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Abstract

:

Simple Summary


Embryonic mortality and pregnancy failures still represent a major issue in domestic livestock production, particularly in dairy cattle. Despite the presence of extensive work in this research area, there is still no effective, accurate and practical method able to determine timing and viability of embryo specifically during early gestation. Indeed, technologies and techniques for predicting pregnancy success must continue to be developed. The aim of this work was to find the best strategy to diagnose pregnancy failures in buffalo cows in order to improve farm reproductive management. Among the methods compared in this study (ultrasonography, progesterone, PAGs), pregnancy-associated glycoproteins (PAGs) seem to be the best marker for predicting embryonic mortality between 25 and 40 days of gestation to be utilized as a diagnostic tool to improve reproductive management in buffalo farms.




Abstract


The aim of this work was to find the best strategy to diagnose pregnancy failures in buffalo. A total of 109 animals belonging to a buffalo herd subjected to a synchronization and artificial insemination (AI) program were enrolled in this study. Blood samples were collected at days 0, 14, 25, 28 and 40 after AI for the determination of progesterone (P4) and pregnancy-associated glycoproteins (PAGs) by the radioimmunoassay (RIA) method. Transrectal ultrasonography was performed on day 25, 28 and 40 after AI to monitor pregnancy. The animals included in the data analysis were assigned ex post in pregnant (n = 50) and mortality (n = 12) groups. By ultrasonography, the predictive sign of mortality was the heartbeat. At day 25, the PAGs concentration was significant in predicting embryonic mortality with respect to ultrasonography and P4, at the cut-off of 1.1 ng/mL. At day 28, either PAGs, at a cut-off of 2.2 ng/mL, or ultrasonography, with no detection of heartbeat, were highly predictive of embryonic mortality. PAGs were the best marker (p < 0.05) for predicting embryonic mortality between 25 and 40 days of gestation in buffalo. Its utilization as a diagnostic tool can influence management decisions in order to improve farm reproductive management.
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1. Introduction


Animal reproductive biotechnology is continually evolving. Advances have been made in our understanding of embryo development and early embryonic mortality in domestic animals, which has improved the selection and success of in vivo and in vitro technologies. Declining fertility is a globally recognized problem that represents a major source of economic loss and culling in livestock species [1,2]. The low reproductive efficiency of cattle has had a negative financial impact on the dairy industry because the higher yields of milk cannot compensate for dwindling herd sizes. The demand for assisted reproductive techniques is therefore increasing, by creating an additional cost for dairy farmers [3]. Many factors contribute to the decline in reproductive fitness. The major cause of poor reproductive success is early embryonic mortality [4], which is defined as pregnancy failure during the period between fertilization and day 42 of gestation [5]. This is true especially in the animals that are not mated during their reproductive period.



Although buffaloes are polyestrus, their reproductive efficiency changes throughout the year, showing a distinct seasonal pattern [6]. This reproductive seasonality affects the efficiency of breeding programs, particularly during the spring–summer season with the daylight lengthening period, which corresponds to the low breeding period for buffalo [7]. It was observed a higher incidence of embryo loss (20 to 40%) in buffaloes that conceive during the daylight lengthening period, whereas a lower incidence (7%) was observed during decreasing daylight length [8,9,10,11]. Such high rates of early embryonic mortality lead to substantial losses in time and money spent rebreeding cows, slower genetic progress, as well as a significant loss in the number of potential calves [12,13]. One strategy for improving reproductive performance aims to shorten the calving-conception interval by rapidly identify embryo losses and rebreeding non-pregnant cows [14]. Pregnancy can be monitored using a variety of methods, including direct methods such as ultrasonography, or indirect methods like progesterone (P4) or pregnancy-associated glycoproteins (PAGs) measurement in maternal blood [15,16].



In buffalo, applications of transrectal ultrasonography to monitor early pregnancy and embryonic development have been described by different authors [17,18,19,20,21]. The sensitivity (true positive) of transrectal ultrasonography between days 19 and 24 is reported to be 44.4%, reaching 100% from day 31 after mating, while the specificity (true negative) ranged between 92.5 and 100% from days 19 to 55 after mating [22]. The time of heartbeat detection can be considered as the moment at which the sensitivity of the gestational diagnosis is 100% [20]. In buffalo, embryo proper with a heartbeat can be visualized between 23 and 28 days after gestation [20]. No detectable heartbeat together with membrane detachment/disorganization, reduced amount of intrauterine fluid or echoic floating structures, including remnants of the conceptus, are ultrasound findings of an embryo death [23]. Therefore, using ultrasonography, early pregnancy losses can be clearly diagnosed. The disadvantage of this method is that accuracy is limited before 28 to 30 days of gestation and pregnancy status is only guaranteed at the time of diagnosis; moreover, when the fetal heartbeat of an embryo is viewed on an ultrasound, there is no indication of whether or not embryo mortality will occur [16].



Chemical-based methods have been developed to identify pregnancy in buffalo, as an alternative to the ultrasound technique [24].



Progesterone (P4) is the most biologically active progestagen and is primarily produced and secreted by the corpus luteum (CL) during the estrous cycle and by the placenta during pregnancy. Quantification of P4 in blood or milk at days 20, 22 and 24 post-breeding has been utilized for early pregnancy diagnosis in buffaloes [25,26]. Campanile et al. [8] found higher P4 plasma levels in pregnant buffaloes than in buffaloes that showed embryonic mortality since day 10 after AI. Although P4 concentration helps in detecting early pregnancy, a single analysis does not provide sufficient information to evaluate the pregnancy status accurately [27,28]. Indeed, the concentration of P4 reflects the function of the CL and not the presence or the vitality of an embryo or foetus.



Characterized for the first time in the early eighties, the pregnancy-associated glycoproteins (PAGs) constitute a large family of glycoproteins expressed in the outer epithelial layer (chorion/trophectoderm) of the placenta in eutherian species [29,30,31]. They are synthesized by the mononucleate and binucleate trophoblastic cells, some of them being secreted into the maternal blood from the moment when the conceptus becomes more closely attached to the uterine wall and placentome formation begins [32,33]. Using different chromatographic procedures, some members of the PAGs family have been isolated from the cotyledons of different species of Cetartiodactyla order [29,34,35,36,37,38,39,40,41,42,43], included buffalo species [44,45]. The accumulation of PAGs in the maternal blood of ruminant ungulates has become a useful tool for monitoring pregnancy, thanks to the development of homologous [46] and heterologous radioimmunoassay (RIA). In our previous works, our research group [45,47,48,49] described the use of antisera raised against buffalo PAGs for RIA development and pregnancy detection in buffalo cows. Previously, other authors [22,50,51] used the RIA-706 system to measure PAGs in this species. Recently, the molecular biology technique has been utilized to detect the mRNA expression of PAGs in the maternal blood of pregnant buffaloes [52,53,54], improving knowledge regarding the peri-implantation period and the earliest time in which PAGs could be detected in this species.



The aim of this work was to find the best strategy to diagnose pregnancy failures in buffalo comparing ultrasonography, P4 and PAGs in order to improve farm reproductive management. Moreover, the work highlights whether PAGs determination could support the diagnosis of early pregnancy failures in buffalo.




2. Materials and Methods


2.1. Animals and Experimental Design


The trial was carried out at the CREA Animal Production and Aquaculture experimental farm of Monterotondo (Rome, Italy, 42° N parallel). A total of 109 animals belonging to the Italian Mediterranean buffalo herd subjected to a synchronization and artificial AI program were enrolled in this study and grouped as described below. Buffaloes were kept on a loose-housing system, fed ad libitum once a day with a total mixed ration based on sorghum silage, hay and concentrate and milked twice a day in a milking parlor. Before estrous synchronization, regular clinical examination excluded diseases such as endometritis, mastitis and metabolic disorders.



Buffaloes were synchronized with a progesterone releasing intravaginal device (PRID; Sanofi, Paris, France), containing 1.55 g natural progesterone inserted in situ for 10 days and an i.m. injection of 1000 IU of Pregnant Mare Serum Gonadotrophin (PMSG; Ciclogonina, Fort Dodge, Bologna, Italy) and 0.15 mg of cloprostenol (PGF2α analogue; Dalmazin, Ozzano Emilia, Fatro, Italy) on day seven. On day 10, the PRID was removed and cows were artificially inseminated at 72 and 96 h from device withdrawal.



