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Yangtze finless porpoise (Neophocaena asiaeorientalis asiaeorientalis) is a critically endangered freshwater cetacean dwelling in the Yangtze River and its adjoining lakes. Affected mainly by the various anthropogenic activities in this region, its population decreased dramatically in the past two decades. To protect this animal from extinction, captive breeding program is an important way to provide basic knowledge for wild population conservation. Non-invasive fecal steroid radioimmunoassay technique was validated in three captive Yangtze finless porpoises for the first time in this study. The seasonality of one captive male and the reproductive status of two females were investigated by longitudinal monitoring their fecal reproductive steroid hormone metabolites. Pregnancy could be diagnosed by an abrupt increase in fecal progesterone metabolites. In late pregnancy (4 months before birth), a significant decrease of fecal progesterone metabolites was observed, which might be referenced for the expectation of parturition date. Seven estrous cycles were recognized in one breeding season of a non-pregnant female judged by the variation of fecal progesterone metabolite levels. The fecal progesterone metabolite level was proved a reliable and precise indicator for estrus and pregnancy diagnosis.
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INTRODUCTION

The Yangtze finless porpoise (Neophocaena asiaeorientalis asiaeorientalis) is a critically endangered (1) freshwater subspecies of Neophocaena, which lives only in the middle and lower reaches of the Yangtze River and its appended big lakes (2). With the increasing anthropogenic impacts on this subspecies, its population dropped quickly in the past two decades. The population was estimated approximately, 1800 in 2006 (3), which was only one-third of that reported in the 1990s (4). However, the survey conducted in December 2012 revealed that the population status is even getting worse (2). Moreover, population viability analysis suggests that this subspecies may follow the fate of extinct baiji (Lipotes vexillifer) (5), within the next 15 years if no practical conservation efforts could be taken promptly (6).

In order to protect this animal from extinction like the baiji, and preserve the genetic diversity in captivity, a captive breeding program has been launched since the early 1990s by the Institute of Hydrobiology of the Chinese Academy of Sciences. A small captive population has been successfully established since 1996. Three calves have been born in this captive group since 2005, which presents the first reproductive success of freshwater cetacean in captivity (7). Moreover, this program provides a unique opportunity to promote our understandings on biology, particularly reproductive physiology of this critically endangered cetacean. By monthly monitoring of the serum hormones, Chen et al. (8) found that Yangtze finless porpoises (YFPs) are obvious seasonal breeders. The serum testosterone concentrations of the male finless porpoise increased from March, peaked in April through July, dropped in September, and kept quiescent in the rest of the months. However, probably because of the possible effects of the stress from monthly manipulation on reproductive hormone secretion (9–11), none of the female animals had ever been pregnant in those consecutive study years. Moreover, it is difficult to monitor the ovarian cycles and hormone dynamics in females through this monthly blood sampling regime because of the complicated variations of the reproductive hormones in females.

Unfortunately, we still know little about the ovarian cycles and hormone dynamics in ovulation of the female YFPs so far due to the restriction of methodology. Our present limited knowledge of the basic reproductive physiology of the female YFP was all achieved from the wild ecological observations and anatomic works, and the conclusions are quite controversial (12). Chen et al. (13) firstly concluded that the gestation length of the YFP was about 10 months by calculating through the body length of the newborn calves. However, using similar calculations, other studies concluded that the gestation length of this animal was only about 9.4 months (14), or 10.5 months (15). These results easily gave a false impression that the YFPs may have a shorter gestation length compared with other small toothed cetaceans since most of the other small toothed cetaceans have a relatively longer pregnancy period (less or longer than 12 months) (16). However, worrying about the further impacts of capture stress on the reproduction of the animals, we are cautious to increase blood-sampling frequency of the animals. Therefore, it seems indispensable to seek an alternative non-invasive technique to further understand the reproductive physiology of this endangered cetacean.

