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The estrogen estradiol-17ß is known as one of the major gonadal steroid hormones with different functions in reproduction. In this study we analyzed estradiol-17ß concentration in laying hens of four pure bred chicken laying lines at four different time intervals of the laying period (17th–19th week of age, 33rd–35th week of age, 49th–51st week of age, and 72nd week of age). The high performing white egg (WLA) and brown egg (BLA) layer lines as well as the low performing white (R11) and brown (L68) layer lines were kept in both single cages and a floor housing system. We investigated whether there were differences in estradiol -17ß concentrations between lines at different ages that could be related to selection for high egg production or phylogenetic origin of the animals, and whether there was an influence of housing conditions on estradiol-17ß. Estradiol-17ß concentrations differed between high and low performing layer lines at all time intervals studied. High performing hens showed higher estradiol-17ß concentrations compared to low performing hens. In all lines, highest estradiol-17ß concentration was measured at their 49th to their 51st week of age, whereas the peak of laying intensity was observed at their 33rd to their 35th week of age. Additionally, hens with fewer opportunities for activity housed in cages showed higher estradiol-17ß concentrations than hens kept in a floor housing system with more movement possibilities. We could show that laying performance is strongly linked with estradiol -17ß concentration. This concentration changes during laying period and is also influenced by the housing system.
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INTRODUCTION
Commercial laying hens are continuously bred for high laying performance and have an average laying performance of more than 320 eggs in 13 laying months per hen housed (Preisinger, 2018). At the same time husbandry systems and nutritional requirements of the animal have changed drastically due to high laying performance. Modern laying hens have been bred to have no brood drive, and progressive sexual maturity and shortening of the clutch length interval have been critical factors in significantly improving egg production (Hanlon et al., 2021). To date, little attention has been paid to the underlying physiological changes that made this possible.
The hypothalamic-pituitary-gonadal (HPG) axis plays a central role in controlling reproduction and sexual maturation of animals (Dunn and Sharp, 1990; Bédécarrats et al., 2009). In the HPG axis, Gonadotrophin-releasing hormone (GnRH), a hypothalamic decapeptide, stimulates the secretion of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) in the adenohypophysis. Subsequently, LH regulates the estradiol-17ß synthesis in the ovaries (Clarke and Pompolo, 2005). Through a feedback mechanism, LH and estradiol-17ß inhibit increased GnRH secretion in the brain (Kawashima et al., 1993; Ottinger et al., 2002). As a result, less estradiol-17ß is released. However, modern laying hens have consistently high plasma estradiol-17ß levels (Eusemann et al., 2018a) and it is suggested that this feedback mechanism is disrupted in high performing laying hens or at least changes have occurred in the control of the HPG axis (Hanlon et al., 2021). But the detailed endocrine control mechanism of the laying cycle of the modern laying hen is still little understood, and the feedback between the ovarian follicles and the hypothalamo-hypophysial system which controls follicular development is particularly nebulous.
Estradiol-17ß is the most abundant estrogen and one of the most important gonadal steroids with various functions in the regulation of the female reproduction, e.g., yolk precursor production, oviduct development and reproductive behavior (Yu et al., 1971; Gahr, 2001; Williams et al., 2004). In addition, estradiol-17ß is known to be a triggering factor in calcium and bone metabolism and has a positive effect on bone turnover and regeneration in adults (Bar et al., 1996; Väänänen and Härkötnen, 1996; Johnson, 2000; Beck and Hansen, 2004). Estradiol-17ß is synthesized and permanently produced mainly in granulosa- and theca cells in growing follicles (Marrone and Hertelendy, 1983) with the highest concentrations in small, early-stage follicles and 6–4 h prior the ovulation in laying hens (Johnson and van Tienhoven, 1980; Bahr et al., 1983). During the lifetime of a laying hen, estradiol-17ß concentrations gradually increases until week 20 (onset of laying) and then remain high for the next several weeks (Whitehead and Fleming, 2000; Beck and Hansen, 2004). The exact time course of estradiol-17ß secretion patterns after the peak of production is not clear; only few studies have systematically monitored plasma estradiol over the entire production period. Previous studies have shown that estradiol levels are closely related to the laying performance with estradiol concentrations being highest during the peak of egg production, decreasing during the production year and low during molting (Senior, 1974; Hoshino et al., 1988; Hansen et al., 2003; Ebeid et al., 2008; Habig et al., 2021a). Habig et al. (2021b) also showed differences between different high performing lines during their reproduction cycle. In the pre-laying period (17th week), the estradiol-17ß level of high performing white-egg layers (WLA) was more than twice as high as the level for phylogenetically divergent high performing brown-egg layers (BLA), but much lower than after the onset of laying. In the laying period (25–69 weeks) no significant differences could be observed between the lines, while the estradiol-17ß level continuously increased with age (Habig et al., 2021a; Hanlon et al., 2021).