Blood samples were taken from the jugular vein in 10 mL EDTA tubes at days 0 (0d), 25 (25d), 28 (28d) and 40 (40d) after AI for P4 and PAGs analysis. On day 14 (14d), a further sample was taken for P4 analysis. The day of the second AI was considered as day zero. Plasma was immediately separated by centrifugation (1200× g for 15 min at 5 °C) and stored at −20 °C until assayed.



The animals were classified ex post as pregnant (n = 50) and mortality (n = 12) groups, as determined by ultrasonography at day 40 based on diagnostic criteria as reported below in paragraph 2.2. A total of 47 buffaloes were diagnosed as non-pregnant. Only animals related to pregnant and mortality groups were included in the data analysis.



The animals involved in this experiment were treated in compliance with the animal testing regulations established under Italian law. The experimental design was carried out according to good veterinary practices under farm conditions. The CREA Research Centre for Animal Production and Aquaculture is authorized to use farm animals for experimental design (as stated in DM 26/96-4 of the Italian Welfare Ministry).




2.2. Pregnancy Diagnosis


Transrectal ultrasonography (Aloka SSD Prosound 2 scanner, Hitachi Medical System, Buccinasco, Italy, equipped with a 7.5 MHz linear-array transducer) was performed by the same operator on days 25 (25d), 28 (28d) and 40 (40d) after AI in correspondence with blood sampling for PAGs. On the day of scan, the ultrasound observations were classified into four categories: no vesicle, vesicle, vesicle + embryo, and vesicle + embryo + beat.



Recognition of the embryonic vesicle and embryo proper with a heartbeat was used as the criterion for positive diagnosis. Embryo mortality was diagnosed when a first embryo vesicle and/or embryo proper with a heartbeat was no longer visible in later ultrasound scans. Non-pregnant buffaloes had no embryonic vesicle detected at any time point. Pregnancy status was confirmed on day 60 post-AI.




2.3. Progesterone Radioimmunoassay


Samples were assayed for P4 using an extraction step as described previously [47,55,56]. P4 was extracted from plasma using ethyl ether. Each sample was assayed in duplicate. The efficiency of the extraction of a tracer amount of [3H]-progesterone ranged from 82 to 95%. Extraction was conducted using 0.2 mL plasma. Briefly, 0.8 mL distilled water and 3 mL diethyl ether were added to each sample. After stirring, samples were centrifuged (1000× g, 10 min), frozen, and the supernatant was discarded. Then, 1 mL borate buffer containing 10% ethanol was added to each sample. A 100-mL volume of increasing concentrations of P4 (0.1, 0.25, 0.5, 2, 5, 10, 20, and 40 ng/mL) constituted the standard curve. Tubes corresponding with the total count (Tc), nonspecific binding (NSB), and reference samples (0.5 and 10 ng/mL) were also prepared. Volumes of 100 mL [3H]-progesterone and 100 mL of diluted antiserum were added to the tubes containing the extracted samples and standard curve. Incubation was performed for at least 4 h at 4 °C. Bound and free P4 were separated by centrifugation after dextran-charcoal adsorption. Tubes were counted in a beta-counter (Tri-carb 2100 TR; Packard; Milan, Italy). The minimum detection limit (MDL) was 0.08 ng/mL. Intra-assay and interassay coefficients of variation (CV) were 7% and 11%, respectively.



Based on P4 assay, buffaloes were considered pregnant when the plasma P4 concentrations on days 14, 25, 28 and 40 were over 1 ng/mL.




2.4. PAGs Radioimmunoassay


For PAGs concentration, RIA-860 previously described by Barbato et al. [45] was used. Pure boPAG67kDa preparation was used as the standard and tracer. Iodination (Na-I125, Amersham Pharmacia Biotech, Uppsala, Sweden) was carried out according to the chloramine-T method previously described by Greenwood et al. [57]. The samples were assayed in a preincubated system in which the standard curve ranged from 0.2 to 25 ng/mL.



The minimum detection limit (MDL), calculated as the mean concentration minus twice the standard deviation (mean–2 SD) of 20 duplicates of the zero (B0) standard [58], was 0.4 ng/mL. The intra- and inter-assay coefficients were 2.8% and 7.1%, respectively.



Based on PAGs assay, (cut-off value: ≥1 ng/mL) buffaloes were considered non-pregnant when concentrations remained very close to zero at all time points and pregnant when concentrations were higher than 1 ng/mL at days 25, 28 and 40. When PAGs concentrations were ≥1 ng/mL at day 25 and dropped under 0.2 ng/mL by day 40, embryo mortality was considered to have occurred.




2.5. Statistical Analysis


The association between the outcome (2 levels: Pregnant and Mortality) and results of the ultrasound analysis (4 levels: No vesicle, Vesicle, Vesicle + embryo, Vesicle + embryo + beat) was analyzed by Chi-square or Fisher’s exact test, stratifying for day of observation (time). Z-tests were used to compare column proportions. This association was not evaluated at time 0 as all the animals were in the no vesicle group.



The changes of P4 and PAGs concentrations with time in the two groups were instead analyzed using linear mixed models (LMMs). In LMMs, animals and days were included as subjects and repeated factors, respectively. The LMMs evaluated the main effects of time (4 levels: 0, 25, 28, and 40 days post-AI), outcome (2 levels: pregnant and mortality), and the interaction between the outcome and time. Sidak adjustment was used for carrying out multiple comparisons. Diagnostic graphics were used for testing assumptions and outliers. Because non-normality of the data was detected for P4 and PAGs concentrations, log and log(x + 1) transformation, respectively, were used for analysis. Back-transformed estimated marginal means were presented as results while the row data were presented as figures. Moreover, the association between P4 and PAGs concentrations was analysed using the Spearman’s correlation coefficient (ρ).



In order to test the ability of PAGs and P4 concentrations to discriminate between mortality and pregnant outcomes at each time (days 25, 28, and 40 post-AI), the receiver operating characteristic (ROC) analysis was also performed and the optimal cut-off was determined by Youden index [59]. Finally, univariate models were built using the generalized linear models procedure with a binomial distribution and the logit link function to evaluate the accuracy of the parameters in predicting mortality at day 25 and 28. PAGs and P4 concentrations were categorized according to the cut-off for each day while ultrasound outcome was categorized according to the identification of the embryo heartbeat. Odds ratios (ORs) with the corresponding 95% confidence interval (CI) and p-values were calculated.



Statistical analyses were performed with SPSS Statistics version 25 (IBM, SPSS Inc., Chicago, IL, USA). Statistical significance occurred when p ≤ 0.05.





3. Results


A total of 50 out of 109 buffalo cows enrolled in this study became pregnant (pregnant group) while 12 had embryo mortality (mortality group) and 47 remained non-pregnant as determined by ultrasonography at day 40. All buffaloes diagnosed as pregnant were confirmed at day 60.



3.1. Ultrasound Observations and Embryo Mortality


Results of ultrasound observations according to the outcomes (pregnant vs. mortality) are summarized in Table 1. At day 25, the proportion of animals in which the vesicle was not identified was greater in the mortality group, while the proportion of animals in which the vesicle, vesicle + embryo or vesicle + embryo + beat was identified were higher in the pregnant group (p < 0.0001). At day 28, the proportion of animals in which the vesicle + embryo was identified was higher in the mortality group while the animals in which vesicle + embryo + beat were identified was higher in pregnant buffaloes than those in the mortality group (p < 0.0001). A significant association between the ultrasound observations and the outcome was also found at day 40; vesicle + embryo + beat was identified in all the buffaloes in the pregnant group; in the mortality group, 11 buffalo cows (91.7%) showed only the vesicle and 1 cow (8.3%) the vesicle + embryo (p < 0.0001).