Techniques for non-invasive analysis of fecal or urinary steroid metabolites have been quickly developed in the past 30 years. These techniques have been used to assess reproductive status and function in a wide range of terrestrial animals both in captive and wild studies (17–20). The techniques now are widely accepted in many studies in which blood sampling on a regular basis was either difficult or impossible (21). Inspiringly, this technique has also been successfully used in some cetacean species. Rosalind et al. (22) describes the validation of radioimmunoassay techniques to study reproduction in right whales (Eubalaena glacialis) by measuring fecal metabolites, which may present the first application of this methodology in wild cetaceans. Their work shows that this technique could be used to determine gender, detect pregnancy and lactation, and assess age at sexual maturity in right whales. They also proposed its potential for use in other endangered cetacean populations. Robeck et al. (23–25) developed and applied the non-invasive technique in well-trained captive cetacean species (bottlenose dolphins (Tursiops truncatus), killer whales (Orcinus orca), and Pacific white-sided dolphins (Lagenorhynchus obliquidens) by monitoring the excretory dynamics of urinary Luteinizing Hormone (LH) and reproductive steroid metabolites. Not only the basic reproductive physiology of the cetaceans could be clearly described, but, ovulation and pregnancy could also be precisely detected and diagnosed by determining the dynamics of LH and ovary steroid metabolites in their studies. This technique vastly improved the development of artificial insemination in aquatic animals.

Encouraged by these achievements in cetacean non-invasive reproduction research, the present study was conducted to (1) validate the non-invasive steroid metabolite monitoring technique to be used in the captive YFP for reproductive research; (2) to determine the excretory dynamics of the reproductive steroids, particularly the dynamics of the ovarian steroid metabolites of the female porpoises; (3) to understand the basic reproductive physiology, such as ovulation, pregnancy, and birth etc. of the YFPs and provide information for wild population conservation.

MATERIALS AND METHODS

Animals

Three YFPs comprising one male (10 years) and two females (7 and 10 years, respectively) were involved in this study. The male (A-Fu) and the elder female porpoise (Ying-Ying) were introduced into the Baiji Dolphinarium in November 1996, and the young female (Jing-Jing) was introduced in November 1999. The animals were housed in a kidney-shaped rearing pool (20 × 7 × 3.5 m) in the rearing hall of the aquarium. During the study period, Jing-Jing was pregnant. The male was therefore separated into an adjacent round pool to avoid the sexual disturbance from the male to the pregnant female. The round pool is connected with the kidney-shaped pool through a channel, which was blocked with a stainless-steel fence. The animals in both sides could “see” each other visually and acoustically through the fence but could not contact physically. The YFPs were mainly fed with crucian carps (Carassius auratus), supplemented with some small common carps (Cyprinus carpio) at ~6–8% of their body weight per day. The water quality is monitored daily to keep it in the optimum conditions through a connected filtrating-disinfecting system. The water temperature changed seasonally ranging from 13 to 27°C.

Training and Sampling

The animals were trained with positive reinforcement technique following the rules described by Pryor (26). Briefly, the animals were instructed to turn their body over with the behavioral command of the trainers. Then the trainers gently dab the genital area of the animals with the fingers (Figure 1). If the animals defecate naturally, the samples were collected with a spoon and transferred into a plastic tube with a cap. The samples were labeled and immediately stored at −20°C until assay. All procedures described within this work were reviewed and approved by the veterinarian of the Baiji Dolphinarium and were conducted in accordance with the local Regulations for the Administration of Experimental Animals.
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FIGURE 1. Fecal and urine collection from the YFP.



The fecal samples of male porpoise were collected during the study period (from November 2004 to February 2006), however, only the samples collected about each 10 days were selected for steroid metabolite assay. The pregnant female, Jing-Jing, gave birth to a male porpoise on July 5th, 2005. The porpoise began to accept fecal sample collection in December 2004, and her pregnancy was estimated at the end of July or beginning of August in 2004. Therefore, this study only presented the data of middle and late stages of her pregnancy. The porpoise became fretted and kept distance from the trainer a week before parturition. The last fecal sample before birth was collected on June 29th. The first fecal sample after parturition was collected a month later on August 8th. Four blood samples, including three in pregnancy and one in lactation were collected during the study period. The fecal samples of non-pregnant adult porpoise were collected from April 2005 to February 2006 (333 days in total). The samples collected after every 5 days were analyzed for steroid hormones. Ethical approval (31430080) for the study was obtained from the Research Ethic Committee of Institute of Hydrobiology, University of the Chinese Academy of Sciences, Wuhan, China. The study strictly adhered to the Chinese Law and ethical guidelines for biodiversity.