The influence of estradiol-17ß on egg production was also demonstrated in studies in which egg production was selectively suppressed by the synthetic GnRH agonist deslorelin acetate (Eusemann et al., 2018a). Here, treated hens showed not only lower egg laying performance, but also significantly lower estradiol-17ß levels compared to untreated hens. In addition, there is a correlation between laying performance and estradiol-17ß concentration. Hens of high performing lines achieved higher estradiol-17ß plasma concentrations than hens of low performing lines (Eusemann et al., 2020; Eusemann et al., 2022).
One possible consequence of high laying performance could be the occurrence of keel bone alterations, which are often manifested in reduced bone stability, deviations and fractures. In commercial systems, keel bone damage often affects over 90% of the hens in a flock (Wilkins et al., 2004; Rodenburg et al., 2008; Wilkins et al., 2011; Heerkens et al., 2016). At the onset of sexual maturity, osteoblasts start producing so-called medullary bone. This type of bone is unique to birds (and crocodilians) and serves as a source of calcium for shell formation. At the onset of sexual maturity, osteoblasts begin to form the medullary bone (Whitehead, 2004). Thus, in laying hens, keel bone damage is thought to be related to high laying performance and substantial calcium requirements during eggshell formation (Kerschnitzki et al., 2014). High performing layer lines not only had higher estradiol-17ß concentrations than low performing layer lines, but could also have a significantly higher risk of fracture, a lower degree of mineralization of the cortical bone, and a lower relative amount of medullary bone (Eusemann et al., 2020; Eusemann et al., 2022). The formation of the medullary bone is estrogen and androgen dependent and starts with the onset of ovarian follicle maturation which is part of the hypothalamic-pituitary-gonadal axis (Beck and Hansen, 2004). Therefore, it is likely, that there is a close relationship between laying performance, keel bone damage, and estradiol-17ß concentration.
The influence of different housing conditions of laying hens on the behavior and performance of laying hens in different housing systems has been the subject of numerous studies. Conventional cage systems restrict behavioral expression and increase the risk of skeletal degradation, but floor- or free-range systems evoke difficulties in terms of disease and pest control or higher incidences of skeletal injuries (Whitehead, 2004; Lay et al., 2011; Weeks et al., 2016; Eusemann et al., 2018b). It is obvious that the housing condition have an influence on keel bone damage. The proportion of deviated keel bones was significantly higher in laying hens kept in cages than in floor-housed laying hens whereas fractures occur more often in floor-housed hens (Eusemann et al., 2018b). Additionally, there is a presumption that housing conditions have an influence on laying performance, but the data are inconsistent. At least in enriched and barren cages, egg production seems to be similar (Ylmaz Dikmen et al., 2016; Onbasilar et al., 2020; Philippe et al., 2020) and it is assumed that the differences between the studies are due to the investigated lines and characteristics of the enrichment materials. For free-range hens, Ylmaz Dikmen et al. (2016) described a higher egg production compared to cage housed hens, whereas Philippe et al. (2020) and Shimmura et al. (2010) found lower egg laying rates in hens housed in aviaries or free-range systems compared to cage housed hens. Lower egg laying rates were also found in floor-housed hens compared to cage-housed hens (Voslarova et al., 2006; Ketta et al., 2020). The authors assumed that this could be related to higher animal activity and competition for facilities/resources. Wan et al. (2021) compared two different non-caged systems, namely a plastic-net housing system and a floor-littered housing system and revealed that the plastic-net housing system enhanced the production performance, antioxidant capacity and intestinal health of hens. It should be kept in mind that different findings in different studies could be due to differences in chicken breeds and environmental conditions. Whether the estradiol-17ß concentration is also influenced by the housing system has not yet been investigated.
We hypothesize that activation and function of the HPG axis changed in high performing laying hens to support the significant increase in egg production. Therefore, the aim of the current study was to characterize and compare the estradiol-17ß concentration in pure bred genetically divergent lines with a particular attention to the production cycle and the housing system. We hypothesized that lines with a high ovulation rate would have higher estradiol concentrations compared to low performing lines and that the highest estradiol concentration will be measured at the laying peak. Additionally, we expect that housing condition influences estradiol-17ß concentration, which could explain the lower laying performance in floor-kept hens compared to cage-housed hens as described in previous studies (e.g., Voslarova et al., 2006; Ketta et al., 2020).