3.2. P4 Concentrations and Mortality


P4 concentrations were affected by time (p < 0.001), outcome (p < 0.001), and interaction (p < 0.001; Figure 1). Significant differences in P4 concentrations between the mortality and pregnant groups were found at days 25 (mean difference: 1.8 ± 0.1 ng/mL, p < 0.001), 28 (mean difference: 1.4 ± 0.1 ng/mL, p < 0.05) and 40 (mean difference: 3.1 ± 0.1 ng/mL, p < 0.001) post-AI.



The ROC curves for detection of embryo mortality by P4 and the optimal cut-off for predicting mortality are reported in Table 2 and Figure 2.



ROC analysis for P4 concentrations at day 25 showed an area of 0.793 (Figure 2, Panel A) and the optimal cut-off for predicting mortality of 2.6 ng/mL. A sensitivity of 100% was achieved for P4 concentrations lower than 4.1 ng/mL. At day 28, the AUC was 0.722 (Figure 2, Panel B) and the optimal cut-off was 2.6 ng/mL. At day 40, the AUC was 0.883 (Figure 2, Panel C) and the optimal cut-off was 2.4 ng/mL. A sensitivity of 100% at day 40 post-AI was achieved for P4 concentrations lower than 4.2 ng/mL.




3.3. PAGs Concentrations and Mortality


Significant effects of time (p < 0.001), outcome (p < 0.001) and interaction were observed in the log-PAG-1 concentrations (p < 0.001). Differences in PAGs levels between the two groups started from day 25 post-AI (mean difference: 0.3 ± 0.1 ng/mL, 0.3 ± 0.1 ng/mL, and 11.6 ± 0.1 ng/mL at days 25, 28, and 40 post-AI, respectively; p < 0.01; Figure 3).



The results of the ROC analyses performed at each day are reported in Table 2 and Figure 4.



At day 25, the area under ROC was 0.837 and the Youden Index analysis revealed that the optimal cut-off for predicting mortality was 1.1 ng/mL (Figure 4, Panel A). A sensitivity of 100% was achieved for PAGs concentrations lower than 1.6 ng/mL. At day 28, the AUC was lower (0.700) and increased the optimal cut-off value (2.2 ng/mL; Figure 4, Panel B). At day 40, PAGs concentration perfectly discriminated between the mortality and pregnant groups (AUC = 1.000; Figure 4, Panel C) and the cut-off of 2.7 ng/mL identified cases of mortality with a sensitivity of 100% and a specificity of 100%.




3.4. Association between Ultrasound Outcome and PAGs Concentrations


In the model including days 25 and 28 as time and the classification based on the ultrasound observations as fixed effect, we found a significant effect of time (p < 0.05), group (p < 0.001), and interaction (p < 0.05) on PAGs concentrations.



There were no differences on PAGs concentrations at day 25 according to ultrasound observations. At day 28, Vesicle (1.5 ± 0.1 ng/mL; p < 0.01) and Vesicle + embryo (1.5 ± 0.1 ng/mL; p < 0.05) had lower PAGs concentrations compared with Vesicle + embryo + beat (3.3 ± 0.1 ng/mL).




3.5. Univariate Models Determining Predictors of Mortality at Days 25 and 28 Post-AI


The lack of embryo heartbeat detected by ultrasound at day 25 was not a predictor of embryonic mortality (p < 0.119) while at day 28 the odds of mortality increased by about 15 times if the heartbeat was not detected (Table 3).



Conversely, P4 and PAGs were predictors of mortality both at day 25 and 28 post-AI (Table 3). Both at days 25 and 28, the odds of mortality were six times higher when PAGs concentrations were lower than or equal to the cut-off (1.1 ng/mL and 2.2 at days 25 and 28, respectively; p < 0.05) and five times higher if P4 was lower than or equal to 2.6 ng/mL (p < 0.05).





4. Discussions


The aim of this work was to find the best strategy to diagnose pregnancy failures in buffalo cows in order to improve farm reproductive management through intervention strategies for animals identified to be at risk for embryo loss. From the results of ultrasound at day 25, it seems that the animals that experienced embryonic mortality had a delayed growth of the vesicle and embryo since the vesicle was not observed in more than half of the buffalo cows in the mortality group, while those that maintained pregnancy already showed vesicle + embryo + beat in a higher percentage at the same time. Confirming this hypothesis, the higher rate of vesicle + embryo + beat in the animals that later experienced embryonic mortality was found at day 28.



Uterine environment is critical as the embryo transcends from the oviduct to the site of implantation. Asynchrony between the uterus and the embryo can be problematic as the uterine environment will not wait for an embryo, although an embryo can accelerate or decelerate its development to some degree [60,61]. At day 40, all the animals in which there was a recognized embryonic vesicle and the embryo proper with heartbeat maintained pregnancy until the end of the observation period (60 days post-AI), while no buffaloes in the mortality group showed vesicle + embryo + heartbeat. Pregnancy diagnosis is considered positive only when gestational vesicle and embryo, together with a heartbeat, can be detected [62]. In bovine pregnancy, based on the absence of a heartbeat, placental detachment, or reduced placental fluid volume, pregnancy losses have been diagnosed and reported to occur between 24 and 40 days of gestation [63,64,65]. In the present study, using the ultrasound observations, most of embryonic mortality was diagnosed as occurring between 28 and 40 days after insemination as reported by other authors in this species [8,66,67].



Embryo death can be clearly diagnosed by an undetectable heartbeat. In fact, at day 28 post-AI, the odds of mortality increased by about 15 times if the heartbeat was not detected. The disadvantage of this method is that before 28 days of gestation it is not predictive of embryonic mortality. This is in agreement with what has been reported by other authors of bovine pregnancy studies [16,60,68].



Regarding the biological markers of pregnancy, buffaloes that maintained pregnancy had significantly higher circulating concentrations either of PAGs or P4 starting from day 25 after AI until the end of the observation period (40 days after AI).



Progesterone is primarily produced and secreted by the CL and subsequently by the placenta during pregnancy [69]; thus, the concentration of progesterone in the first weeks of pregnancy reflects the function of the CL more than the presence of an embryo. The persistence of the CL after an embryonic death or the start of a new oestrus cycle after embryo resorption leads to a positive value of P4 in the bloodstream [24]; therefore, the presence of P4 that we found in the mortality group at 40 days post-AI, when embryo resorptions were recorded by ultrasound observation, could be due to this reason.



Starting from day 25 post-AI, significant differences in the P4 value were found between animals that experienced embryo mortality and those that maintained pregnancy. The lower P4 value in the mortality group could indicate a lower functionality of the CL that could have contributed to the embryo resorption [69,70]. In a previous work, the diameter and echogenicity of the CL seemed to affect its functionality as there was a positive correlation between plasma P4 concentration and CL diameter that was found to be significantly larger in pregnant buffalo in contrast to non-pregnant buffalo [71]. Campanile et al. [72] reported that buffaloes that underwent late embryonic development had relatively low concentrations of P4 in their blood; this finding was interpreted to indicate that reduced P4 concentrations were inadequate to induce changes in the uterus required for attachment of the conceptus.



Although P4 concentration helps in detecting early pregnancy, it is not highly specific and has been the major problem for the prevalence of false-positives (identifying a non-pregnant animal as pregnant) [16,73]; moreover, P4 is not useful for verifying the presence of a viable embryo in the uterus [74]. Therefore, the non-specificity of P4 and the presence of possible false positives has limited the use of this method as a marker of embryonic viability [28,75,76].



Different from P4, PAGs indicate the presence of an embryo in the uterus of eutherian species. Several authors showed the relationship between PAGs and fetal wellbeing [77,78,79,80,81]. These glycoproteins are synthesized by the giant trophoblast cells (TGCs) which migrate from the fetal to the uterine epithelium and release PAGs into the maternal blood [32,33,82]. This process presumes the presence of a healthy trophoblastic tissue and thus of a healthy embryo. If this condition fails, the source of production of the proteins is missing. Furthermore, thanks to this “active migration”, PAGs play an important role in the remodeling of fetal membranes and in the formation of placentome during pregnancy [81,83,84], and is a possible factor controlling maternal immune modulation [85,86]. Therefore, in addition to serving as an accurate tool for diagnosing pregnancy in ruminants, PAGs may also serve as a marker for monitoring embryonic/fetal viability and placental function [16,60,87,88,89]. In buffalo, this protein can be detected in the blood of pregnant animals starting from day 25 post-AI, with an accuracy of 99% on day 28 of gestation, thus providing an accurate test to follow up pregnancy [45,49,90].