Fecal Steroid Extraction and Radioimmunoassays (RIA)

Feces were extracted with methanol following the method described by previous works (27–29) with some modifications. Briefly, the frozen fecal samples were lyophilized at −45°C, pulverized, and sieved through a fine mesh to remove the undigested scales and fish bones. Precisely weighed fecal powder (about 0.1 g) were mixed with 1 mL methanol, vortexed for 1 min, and then extracted for 30 min in a horizontal shaker at 25°C. Extracts were centrifuged at 3,000 rpm at normal temperature for 20 min and the supernatant was transferred into a new plastic tube. The pellet was resuspended in 0.5 mL methanol and vortexed for 1 min and then recentrifuged for 20 min. The supernatant was collected and pooled with the first extract in the tube. The pooled supernatant was heated by circulating water bath until methanol was totally evaporated. The dried extracts were re-dissolved in 400 μL 0.05 M PBS-BSA (0.1% bovine serum albumin, vortexed for 1 min, then sonicated for 30 s. All these operations were conducted in a fume hood. The efficiencies of extraction process were determined by monitoring the recovery of [125−I] progesterone (2,000 cpm), [125−I], estrogen (2,000 cpm), and [125−I] testosterone (3,000 cpm) added to each subset of samples (n = 10) prior to extraction. The extraction efficiencies for progesterone, estrogen and testosterone were 86.6 ± 4.3, 60.9 ± 5.5, and 86.0 ± 3.8%, respectively.

The steroids in the diluted extracts were assayed using the commercial magnetic microparticle radioimmunoassay kits provided by Beijing Chemclin Co., China. All the assays were performed according to the instructions of the kits. The assay procedures for the steroid hormones were quite similar. Briefly, taking the progesterone assay, for example, 100 μL progesterone standard (or analyte), 100 μL 125I-lablled progesterone, and 100 μL anti-serum were orderly added into the reaction tube (12 × 60 mm) and oscillated for 30 min at 37°C. Then 500 μL magnetic separation reagent was added into the tube and the tube was kept still for 10 min at room temperature. Then the reaction tube was placed onto the magnetic board for 10 min for separation. The liquid section was dumped, and the radioactive counts were measured by an automatic analyzer (30 s). The standard of this kit ranged from 0 to 100 ng/mL. The sensitivity of this assay was 0.05 ng/mL. The variation coefficients for intra and inter-assay were 7.0 and 10.0%, respectively. The assay procedures for estrogen and testosterone were quite similar to that for progesterone assay except for the volume of the analytes (50 μL). The standards of testosterone and estrogen ranged from 0 to 2,000 ng/mL. The sensitivity of the testosterone assay was 0.2 ng/mL. The variation coefficients of intra and inter-assay were 7.4 and 9.5%, respectively. The sensitivity of estrogen assay was 0.5 ng/mL. The variation coefficients of intra- and inter-assay were 6.0 and 7.7%, respectively. In all assays, standard curves were used to determine the concentration of steroid hormone metabolites in the diluted extracts. The final concentrations of the hormone metabolites in fecal samples, expressed as ng/g dry weight was calculated according to the dilution ratio and exact weight of the samples.

Laboratory and Biological Validation

The fecal steroid assay was validated by (1) running parallelism between the serially 2-fold diluted extracts of pooled fecal samples and the respective standard curves; (2) comparing the steroid metabolite concentrations of the pooled fecal samples collected during the known reproductive status of male or female animals. The logit transformed sample curves of progesterone, estrogen and testosterone all paralleled the respective logit transformed standard curves, respectively (Figures 2A–C), which demonstrated that the cross-reacted hormone metabolites in the fecal samples were immunologically similar to the standards and could be measured proportionately. The appropriate dilution ratios for each assay were determined based on the binding inhibition observed at ~50% (or 0 in the logit figures). Consequently, the re-dissolved extracts were diluted in proper proportion (1:12 for testosterone in the breeding season and 1:6 in non-breeding seasons; 1:4 for progesterone, and 1:12 in pregnant females) in the PBS-BSA buffer before running the appropriate RIA. Estrogen both in male and female samples could be assayed directly without dilution except only a few samples collected in the breeding season from the male.
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FIGURE 2. Displacement comparison of log-logit transformed curves of fecal reproductive steroids (progesterone, estradiol, and testosterone) serial dilutions, and the log-logit curves of the steroid standards showing the displacement of the curves.



