory factor [122�124].

6.8 Oocyte and embryo cryopreservation

The possibility to store oocytes, similarly to sperm cells, through cryopreservation procedures will ensure the avail-

ability of both germ cells whenever wanted and needed for the implementation of in vitro reproductive technologies.

The feasibility of cryopreserving buffalo oocytes is of particular interest, as they could be more efficiently harvested

and made available in a more suitable manner whenever needed, considering their intrinsic reduced number at birth

when compared to cattle [26]. The technology is still far from being commercially viable in all species where it has

been tested, and despite the challenges faced due to the injuries received by the oocytes during the cryopreservation

procedure, live offspring have been reported in a number of species including humans [107]. Both conventional slow

freezing and vitrification procedures on immature oocytes have been characterized by low efficiency in terms of

embryo production, due possibly to low permeability of plasma membrane and hence higher sensitivity of chilling

injuries. The attention has then shifted to the use of matured oocytes in parallel to an improvement of vitrification

technology, characterized by the adoption of very small volume of media and direct contact with liquid nitrogen,

such as Cryoloop, Cryotop vitrification, and solid-state vitrification, characterized by a very fast cooling and warm-

ing rate, allowing to reduce the concentration of cryoprotectants. Among these vitrification methods, Cryotop proved

to be probably the most efficient for in vitro matured bovine and human oocytes [125] and later was successfully

used for Swamp and River buffaloes oocytes in IVF [126,127] and nuclear transfer trials [117]. Cleavage rate can be

significantly increased by removing granulosa cells from matured oocytes prior to vitrification, followed by cocultur-

ing rewarmed oocytes with intact COCs, although late-stage embryo development still remains low [128].
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Vitrification has also been the method of choice for cryopreservation of buffalo embryos, and live offspring have

been reported from such technology in this species [81,82,85,129]. The importance and the interplay of many vari-

ables on the viability of cryopreserved embryos has been amply demonstrated in all animal species. In the buffalo

species, cryotolerance is also affected by in vitro maturation and culture conditions, as well as the source of oocytes

[130]. It has also been documented in buffaloes that faster developing embryos are more viable and more adequately

face cryopreservation procedures as indicated by increased blastocoele re-expansion and hatching [115], and preg-

nancy rate to term [81]. An additional and possibly a more critical component in buffaloes is represented by the

degree of synchrony to be reached between stage of embryo development and recipients, which according to Kasiraj

et al. [131] should not exceed 12 hours in the case of in vivo produced embryos cryopreserved by conventional slow

freezing, suggesting therefore a need for a more stringent synchrony in case of in vitro produced and vitrified

embryos. In addition, it has recently been reported that during the nonbreeding season the cryotolerance of in vitro

produced buffalo embryos is negatively affected, possibly due to a reduced oocyte developmental competence [132].

The relatively paucity of information, in comparison to cattle, and the difference among protocols followed by

researchers make more difficult to lucidly delineate a clear indication toward the most appropriate and efficient pro-

tocol to be used for embryo cryopreservation. In recent years though two different trials have given far better results

than ever before by the combination of IVEP, vitrification, and fixed-time embryo transfer into synchronized recipi-

ents [85,133], introducing thus a realistic possibility to put this technology into practice for the benefit of buffalo pro-

duction and genetic improvement.

6.9 More recently developed technologies

The reproductive technologies described so far are instrumental for the development of newly strategic technological

steps, for both dissemination of genetic superior animals and/or the introduction of genetic modifications leading to a

faster genetic progression or the creation of new genetic lines of animals, for the betterment of animal production and

human welfare. Cloning and transgenesis are the relatively new methodologies developed to the scope and applied with

varying degrees of efficiency and success across animal species. Somatic cell nuclear transfer (SCNT) is the laboratory

procedure meant to clone an individual animal by de-differentiating a somatic cell through nuclear reprogramming.

Through the somatic cell methodology though, the first report came from the use of fetal fibroblasts to produce cloned

swamp buffalo embryos [134]. Later studies have shown that the expression level of some genes and the epigenetic sta-

tus can be affected by the sex of the cloned embryos [135]. Within the needed laboratory passages to create a clone,

both fertilized zygotes and two-cell embryos can be used as recipient cells [136], and in buffaloes oocytes at metaphase

II are ordinarily employed in the process of SCNT as cytoplasmic substrate for cloned embryos production and success-

ful birth of calves [137]. Following preparation of donor and recipient cells, fusion in buffaloes is usually achieved by

one or two DC electric pulses [134], and similarly to cattle, a number of successful activation protocols are employed,

especially if performed few hours after fusion [138]. Variations of the well-established SCNT cloning protocols, such

as the hand-made cloning have also been attempted in buffaloes and pregnancies have been reported [139], together

with the birth of calves following vitrification and rewarming of embryos resulting from adult, newborn, and fetal fibro-

blast donor cells [140]. Lately, nonviable fibroblast from buffalo skin was used for SCNT and embryo production,

showing the possibility to use altered nonviable cells for cloning as a possible strategy for rescuing and preserving

endangered species [141]. The viability of recently produced cloned buffaloes has also been linked to the DNA methyl-

ation pattern and expression of imprinted genes [142]. Adult somatic cells, to be used as donor cells for nuclear transfer,

can be induced to be reprogrammed into pluripotent stem cells (iPS) and therefore being characterized by an embryonic

stem cell-like state. In buffaloes, recently some attempts have been made in this direction in improving the reprogram-

ming efficiency and the production of iPS [143].

The use of SCNT into the production of transgenic animals has significant higher potential advantages when com-

pared to other approaches. Although transgenic animals have been produced in a number of species, in buffaloes to

date, only transgenic embryos have been produced by (1) transfecting buffalo oviductal epithelial cells with enhanced

green fluorescent protein followed by transfer into enucleated oocytes [144] and (2) by transfer of embryonic germ-like

cells expressing the green fluorescent protein into in vitro�derived buffalo blastocysts [145]. The efficiency of trans-

genic integration into cloned embryos is being currently pursued by, for example, optimizing electroporation conditions

for integration into fetal fibroblast to be used as donor cells [146].
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6.10 Conclusion

In the last few decades, the domestic buffalo has greatly benefitted by the implementation of reproductive technologies

toward the enhancement of genetic improvement and production. It all started by overcoming the initial difficulties in

applying AI to the animals, and the common prejudice of most farmers against the introduction of emerging technolo-

gies in a species characterized by evident rustic behavior and a seasonal reproductive performance. Significant progress

has been made over the intervening years as clearly highlighted in this review, and we have now a stronger springboard

toward higher achievements in buffalo production.
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