In this work, buffaloes that experienced embryo mortality had a lower concentration of PAGs starting from day 25 post-AI, suggesting a possible embryo suffering in these animals at the early stage of gestation. In cows, physiologically, pregnancy loss after day 28 of gestation coincides with a period of active placentation marked by extensive endometrium remodeling, binucleate cell migration and changes in PAGs expression production [68].



On the basis of the ROC curves and positive and negative analysis, an optimal PAGs cut value has been established that is 74% accurate in predicting early embryonic mortality for a concentration less than 1.1 and 2.2 ng/mL at day 25 and 28 post-AI, respectively. To our knowledge, no data are reported in the literature regarding a cut-off predicting embryonic mortality in buffalo. In bovine pregnancy, Polher et al. [16] suggest that PAGs are predictive of embryonic mortality between day 28 and 45 of gestation. The same authors in a later work [91] have shown that at day 28 of gestation a circulating concentration of PAGs greater than 7.9 ng/mL was 95% accurate in predicting embryonic maintenance (to day 100), and a concentration of glycoproteins less than 0.72 ng/mL was 95% accurate in predicting embryonic mortality by day 100. Gatea et al., [92] reported that circulating concentrations of PAGs on days 28 to 31 have been shown to be measurably lower in cows that experienced late embryonic mortality.



Based on odds ratio analysis, our data showed that for buffalo cows with PAGs values ≤1.1 and ≤28 ng/mL at day 25 and 28 post-AI, respectively, there was a 6.3 times greater chance to undergo pregnancy loss within the first 40 days of gestation compared to those that had higher values. Higher PAGs concentrations were correlated to a decreased incidence of embryonic loss as reported also in other bovine studies [93,94].



In a study on the accuracy of ultrasonography and PAGs for pregnancy diagnosis in buffaloes, Karen et al. [22] reported no significant differences between the sensitivity and specificity of the two tests in the examined period (19 and 55 days after mating), and concluded that both are highly accurate tests for detecting pregnant buffaloes from day 31 onwards after mating. In this study, the ultrasound allowed us to significantly detect the presence of a viable embryo (vesicle + embryo + heartbeat) at day 28 post-AI, predicting the animals that would maintain pregnancy compared to those that would experience embryonic mortality, while PAGs concentrations permitted the discrimination between buffalo that experienced embryonic mortality and those that maintained pregnancy starting from 25 days of gestation.




5. Conclusions


Among the methods investigated in this study, PAGs were the best marker for predicting embryonic mortality in buffalo between 25 and 40 days of gestation. Although low values of P4 were associated with pregnancy failures, as a predictor for pregnancy loss, P4 is less reliable compared to PAGs and ultrasonography. The disadvantage of ultrasonography is that the pregnancy status is only guaranteed at the time of diagnosis. Differently, PAGs reflect embryo wellbeing and therefore the reduction of its circulating concentrations is a prognostic sign of pregnancy failure. Notwithstanding that the assay refinement and studies with a large sample size are needed to improve the predictive value to an acceptable point for use in applied reproductive management, our data have shown that PAGs could be utilized as a diagnostic tool in order to improve farm reproductive management through intervention strategies for animals identified to be at risk for embryo loss.







Author Contributions


Conceptualization, writing and editing, V.L.B.; formal analysis and data curation, L.M.; samples analysis, A.B.C.; visualization and review, G.B.; supervision, N.M.d.S.; visualization, R.Z., laboratory analysis, C.C.; supervision, J.F.B.; conceptualization, writing and draft preparation, O.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was founded by Scientific and Technological Research Program founded by Fondazione Cassa di Risparmio of Perugia and Sterling SPA.




Institutional Review Board Statement


The trial was carried out in the period January-June 2012. The animals involved in this experiment were treated in compliance with the animal testing regulations established under Italian law in force at that time (DL 27 January 1992, N 116). The experimental design was carried out according to good veterinary practices under farm conditions. The CREA Research Centre for Animal Production and Aquaculture is authorized to use farm animals for experimental design (as stated in DM 26/96-4 of Italian Welfare Ministry). The animals were supevised by the responsable of animal welfare and the designated veterinarian as required by the law in force at the time of the trial.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Khatib, H.; Huang, W.; Mikheil, D.; Schutzkus, V.; Monson, R. Effects of signal transducer and activator of transcription (STAT) genes STAT1 and STAT3 genotypic combinations on fertilization and embryonic survival rates in Holstein cattle. J. Dairy Sci. 2009, 92, 6186–6191. [Google Scholar] [CrossRef] [PubMed]

	



Wiltbank, M.C.; Baez, G.M.; Garcia-Guerra, A.; Toledo, M.Z.; Monteiro, P.L.; Melo, L.F.; Ochoa, J.C.; Santos, J.E.; Sartori, R. Pivotal periods for pregnancy loss during the first trimester of gestation in lactating dairy cows. Theriogenology 2016, 86, 239–253. [Google Scholar] [CrossRef]

	



Fricke, P.M.; Ricci, A.; Giordano, J.O.; Carvalho, P.D. Methods for and implementation of pregnancy diagnosis in dairy cows. Vet. Clin. Food Anim. Pract. 2016, 32, 165–180. [Google Scholar] [CrossRef] [PubMed]

	



Santos, J.; Thatcher, W.; Chebel, R.; Cerri, R.; Galvao, K. The effect of embryonic death rates in cattle on the efficacy of estrus synchronization programs. Anim. Reprod. Sci. 2004, 82, 513–535. [Google Scholar] [CrossRef] [PubMed]

	



Walsh, S.; Williams, E.; Evans, A. A review of the causes of poor fertility in high milk producing dairy cows. Anim. Reprod. Sci. 2011, 123, 127–138. [Google Scholar] [CrossRef] [PubMed]

	



Barile, V.L. Reproductive efficiency in female buffaloes. In Buffalo Production and Research; Borghese, A., Ed.; REU Technical Series 67; FAO: Roma, Italy, 2005; pp. 77–108. Available online: http://ftp.fao.org/docrep/fao/010/ah847e/ah847e.pdf (accessed on 16 December 2020).

	



Barile, V.; Terzano, G.; Pacelli, C.; Todini, L.; Malfatti, A.; Barbato, O. LH peak and ovulation after two different estrus synchronization treatments in buffalo cows in the daylight-lengthening period. Theriogenology 2015, 84, 286–293. [Google Scholar] [CrossRef]

	



Campanile, G.; Neglia, G.; Gasparrini, B.; Galiero, G.; Prandi, A.; Di Palo, R.; Michael, J.; Zicarelli, L. Embryonic mortality in buffaloes synchronized and mated by AI during the seasonal decline in reproductive function. Theriogenology 2005, 63, 2334–2340. [Google Scholar] [CrossRef]

	



Campanile, G.; Neglia, G. Embryonic mortality in buffalo cows. Ital. J. Anim. Sci. 2007, 6, 119–129. [Google Scholar] [CrossRef]

	



Baruselli, P.; Visintin, J.; Barnabe, V.; Barnabe, R.; Amaral, R.; Souza, A. Early pregnancy ultrasonography and embryonic mortality occurence in buffalo. In Proceedings of the V World Buffalo Congress, Caserta, Italy, 13–18 October 1997; pp. 13–16. [Google Scholar]

	



Vale, W.; Ohashi, O.; Sousa, J.; Ribeiro, H.; Silva, A.; Nanba, S. Morte embrionaria e fetal em bufalos, Bubalus bubalis Lin. Rev. Bras. Reprod. Anim. 1989, 13, 157–165. [Google Scholar]

	



Hansel, W.; Spalding, R.W.; Larson, L.L.; Laster, D.B.; Wagner, J.F.; Braun, R.K. Influence of human chorionic gonadotropin on pregnancy rates in lactating dairy and beef cows. J. Dairy Sci. 1976, 59, 751–754. [Google Scholar] [CrossRef]