MATERIALS AND METHODS
Animals and Housing Conditions
All experiments were performed in accordance with the German Animal Protection Law and were approved by the Lower Saxony State Office for Consumer Protection and Food Safety (No. 33.9-42502-05-10A079).
In this study, we compared phylogenetically divergent high performing white (WLA, n = 20) and brown egg laying (BLA, n = 20) purebred chicken lines with low performing white (R11, n = 20) and brown laying lines (L68, n = 20). WLA and BLA originated as purebred lines from the breeding program of Lohmann Breeders and have been kept at the Institute of Farm Animal Genetics of the Friedrich-Loeffler-Institute since 2012. L68, and R11 are very old laying lines that have been maintained as conservation lines at the institute for decades. This four-line animal model was developed as part of a multidisciplinary collaboration at the Friedrich-Loeffler-Institute and first presented by Lieboldt et al. (2015), who described the growth and performance of the four chicken lines. Since then, a number of studies have been conducted, including bone traits (Habig et al., 2017; Dudde et al., 2020) and keel bone damage (Eusemann et al., 2018a; Eusemann et al., 2020; Habig et al., 2021a).
All animals hatched at the same day and were raised separately in a floor housing system until 16 weeks of age. Rearing compartments (6 m × 4 m) were littered with wood-shavings and straw and were equipped with perches. Food (week 1–7: 12.97 MJ AMEN/kg DM, 189.61 g/kg crude protein, 31.38 g/kg crude fat, 9.14 g/kg Ca, 6.94 g/kg P; week 8–16: 12.82 MJ AMEN/kg DM, 151.67 g/kg crude protein, 30.21 g/kg crude fat, 15.83 g/kg Ca, 8.11 g/kg P) and water was provided ad libitum. A standard light-programme was applied during rearing period. At 16 weeks of age 10 hens of each line were moved to a single cage housing system equipped with a food trough, two drinking nipples and a perch. Other 10 hens of each line were kept in floor pens (each 2.0 m × 4.0 m) separated by line. The animals were distributed between two pens per line. Both housing conditions were in the same room. Floor pens were littered with wood-shavings and equipped with perches and nests mounted on a slatted floor 0.5 m above the litter area. In both housing systems animals had ad libitum access to food (11.68 MJ AMEN/kg DM, 168.11 g/kg crude protein, 29.43 g/kg crude fat, 50.05 g/kg Ca, 5.06 g/kg P) and water. The light period increased from 9 to 14 h from 16th until 20th week of age and was maintained at 14 h for the remainder of the laying cycle (to 72 weeks of age).
Laying performance was recorded individually of all hens in the single cages and summarized for every week. However, recording laying performance in the floor-housed hens at individual level was not possible, therefore, we determined the total number of eggs per week and chicken line. For analyses, we calculated the laying intensity (in %) based on the number of eggs laid during the experimental weeks of age and the number of hen days (number of hens x number of days).
We investigated four time periods, the first period from the 17th, 18th, and 19th week of age (before start of laying), the second period from the 33rd, 34th, and 35th week of age (maximum of egg production), the third period from the 49th, 50th, and 51st week of age (decrease in egg production in low producing lines) and the last period in the 72nd week of age (end of experiment).
Blood Sampling
In each of the four experimental periods blood was collected once a week between 2.00 and 5.00 p.m. For this, ten hens of each line and housing condition were selected (resulting in a total of 80 hens). Blood was collected from the wing vein (V. ulnaris) using needles with a gauge of 21 and 2 ml syringes (both Henry Schein, Hamburg, Germany). After collection, blood samples were immediately transferred to K3-EDTA covered tubes (Greiner, Solingen, Germany) to avoid coagulation, and centrifuged at 4°C for 10 min at 2750 rcf. Tubes were placed on ice, and plasma phase was pipetted into 1.5 ml Eppendorf® cups (Fisher Scientific, Schwerte, Germany) and frozen at −20°C until analysis.
Hormone Assays
For estradiol-17ß analysis a commercial estradiol-17ß ELISA Kit (IBL International, Hamburg, Germany) was used. Assays were conducted following the manufacturer’s instructions and samples were analyzed in duplicates. The kit used detects the entire E2. The absorption of the plate was detected with an ELISA microplate reader (Tecan, Crailsheim, Germany) at 450 nm with a reference wavelength at 620 nm.
The concentrations and coefficients of variation of the assays were calculated using the microplate reader software (Magellan® Version 7.1, Tecan Austria, Salzburg, Austria). For estradiol the intraassay coefficient of variation was 6% and the interassay coefficient of variation was 9%.