Physiological validation was further performed to determine if the hormonal measures accurately reflect the physiological events of interest. The YFPs are obvious seasonal breeders and the reproductive status of mature males has been demonstrated by the intensity of their sexual behavior (30) and serum testosterone concentrations (8). Pregnancy of female porpoise could be diagnosed by B-mode ultrasound. Ten samples from a pregnant female, and non-pregnant female were randomly selected for progesterone and estrogen comparisons. Ten samples collected from a mature male in breeding and non-breeding season were used for testosterone comparison (Table 1). The progesterone concentrations in the fecal samples of the pregnant female were nearly 10 times higher than those in the non-pregnant female, and the fecal testosterone concentration of the male porpoise in a breeding season was also much higher than that in the non-breeding season, which demonstrated that the fluctuations of fecal steroid metabolites physiologically reflected the relevant events.


Table 1. The physiological validation of the fecal reproductive steroids (t-test).
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Blood Sampling and Analysis

Detail of the animal handling, sample collection, and already validated assays are explained in detail by Hao et al. (31) and Nabi et al. (32, 33).

Statistical Analysis

All the data were analyzed by the Statistica software for windows. The independent sampling t-test was used for two group comparisons. ANOVA was used for comparison of the steroid concentrations among the different reproductive status. All the data for comparison were presented as Mean ± SD. The variations of the various hormones were simply presented by Scatterplot provided by the Statistica software. A P < 0.05 indicated a statistically significant difference.

RESULTS

Fecal Steroid Metabolites in the Mature Male

The results of fecal testosterone and estrogen metabolites of the male porpoise are shown in Figure 3. The concentrations of both fecal steroid metabolites varied seasonally and demonstrated quite similar annual trends. They increased promptly in March, dropped quickly from September to October, and kept in very low level to the next February. Even though the two steroids remained in relatively higher-levels during March to September, both of them fluctuated significantly in the middle of this period during June–July.
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FIGURE 3. Seasonal variations of the fecal testosterone and estradiol of the male YFP.



Fecal Steroids in Pregnant Females

The concentration of fecal progesterone metabolites varied significantly during the middle and late stages of pregnancy (Figure 4). It seemed that the mid-March was a watershed. The concentrations of fecal progesterone metabolites kept in relatively higher level before mid March (9th, March), but dropped promptly since then and kept in relatively lower level until birth. The high concentration of fecal progesterone lasted another month after parturition before dropping to the normal level. The concentrations of the fecal steroid metabolites in different reproductive stages of the female were statistically compared and presented in Table 2. The concentration of fecal progesterone metabolites in the mid-pregnancy was much higher than that in later pregnancy and lactation period (P < 0.05). However, there was no discernible difference of fecal estrogen metabolites found in the three stages of the pregnant female porpoise (P > 0.05).
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FIGURE 4. Fecal progesterone concentrations during different stages of pregnancy.




Table 2. The comparison the fecal steroids of the pregnant female porpoise in different stages of pregnancy and lactation period in captivity.
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The fecal testosterone in the pregnant female was also assayed (Figure 5). Interestingly, the concentration of fecal testosterone metabolites increased obviously with the time of pregnancy and reached to its peak just before the birth on June 29th of 2005. It still kept in a much higher level in the first two and half months after parturition before returning to its normal level in P < 0.05, Table 2.
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FIGURE 5. The variation of fecal testosterone concentration in pregnant YFP during pregnancy.



The concentrations of progesterone, estrogen, and testosterone in the blood samples were assayed and presented in Table 3. The serum concentrations of these steroids in different stages showed consistent profile with that in fecal samples.