	



Morris, D.G.; Grealy, M.; Leese, H.; Diskin, M.G.; Sreenan, J. Cattle Embryo Growth Development and Viabilty; Teagasc: Dublin, Ireland, 2001; ISBN 1-84170-224-2. [Google Scholar]

	



Fricke, P. Scanning the future—Ultrasonography as a reproductive management tool for dairy cattle. J. Dairy Sci. 2002, 85, 1918–1926. [Google Scholar] [CrossRef]

	



Balhara, A.K.; Gupta, M.; Singh, S.; Mohanty, A.K.; Singh, I. Early Pregnancy Diagnosis in Bovines: Current Status and Future Directions. Sci. World J. 2013, 2013. [Google Scholar] [CrossRef]

	



Pohler, K.G.; Pereira, M.H.C.; Lopes, F.R.; Lawrence, J.C.; Keisler, D.H.; Smith, M.F.; Vasconcelos, J.L.M.; Green, J.A. Circulating concentrations of bovine pregnancy-associated glycoproteins and late embryonic mortality in lactating dairy herds. J. Dairy Sci. 2016, 99, 1584–1594. [Google Scholar] [CrossRef] [PubMed]

	



Pawshe, C.H.; Appa Rao, K.B.C.; Totey, S.M. Ultrasonographic imaging to monitor early pregnancy and embryonic development in the buffalo (Bubalus bubalis). Theriogenology 1994, 41, 697–709. [Google Scholar] [CrossRef]

	



Ali, A.; Fahmy, S. Ultrasonographic fetometry and determination of fetal sex in buffaloes (Bubalus bubalis). Anim. Reprod. Sci. 2008, 106, 90–99. [Google Scholar] [CrossRef] [PubMed]

	



Bhosreker, M.R.; Hangarge, I.M. Ultra sonography for early pregnancy diagnosis in buffaloes. Indian J. Anim. Reprod. 2000, 21, 143–144. [Google Scholar]

	



Pinheiro Ferreira, J.C.P.; Martin, I.; Irikura, C.R.; Gimenes, L.U.; Fujihara, C.J.; Jorge, A.M.; Oba, E. Ultrasonographic monitoring of early pregnancy development in Murrah buffalo heifers (Bubalus bubalis). Livest. Sci. 2011, 138, 174–179. [Google Scholar] [CrossRef]

	



Sharma, R.; Singh, J.; Khanna, S.; Phulia, S.; Sarkar, S.K.; Singh, I. Fetal age determination in Murrah buffaloes from days 22 through 60 with ultrasonography. Indian J. Anim. Sci. 2012, 82, 374–376. [Google Scholar]

	



Karen, A.; Darwish, S.; Ramoun, A.; Tawfeek, K.; Van Hanh, N.; De Sousa, N.; Sulon, J.; Szenci, O.; Beckers, J.-F. Accuracy of ultrasonography and pregnancy-associated glycoprotein test for pregnancy diagnosis in buffaloes. Theriogenology 2007, 68, 1150–1155. [Google Scholar] [CrossRef]

	



López-Gatius, F.; García-Ispierto, I. Ultrasound and Endocrine Findings that Help to Assess the Risk of Late Embryo/Early Foetal Loss by Non-Infectious Cause in Dairy Cattle. Reprod. Domest. Anim. 2010, 45, 15–24. [Google Scholar] [CrossRef]

	



Barbato, O.; Barile, V.L. The Pregnancy Diagnosis in Buffalo Species: Laboratory Methods. J. Buffalo Sci. 2012, 1, 157–162. [Google Scholar] [CrossRef]

	



Arora, R.; Pandey, R. Changes in peripheral plasma concentrations of progesterone, estradiol-17β, and luteinizing hormone during pregnancy and around parturition in the buffalo (Bubalus bubalis). Gen. Comp. Endocrinol. 1982, 48, 403–410. [Google Scholar] [CrossRef]

	



Kaul, V.; Prakash, B.S. Accuracy of pregnancy/non pregnancy diagnosis in zebu and crossbred cattle and Murrah buffaloes by milk progesterone determination post insemination. Trop. Anim. Health Prod. 1994, 26, 187–192. [Google Scholar] [CrossRef]

	



Batra, S.K.; Prakash, B.S.; Madan, M.L. Relationship of progesterone. Trop. Anim. Health Prod. 1993, 25, 185–192. [Google Scholar]

	



Starbuck, M.J.; Dailey, R.A.; Inskeep, E.K. Factors affecting retention of early pregnancy in dairy cattle. Anim. Reprod. Sci. 2004, 84, 27–39. [Google Scholar] [CrossRef]

	



Zoli, A.P.; Beckers, J.F.; Wouters-Ballman, P.; Closset, J.; Falmagne, P.; Ectors, F. Purification and Characterization of a Bovine Pregnancy-Associated Glycoprotein. Biol. Reprod. 1991, 45, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Garbayo, J.M.; Serrano, B.; Lopez-Gatius, F. Identification of novel pregnancy-associated glycoproteins (PAG) expressed by the peri-implantation conceptus of domestic ruminants. Anim. Reprod. Sci. 2008, 103, 120–134. [Google Scholar] [CrossRef]

	



Wallace, R.M.; Pohler, K.G.; Smith, M.F.; Green, J.A. Placental PAGs: Gene origins, expression patterns, and use as markers of pregnancy. Reproduction 2015, 149, R115–R126. [Google Scholar] [CrossRef]

	



Zoli, A.P.; Guilbault, L.A.; Delahaut, P.; Ortiz, W.B.; Beckers, J.-F. Radioimmunoassay of a Bovine Pregnancy-Associated Glycoprotein in Serum: Its Application for Pregnancy Diagnosis. Biol. Reprod. 1992, 46, 83–92. [Google Scholar] [CrossRef]

	



Touzard, E.; Reinaud, P.; Dubois, O.; Guyader-Joly, C.; Humblot, P.; Ponsart, C.; Charpigny, G. Specific expression patterns and cell distribution of ancient and modern PAG in bovine placenta during pregnancy. Reproduction 2013, 146, 347–362. [Google Scholar] [CrossRef]

	



Szafranska, B.; Xie, S.; Green, J.; Roberts, R.M. Porcine pregnancy-associated glycoproteins: New members of the aspartic proteinase gene family expressed in trophectoderm. Biol. Reprod. 1995, 53, 21–28. [Google Scholar] [CrossRef]

	



Xie, S.; Green, J.; Bixby, J.B.; Szafranska, B.; DeMartini, J.C.; Hecht, S.; Roberts, R.M. The diversity and evolutionary relationships of the pregnancy-associated glycoproteins, an aspartic proteinase subfamily consisting of many trophoblast-expressed genes. Proc. Natl. Acad. Sci. USA 1997, 94, 12809–12816. [Google Scholar] [CrossRef] [PubMed]

	



Garbayo, J.M.; Remy, B.; Alabart, J.L.; Folch, J.; Wattiez, R.; Falmagne, P.; Beckers, J.F. Isolation and Partial Characterization of a Pregnancy-Associated Glycoprotein Family from the Goat Placenta. Biol. Reprod. 1998, 58, 109–115. [Google Scholar] [CrossRef]

	



Green, J.A.; Xie, S.; Quan, X.; Bao, B.; Gan, X.; Mathialagan, N.; Beckers, J.-F.; Roberts, R.M. Pregnancy-Associated Bovine and Ovine Glycoproteins Exhibit Spatially and Temporally Distinct Expression Patterns During Pregnancy1. Biol. Reprod. 2000, 62, 1624–1631. [Google Scholar] [CrossRef] [PubMed]

	



El Amiri, B.; Sousa, N.M.; Alvarez Oxiley, A.; Hadarbach, D.; Beckers, J.-F. Pregnancy-associated glycoprotein (PAG) concentration in plasma and milk samples for early pregnancy diagnosis in Lacaune dairy sheep. Res. Vet. Sci. 2015, 99, 30–36. [Google Scholar] [CrossRef]

	



Sousa, N.M.; Zongo, M.; Pitala, W.; Boly, H.; Sawadogo, L.; Sanon, M.; de Figueiredo, J.R.; Gonçalves, P.B.D.; El Amiri, B.; Perènyi, Z.; et al. Pregnancy-associated glycoprotein concentrations during pregnancy and the postpartum period in Azawak Zebu cattle. Theriogenology 2003, 59, 1131–1142. [Google Scholar] [CrossRef]

	



Majewska, M.; Panasiewicz, G.; Majewski, M.; Szafranska, B. Localization of chorionic pregnancy-associated glycoprotein family in the pig. Reprod. Biol. 2006, 6, 205–230. [Google Scholar]

	



Brandt, G.A.; Parks, T.E.; Killian, G.; Ealy, A.D.; Green, J.A. A cloning and expression analysis of pregnancy-associated glycoproteins expressed in trophoblasts of the white-tail deer placenta. Mol. Reprod. Dev. 2007, 74, 1355–1362. [Google Scholar] [CrossRef]

	



Bériot, M.; Tchimbou, A.F.; Barbato, O.; Beckers, J.-F.; de Sousa, N.M. Identification of pregnancy-associated glycoproteins and alpha-fetoprotein in fallow deer (Dama dama) placenta. Acta Vet. Scand. 2014, 56, 4. [Google Scholar] [CrossRef]

	



De Carolis, M.; Barbato, O.; Acuti, G.; Trabalza Marinucci, M.; de Sousa, N.M.; Canali, C.; Moscati, L. Plasmatic Profile of Pregnancy-Associated Glycoprotein (PAG) during Gestation and Postpartum in Sarda and Lacaune Sheep Determined with Two Radioimmunoassay Systems. Animals 2020, 10, 1502. [Google Scholar] [CrossRef] [PubMed]

	



Barbato, O.; Sousa, N.M.; Klisch, K.; Clerget, E.; Debenedetti, A.; Barile, V.L.; Malfatti, A.; Beckers, J.F. Isolation of new pregnancy-associated glycoproteins from water buffalo (Bubalus bubalis) placenta by Vicia villosa affinity chromatography. Res. Vet. Sci. 2008, 85, 457–466. [Google Scholar] [CrossRef]

	



Barbato, O.; Melo de Sousa, N.; Barile, V.L.; Canali, C.; Beckers, J.-F. Purification of pregnancy-associated glycoproteins from late-pregnancy Bubalus bubalis placentas and development of a radioimmunoassay for pregnancy diagnosis in water buffalo females. BMC Vet. Res. 2013, 9, 89. [Google Scholar] [CrossRef]

	



Zoli, A.P.; Demez, P.; Beckers, J.-F.; Reznik, M.; Beckers, A. Light and Electron Microscopic Immunolocalization of Bovine Pregnancy-Associated Glycoprotein in the Bovine Placentome. Biol. Reprod. 1992, 46, 623–629. [Google Scholar] [CrossRef]

	



Barbato, O.; Sousa, N.M.; Debenedetti, A.; Canali, C.; Todini, L.; Beckers, J.F. Validation of a new pregnancy-associated glycoprotein radioimmunoassay method for the detection of early pregnancy in ewes. Theriogenology 2009, 72, 993–1000. [Google Scholar] [CrossRef]

	



Barbato, O.; Chiaradia, E.; Barile, V.L.; Pierri, F.; de Sousa, N.M.; Terracina, L.; Canali, C.; Avellini, L. Investigation into omocysteine, vitamin E and malondialdehyde as indicators of successful artificial insemination in synchronized buffalo cows (Bubalus bubalis). Res. Vet. Sci. 2016, 104, 100–105. [Google Scholar] [CrossRef]

	



Barbato, O.; Menchetti, L.; Sousa, N.M.; Malfatti, A.; Brecchia, G.; Canali, C.; Beckers, J.F.; Barile, V.L. Pregnancy-associated glycoproteins (PAGs) concentrations in water buffaloes (Bubalus bubalis) during gestation and the postpartum period. Theriogenology 2017, 97, 73–77. [Google Scholar] [CrossRef]

	



El-Battawy, K.A.; Sousa, N.M.; Szenci, O.; Beckers, J.F. Pregnancy-associated glycoprotein profile during the first trimester of pregnancy in Egyptian buffalo cows. Reprod. Domest. Anim. Zuchthyg. 2009, 44, 161–166. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, V.H.; Barbato, O.; Bui, X.N.; Beckers, J.-F.; de Sousa, N.M. Assessment of pregnancy-associated glycoprotein (PAG) concentrations in swamp buffalo samples from fetal and maternal origins by using interspecies antisera. Anim. Sci. J. 2012, 83, 683–689. [Google Scholar] [CrossRef] [PubMed]

	



Guelfi, G.; Stefanetti, V.; De Luca, S.; Giontella, A.; Barile, V.L.; Barbato, O. Serum microRNAs in buffalo cows: Potential biomarkers of pregnancy. Res. Vet. Sci. 2017, 115, 294–300. [Google Scholar] [CrossRef]

	



Barbato, O.; Guelfi, G.; Barile, V.; Menchetti, L.; Tortiello, C.; Canali, C.; Brecchia, G.; Traina, G.; Beckers, J.-F.; de Sousa, N.M. Using real-time PCR to identify pregnancy-associated glycoprotein 2 (PAG-2) in water buffalo (Bubalus bubalis) blood in early pregnancy. Theriogenology 2017, 89, 106–113. [Google Scholar] [CrossRef]

	



Barbato, O.; Guelfi, G.; Menchetti, L.; Brecchia, G.; Melo de Sousa, N.; Canali, C.; Grandoni, F.; Scatà, M.C.; De Matteis, G.; Casano, A.B.; et al. Investigation of PAG2 mRNA Expression in Water Buffalo Peripheral Blood Mononuclear Cells and Polymorphonuclear Leukocytes from Maternal Blood at the Peri-Implantation Period. Vet. Sci. 2019, 6, 8. [Google Scholar] [CrossRef]

	



Boiti, C.; Ceccarelli, P.; Beghelli, V.; Daniotti, P.; Pennisi, F. Messa a punto di un metodo per la determinazione radioimmunologica del progesterone plasmatico (A RIA method for plasma progesterone determination). Proc. Soc. Ital. Sci. Vet. 1974, 26, 366–371. [Google Scholar]

	



Todini, L.; Malfatti, A.; Barbato, O.; Costarelli, S.; Debenedetti, A. Progesterone Plus PMSG Priming in Seasonally Anovulatory Lactating Sarda Ewes Exposed to the Ram Effect. J. Reprod. Dev. 2007, 53, 437–441. [Google Scholar] [CrossRef]

	



Greenwood, F.C.; Hunter, W.M.; Glover, J.S. The preparation of 131I-labelled human growth hormone of high specific radioactivity. Biochem. J. 1963, 89, 114–123. [Google Scholar] [CrossRef]

	



Skelley, D.S.; Brown, L.P.; Besch, P.K. Radioimmunoassay. Clin. Chem. 1973, 19, 146–186. [Google Scholar] [CrossRef] [PubMed]

	



Greiner, M.; Pfeiffer, D.; Smith, R.D. Principles and practical application of the receiver-operating characteristic analysis for diagnostic tests. Prev. Vet. Med. 2000, 45, 23–41. [Google Scholar] [CrossRef]

	



Pohler, K.G.; Reese, S.T.; Franco, G.A.; Oliveira, R.V.; Paiva, R.; Fernandez, L.; de Melo, G.; Vasconcelos, J.L.M.; Cooke, R.; Poole, R.K. New approaches to diagnose and target reproductive failure in cattle. Anim. Reprod. 2020, 17. [Google Scholar] [CrossRef]

	



Pope, W.F. Uterine Asynchrony: A Cause of Embryonic Loss12. Biol. Reprod. 1988, 39, 999–1003. [Google Scholar] [CrossRef]

	



Kastelic, J.P.; Curran, S.; Ginther, O.J. Accuracy of ultrasonography for pregnancy diagnosis on days 10 to 22 in heifers. Theriogenology 1989, 31, 813–820. [Google Scholar] [CrossRef]

	