Table 3. The serum progesterone, estradiol, and testosterone concentration of the pregnant female Yangtze finless porpoise during her pregnancy and lactation period in captivity.
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Fecal Steroids in Non-pregnant Mature Female

Variation in the concentrations of fecal progesterone metabolites of the non-pregnant female is presented in Figure 6. The fecal progesterone metabolites changed cyclically during April through October and kept quiescently in other months. A total of seven cycles of progesterone metabolites were recognized totally during this season. The fecal estrogen metabolites changed similarly with the profile of the fecal progesterone metabolites but, the cycles in estrogen were not as easily recognized as in the progesterone. The average length of a cycle was about 23.2 ± 4.5 days.
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FIGURE 6. The cyclic variation of fecal progesterone concentrations of the non-pregnant female during breeding season (Apr to Nov) in 2005. The “+” indicate the time of vaginal mucus collection.



Vaginal mucus secreted during the cycles was also observed opportunistically by trainers during fecal sample collection. Since the vaginal mucus was not intentionally collected, only 3 events of vaginal mucus secretion were recorded. The time of the vaginal mucus secretion was consistent with the increase of the fecal progesterone metabolites, and generally occurred just 2–3 days after the peak of the progesterone metabolites (Figure 6).

DISCUSSION

Validation for Fecal Steroid Assays

The main route of steroid metabolite excretion (urine or feces) can vary considerably among species as well as between steroids within the same species (17, 34). The biliary system excretes steroid metabolites into the duodenum and transport with the digesta. They are further metabolized during transportation through by residing bacteria, deconjugated, and excreted in the feces or re-absorbed into enterohepatic circulation and finally excreted through urine (18, 34). Therefore, it is essential to biologically validate assays and certify the biological meaningfulness of analyses (35). Like Florida manatee (Trichechus manatus latirostris) fecal samples, our physiological validation suggests significantly higher testosterone concentrations in males compared to non-pregnant adult females (36). Similarly, a significantly higher progesterone level in pregnant and estrogen in non-pregnant female samples also indicate fecal steroid validation as observed by Biancani (37) and Valenzuela-Molina et al. (38) in the feces of bottlenose dolphin and blue whales (Balaenoptera musculus). However, to further improve the validity for steroid hormone metabolites in feces, high-pressure liquid chromatography analysis is suggested. Further studies to relate fecal estrogen, progesterone and testosterone with sexual maturity will improve our understanding about the reproductive biology of YFPs.

Seasonal Changes of Male Reproductive Hormones

Our results of reproductive seasonality in the fecal samples of mature male YFPs are parallel with the findings of Chen et al. (8) who observed reproductive seasonality in the serum samples of YFPs. Like our results, Chen et al. (8) reported increased serum testosterone concentrations in the male YFPs from March, dropped in September, and kept quiescent in the rest of months. As testosterone, a similar seasonal variation pattern in estrogen metabolites was also noted by Chen et al. (8). Both the studies confirm reproductive seasonality in YFPs which may begin as early as March and end as late as September however, this is the first study reporting seasonal variations through fecal samples. In spite of hormone analysis, March as a start of the breeding season was also observed on the basis of alteration in the sexual behavioral of male YFPs (30, 39). Like YFP, reproduction in most marine mammals is highly seasonal (40). All seals except, Neophoca cinerea are a seasonal breeder (41) with highly seasonal variation in testosterone level (42). A similar pattern of testosterone seasonality was found in the bottlenose dolphin. Serum testosterone levels start to elevate in April and peaked in July, with the lowest level found during September to November (43). Furthermore, in female cetacean, an increase in estrogen level is related with increase in the spermatogenesis, male density (43), and the positive effect induce by the dominant subjects (44). Unfortunately, in YFPs, no such data is available regarding seasonal variation in the sperm density which can affect the sexual behavior of female during breeding activities.