Pierson, R.A.; Ginther, O.J. Ultrasonography for detection of pregnancy and study of embryonic development in heifers. Theriogenology 1984, 22, 225–233. [Google Scholar] [CrossRef]

	



Curran, S.; Pierson, R.; Ginther, O. Ultrasonographic appearance of the bovine conceptus from days 10 through 20. J. Am. Vet. Med. Assoc. 1986, 189, 1295–1302. [Google Scholar]

	



Kastelic, J.; Curran, S.; Pierson, R.; Ginther, O. Ultrasonic evaluation of the bovine conceptus. Theriogenology 1988, 29, 39–54. [Google Scholar] [CrossRef]

	



Vecchio, D.; Di Palo, R.; Zicarelli, L.; Grassi, C.; Cammarano, A.; D‘Occhio, M.; Campanile, G. Embryonic mortality in buffalo naturally mated. Ital. J. Anim. Sci. 2007, 6, 677–679. [Google Scholar] [CrossRef]

	



Naikoo, M.; Patel, D.; Derashri, H. Early pregnancy diagnosis by transrectal ultrasonography in Mehsana buffaloes (Bubalus bubalis). Buffalo Bull. 2013, 32, 120–125. [Google Scholar]

	



Reese, S.T.; Geary, T.W.; Franco, G.A.; Moraes, J.G.N.; Spencer, T.E.; Pohler, K.G. Pregnancy associated glycoproteins (PAGs) and pregnancy loss in high vs sub fertility heifers. Theriogenology 2019, 135, 7–12. [Google Scholar] [CrossRef] [PubMed]

	



Niswender, G.D.; Juengel, J.L.; Silva, P.J.; Rollyson, M.K.; McIntush, E.W. Mechanisms Controlling the Function and Life Span of the Corpus Luteum. Physiol. Rev. 2000, 80, 1–29. [Google Scholar] [CrossRef]

	



Inskeep, E.K. Preovulatory, postovulatory, and postmaternal recognition effects of concentrations of progesterone on embryonic survival in the cow1,2. J. Anim. Sci. 2004, 82, E24–E39. [Google Scholar] [CrossRef] [PubMed]

	



Barile, V.; Terzano, G.; Allegrini, S.; Maschio, M.; Razzano, M.; Neglia, G.; Pacelli, C. Relationship among preovulatory follicle, corpus luteum and progesterone in oestrus synchronized buffaloes. Ital. J. Anim. Sci. 2007, 6, 663–666. [Google Scholar] [CrossRef]

	



Campanile, G.; Neglia, G.; Michael, J. Embryonic and fetal mortality in river buffalo (Bubalus bubalis). Theriogenology 2016, 86, 207–213. [Google Scholar] [CrossRef] [PubMed]

	



Pieterse, M.C.; Szenci, O.; Willemse, A.H.; Bajcsy, C.S.A.; Dieleman, S.J.; Taverne, M.A.M. Early pregnancy diagnosis in cattle by means of linear-array real-time ultrasound scanning of the uterus and a qualitative and quantitative milk progesterone test. Theriogenology 1990, 33, 697–707. [Google Scholar] [CrossRef]

	



Humblot, F.; Camous, S.; Martal, J.; Charlery, J.; Jeanguyot, N.; Thibier, M.; Sasser, R.G. Pregnancy-specific protein B, progesterone concentrations and embryonic mortality during early pregnancy in dairy cows. J. Reprod. Fertil. 1988, 83, 215–223. [Google Scholar] [CrossRef]

	



Pohler, K.G.; Geary, T.W.; Johnson, C.L.; Atkins, J.A.; Jinks, E.M.; Busch, D.C.; Green, J.A.; MacNeil, M.D.; Smith, M.F. Circulating bovine pregnancy associated glycoproteins are associated with late embryonic/fetal survival but not ovulatory follicle size in suckled beef cows. J. Anim. Sci. 2013, 91, 4158–4167. [Google Scholar] [CrossRef]

	



Pohler, K.G.; Green, J.A.; Geary, T.W.; Peres, R.F.G.; Pereira, M.H.C.; Vasconcelos, J.L.M.; Smith, M.F. Predicting Embryo Presence and Viability. In Regulation of Implantation and Establishment of Pregnancy in Mammals: Tribute to 45 Year Anniversary of Roger V. Short’s “Maternal Recognition of Pregnancy”; Geisert, R.D., Bazer, F.W., Eds.; Advances in Anatomy, Embryology and Cell Biology; Springer International Publishing: Cham, Switzerland, 2015; pp. 253–270. ISBN 978-3-319-15856-3. [Google Scholar]

	



Kindahl, H.; Kornmatitsuk, B.; Königsson, K.; Gustafsson, H. Endocrine changes in late bovine pregnancy with special emphasis on fetal well-being. Domest. Anim. Endocrinol. 2002, 23, 321–328. [Google Scholar] [CrossRef]

	



Kornmatitsuk, B.; Veronesi, M.C.; Madej, A.; Dahl, E.; Ropstad, E.; Beckers, J.F.; Forsberg, M.; Gustafsson, H.; Kindahl, H. Hormonal measurements in late pregnancy and parturition in dairy cows—Possible tools to monitor foetal well being. Anim. Reprod. Sci. 2002, 72, 153–164. [Google Scholar] [CrossRef]

	



Dobson, H.; Rowan, T.G.; Kippax, I.S.; Humblot, P. Assessment of fetal number, and fetal and placental viability throughout pregnancy in cattle. Theriogenology 1993, 40, 411–425. [Google Scholar] [CrossRef]

	



Patel, O.V.; Sulon, J.; Beckers, J.F.; Takahashi, T.; Hirako, M.; Sasaki, N.; Domeki, I. Plasma bovine pregnancy-associated glycoprotein concentrations throughout gestation in relationship to fetal number in the cow. Eur. J. Endocrinol. 1997, 137, 423–428. [Google Scholar] [CrossRef]

	



Beckers, J.F.; Drion, P.V.; Garbayo, J.M.; Perény, Z.S.; Zarrouk, A.; Sulon, J.; Remy, B.; Szenci, O. Pregnancy Associated Glycoproteins in ruminants: Inctive members of the aspartic proteinase family. Acta Vet. Hung. 1999, 47, 461–469. [Google Scholar] [PubMed]

	



Wooding, F. Structure and function of placental binucleate (giant) cells. Bibl. Anat. 1982, 22, 134–139. [Google Scholar]

	



Klisch, K.; Jeanrond, E.; Pang, P.-C.; Pich, A.; Schuler, G.; Dantzer, V.; Kowalewski, M.P.; Dell, A. A Tetraantennary Glycan with Bisecting N-Acetylglucosamine and the Sda Antigen is the Predominant N-Glycan on Bovine Pregnancy-Associated Glycoproteins. Glycobiology 2007, 18, 42–52. [Google Scholar] [CrossRef] [PubMed]

	



Carvalho, A.F.; Klisch, K.; Miglino, M.A.; Pereira, F.T.V.; Bevilacqua, E. Binucleate trophoblast giant cells in the water buffalo (Bubalus bubalis) placenta. J. Morphol. 2006, 267, 50–56. [Google Scholar] [CrossRef]

	



Austin, K.J.; King, C.P.; Vierk, J.E.; Sasser, R.G.; Hansen, T.R. Pregnancy-Specific Protein B Induces Release of an Alpha Chemokine in Bovine Endometrium. Endocrinology 1999, 140, 542–545. [Google Scholar] [CrossRef] [PubMed]

	



Hoeben, D.; Monfardini, E.; Opsomer, G.; Burvenich, C.; Dosogne, H.; de Kruif, A.; Beckers, J.-F. Chemiluminescence of bovine polymorphonuclear leucocytes during the periparturient period and relation with metabolic markers and bovine pregnancy-associated glycoprotein. J. Dairy Res. 2000, 67, 249–259. [Google Scholar] [CrossRef]

	



Silva, E.; Sterry, R.A.; Kolb, D.; Mathialagan, N.; McGrath, M.F.; Ballam, J.M.; Fricke, P.M. Accuracy of a Pregnancy-Associated Glycoprotein ELISA to Determine Pregnancy Status of Lactating Dairy Cows Twenty-Seven Days After Timed Artificial Insemination. J. Dairy Sci. 2007, 90, 4612–4622. [Google Scholar] [CrossRef]

	



Romano, J.E.; Larson, J.E. Accuracy of pregnancy specific protein-B test for early pregnancy diagnosis in dairy cattle. Theriogenology 2010, 74, 932–939. [Google Scholar] [CrossRef]

	



Oliveira Filho, R.; Franco, G.; Reese, S.; Dantas, F.; Fontes, P.; Cooke, R.; Rhinehart, J.; Thompson, K.; Pohler, K. Using pregnancy associated glycoproteins (PAG) for pregnancy detection at day 24 of gestation in beef cattle. Theriogenology 2020, 141, 128–133. [Google Scholar] [CrossRef]

	



Barbato, O.; Menchetti, L.; Sousa, N.M.; Brecchia, G.; Malfatti, A.; Canali, C.; Beckers, J.-F.; Barile, V.L. Correlation of two radioimmunoassay systems for measuring plasma pregnancy-associated glycoproteins concentrations during early pregnancy and postpartum periods in water buffalo. Reprod. Domest. Anim. 2018, 53, 1483–1490. [Google Scholar] [CrossRef]

	



Pohler, K.G.; Peres, R.F.G.; Green, J.A.; Graff, H.; Martins, T.; Vasconcelos, J.L.M.; Smith, M.F. Use of bovine pregnancy-associated glycoproteins to predict late embryonic mortality in postpartum Nelore beef cows. Theriogenology 2016, 85, 1652–1659. [Google Scholar] [CrossRef]

	



Gatea, A.O.; Smith, M.F.; Pohler, K.G.; Egen, T.; Pereira, M.H.C.; Vasconselos, J.L.M.; Lawrence, J.C.; Green, J.A. The ability to predict pregnancy loss in cattle with ELISAs that detect pregnancy associated glycoproteins is antibody dependent. Theriogenology 2018, 108, 269–276. [Google Scholar] [CrossRef] [PubMed]

	



Szenci, O.; Humblot, P.; Beckers, J.F.; Sasser, G.; Sulon, J.; Baltusen, R.; Varga, J.; Bajcsy, C.S.A.; Taverne, M.A.M. Plasma Profiles of Progesterone and Conceptus Proteins in Cows with Spontaneous Embryonic/Fetal Mortality as Diagnosed by Ultrasonography. Vet. J. 2000, 159, 287–290. [Google Scholar] [CrossRef]

	



Thompson, I.M.; Cerri, R.L.A.; Kim, I.H.; Green, J.A.; Santos, J.E.P.; Thatcher, W.W. Effects of resynchronization programs on pregnancy per artificial insemination, progesterone, and pregnancy-associated glycoproteins in plasma of lactating dairy cows. J. Dairy Sci. 2010, 93, 4006–4018. [Google Scholar] [CrossRef]








[image: Animals 11 00487 g001 550] 





Figure 1. Concentrations of progesterone (P4) in mortality and pregnant groups at day 0, 14, 25, 28 and 40 post-AI. Bars not sharing the same superscript within each day are significantly different at p < 0.05. 
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Figure 2. Receiver operating characteristics curves for the detection of embryonic mortality by P4 at days 25 (Panel A), 28 (Panel B), and 40 (Panel C) post-AI. Optimal cut-offs for predicting mortality were 2.6 ng/mL, 2.6 ng/mL, and 2.4 ng/mL at days 25, 28 and 40 post-AI, respectively. 
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Figure 3. Concentrations of pregnancy-associated glycoproteins (PAG) in mortality and pregnant groups at days 0, 25, 28, and 40 post-AI. Bars not sharing the same superscript within each day are significantly different at p < 0.05. 
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Figure 4. Receiver operating characteristic (ROC) curves for the detection of embryonic mortality by PAG at days 25 (Panel A), 28 (Panel B), and 40 (Panel C) post-AI. Optimal cut-offs for predicting mortality were 1.1 ng/mL, 2.2 ng/mL, and 2.7 ng/mL at days 25, 28 and 40 post-AI, respectively. 
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Table 1. Results of ultrasound observations according to number of days post-artificial insemination (AI) and outcome.
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Day Post-AI

	
Ultrasound Observation

	
Outcome

	
Significance




	
Mortality

	
Pregnant






	
25

	
No vesicle

	
8 a (66.7%)

	
4 b (8.0%)

	
0.0001




	
Vesicle

	
1 a (8.3%)

	
22 b (44.0%)




	
Vesicle + embryo

	
1 a (8.3%)

	
3 a (6.0%)




	
Vesicle + embryo + beat

	
2 a (16.7%)

	
21 b (42.0%)




	
28

	
No vesicle

	
1 a (8.3%)

	
0 a (0.0%)

	
0.0001




	
Vesicle

	
2 a (16.7%)

	
3 a (6.0%)




	
Vesicle + embryo

	
3 b (25.0%)

	
0 a (0.0%)




	
Vesicle + embryo + beat

	
6 a (50.0%)

	
47 b (94.0%)




	
40

	
No vesicle

	
11 b (91.7%)

	
0 a (0.0%)

	
0.0001




	
Vesicle + embryo

	
1 a (8.3%)

	
0 a (0.0%)




	
Vesicle + embryo + beat

	
0 a (0.0%)

	
50 b (100.0%)








Values in the same row not sharing the same superscript (a, b) are significantly different at p < 0.05 (z-test).
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Table 2. Results of Receiver Operator Characteristic (ROC) analysis including the area under the ROC curve (AUC) with corresponding 95% confidence intervals (CI) and p-values, optimal cut-off with associated sensitivity, specificity and accuracy values.






Table 2. Results of Receiver Operator Characteristic (ROC) analysis including the area under the ROC curve (AUC) with corresponding 95% confidence intervals (CI) and p-values, optimal cut-off with associated sensitivity, specificity and accuracy values.





	
Day

	
Parameter

	
AUC

	
95% CI

	
p-Value

	
Cut-off (ng/mL)

	
Sensitivity (%)

	
Specificity (%)

	
Accuracy (%)






	
25

	
PAG

	
0.837

	
0.706–0.967

	
<0.001

	
1.1

	
75

	
74

	
74




	
P4

	
0.793

	
0.639–0.946

	
0.002

	
2.6

	
67

	
76

	
74




	
28

	
PAG

	
0.700

	
0.516–0.884

	
0.033

	
2.2

	
67

	
76

	
74




	
P4

	
0.722

	
0.537–0.906

	
0.018

	
2.6

	
75

	
66

	
68




	
40

	
PAG

	
1.000

	
1.000–1.000

	
<0.001

	
2.7

	
100

	
100

	
100




	
P4

	
0.883

	
0.758–1000

	
<0.001

	
2.4

	
83

	
86

	
85








PAG = Pregnancy-Associated Glycoproteins. P4 = Progesterone.
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Table 3. Univariate models to evaluate the predictors of mortality in buffalo cows at days 25 and 28 post-AI.
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Day Post-AI

	
Predictor

	
OR

	
95% CI

	
p-Value




	
Lower

	
Upper






	
25

	
Ultrasound outcome

	

	

	

	




	
No embryo + beat vs. Embryo + beat

	
3.621

	
0.717

	
18.272

	
0.119




	
PAG concentrations

≤1.1 ng/mL vs. >1.1 ng/mL

	
6.375

	
1.517

	
26.784

	
0.011




	
P4 concentration

≤2.6 ng/mL vs. >2.6 ng/mL

	
4.667

	
1.217

	
17.894

	
0.025




	
28

	
Ultrasound outcome

	




	
No Embryo + beat vs. Embryo + beat

	
15.667

	
3.083

	
79.613

	
0.001




	
PAG concentrations

≤2.2 ng/mL vs. >2.2 ng/mL

	
6.333

	
1.618

	
24.786

	
0.008




	
P4 concentrations

≤2.6 ng/mL vs. >2.6 ng/mL

	
4.895

	
1.176

	
20.372

	
0.029








Dependent variable: mortality. OR = odds ratio. CI = Wald confidence interval.
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