Estrous Cycles of Non-pregnant Adult Females

In YFPs, we observed distinct variation in both fecal estrogen and progesterone with seven distinct cycles in progesterone. In bottlenose dolphins and sea lions (Zalophus californianus), variation in serum and plasma estrogen were also observed, but unlike YFPs, they peaked in September and decreased during April and May, respectively (45, 46). However, the secretions of estrogen from April to October needs further studies to investigate if folliculogenesis is not arrested (46). In YFPs, this could also possibly support the assumption that most of the cetaceans are seasonal breeders and spontaneous ovulators (47). Unlike YFPs, in bottlenose dolphin, seasonal serum and plasma progesterone concentrations peaked in June and declined during July and September (46), while in sea lion increased during September–November (45) suggesting species differences. In humpback dolphin (Sousa chinensis), ovulation and conception may occur during the winter months and the individual differences found in the ovarian cycles of these animals needs further research to identify both extrinsic and intrinsic influencing factors (48) as both species and age can compromise the seasonal variation of hormone levels (47, 49). In Killer Whales, the secretion of a heavy percentage of vaginal mucous is often linked with receptivity or estrus. Though during various phases of reproductive cycles, mild vaginal mucous secretion occurs, but heavy secretion during a higher reproductive hormones levels are the result of altering sexual behavior and secretory changes which are essential for conception (50). In northern fur seal (Callorhinus ursinus), ovulation is indicated by a rise in the serum progesterone (51). Even once ovulation occurs, thecal cell and granulosa are transformed into progesterone-secreting small and large luteal cell (52) having different secretory capacities. Therefore, in YFPs, the link between rising in fecal progesterone metabolites and vaginal secretions might be the receptive behavior of females for conception.

Reproductive Hormone Changes in Different Pregnancy Stages

In YFPs, during pregnancy, we observed a decreasing pattern of progesterone level from mid-pregnancy till birth. The decreasing progesterone level in later pregnancy might be the result of reducing the numbers of corpora lutea, as observed in the later stage of pregnant female African elephants (Loxodonta africana) with low progesterone compared to the highest progesterone level in mid-pregnancy (53). A similar increase in the progesterone level at mid pregnancy was also observed in the rat (54), Sceloporus cyanogenys (55), Tiliqua rugosa (56), and Thamnophis elegans (57), suggesting the possibility that a certain critical mass of luteal tissue may be required to maintain plasma levels of progesterone at a level compatible with pregnancy (58). Serum estrogen increased with advancing gestational age reaching a peak level close to the term in killer whales, baboons and humans, but in contrast to rhesus monkey where the estrogen level plateau during the last one-third of pregnancy (59, 60). However, in bottlenose dolphin, estrone conjugate (E1-C) was significantly higher during late compared to early and mid, while E3-C was significantly higher in early than mid and late pregnancy stages (61). Increased in the level of estrogen near the term is associated with the onset of parturition and to prepare the mammary gland for lactation (62). However, in YFPs, we did not find an increasing or decreasing pattern in the level of estrogen during the course of pregnancy. Further studies are needed to investigate various estrone conjugates and their role during pregnancy stages.

The testosterone level in YFPs carrying a male fetus increased significantly with advancing pregnancy and reached its peak level just before birth. As soon as fetal testes differentiate, they become steriodogenically active and start testosterone production (63), elevating maternal serum testosterone throughout gestation (64). To understand, whether, testosterone in YFPs can be used as a marker for gender discrimination requires additional studies with large sample size carrying both male and female fetuses. For example, in Asian elephants (Elephas maximus) (65), baboons (66), and lemurs (67) maternal serum testosterone can be used to determine the gender of fetus during gestation however, in bottlenose dolphin (61), human (68), marmoset (69), and rat (70) no such association is reported.

CONCLUSIONS

Present study validated fecal steroid hormones in the critically endangered YFPs for the first time. Using a non-invasive fecal steroid radioimmunoassay technique, we observed seven estrous cycles in the non-pregnant adult female in one breeding season. Similarly, seasonality in male steroid hormones and use of the fecal progesterone metabolite for estrus and pregnancy diagnosis was reported. The use of non-invasive fecal steroid hormone analysis can help us to track, improve basic aspects, and provide species specific information of the reproductive endocrine activities. This will improve the breeding rates and help in creating self-sustaining population. Further studies are needed to correlate fecal steroid hormones with ultrasonography to monitor reproductive activities.
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fiddle and later pregnancy was divided based on the significant drop of progesterone concentration in middle March.
The fecal testosterone after parturition were analyzed separately pre- and post-middle September (16th September) due to its significant concentration change in the fecal samples.
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