Statistical Analysis
Data were statistically analyzed using JMP, version 15.0 (Statistical Analysis System Institute, Cary, NC, United States). Estradiol-17ß content was examined using a linear mixed model. Individual hen was included as random factor in order to account for repeated measurements within animal. Layer line, housing condition, age and the three two-way interactions were considered as fixed effects. The 3-fold interaction between housing condition, line and age did not show a significant effect on the Estradiol concentration, therefore it was removed from the model (model 1).
Laying performance of single caged hens was analyzed using a linear mixed model, too, including individual hen as random effect. Layer line, age and the interaction of layer line x age were considered as fixed effects (model 2). The influence of layer line and age on group laying performance of floor housed hens (two pens per line) was analyzed using a two-way ANOVA including layer line and age with interaction (model 3).
Differences between Least Squares means (LSM) were tested by means of the Tukey-Kramer Test, adjusting for multiple comparisons. Differences were regarded as statistically significant at p < 0.05.
RESULTS
From Table 1 it is evident that estradiol-17ß plasma concentration was significantly affected by housing condition, layer line, age and by the interaction of line*age (p < 0.05). The laying performance, analyzed separately by housing condition, was significantly influenced by layer line, age and also by the line*age interaction (p < 0.001).
TABLE 1 | Significance of fixed effects (p-values).
[image: Table 1]Estradiol-17ß Concentration in Different Layer Lines
High performing laying hens (BLA, WLA) started in week 17 with estradiol-17ß plasma concentrations almost twice as high as low performing laying hens (L68, R11) and showed a higher increase from week 18 to week 19 compared to the low performance lines (Figure 1A; Supplementary Table S1). In the period of maximum laying performance (weeks 33–35) the high performing lines showed a tendency towards higher estradiol-17ß concentrations than those of low performing lines.
[image: Figure 1]FIGURE 1 | Estradiol-17ß blood plasma concentration (pg/ml) and laying intensity (%) of four different layer lines kept in different housing systems and investigated at four time periods (17th, 18th, and 19th week of age (before start of laying); 33rd, 34th, and 35th week of age (maximum of egg production); 49th, 50th, and 51st week of age (decrease in egg production in low producing lines) and 72nd week of age (end of experiment). The laying intensity is shown after each week of blood sampling (A) Estradiol-17ß concentration of the two high performing layer lines (WLA, BLA) and the two low performing layer lines (L68, R11) respectively cage-housed and floor-housed laying hens (B), consisting of WLA, BLA, L68, and R11 hens) during their laying period (C) Laying intensity of all four-layer lines and of cage-housed and floor-housed laying hens (D) during their laying period.
In all lines, estradiol-17ß concentration increased until week 50 or 51 (3rd period), reaching more than 500 pg/ml in high performing hens (WLA: 527.03 ± 22.04 pg/ml, BLA: 550.42 ± 22.01 pg/ml) and about 400 pg/ml in low performing hens (L68: 429.58 ± 22.54 pg/ml, R11: 415.21 ± 22.04 pg/ml). After week 51, estradiol-17ß concentration decreased to 248.58 ± 23.59 pg/ml in WLA, 255.00 ± 22.64 pg/ml in BLA, 199.50 ± 22.54 pg/ml in R11 and 182.00 ± 23.14 pg/ml in L68 in week 72.
Estradiol-17ß Concentration in Different Housing Systems
There is a significant main effect of the housing system on estradiol-17ß concentration in laying hens (Figure 1B, Supplementary Table S1). In all study periods, caged hens tended to have higher estradiol-17ß concentrations than floor-housed hens, with the difference being statistically significant only at 51 weeks of life. (Figure 1B; Supplementary Table S2). Within both housing systems, estradiol-17ß concentrations differed significantly between all the 4 periods. In both, floor pens and cages, estradiol-17ß concentrations increased until the 3rd period and were highest between week 49 and 51 (floor: 445.16 ± 15.76 ng/ml, cage: 523.81 ± 15.57 ng/ml). In week 72, estradiol-17ß concentration decreased to 206.24 ± 16.89 ng/ml in floor-housed hens and 236.29 ± 15.58 ng/ml in cage-housed hens, respectively.
Laying Intensity
Laying intensity of cage housed hens was significantly affected by the interaction between week of age and breeding line (p < 0.0001); Supplementary Table S3 and Figure 1C show that within the first period hens had not yet started laying. In the second period all lines reached the maximum egg laying rate in the 34th week of life (BLA: 100.00% ± 3.60, WLA: 98.57% ± 3.60, L68, and R11: 82.86 ± 3.60). In all periods high performing layers showed a higher laying intensity compared to low performing layers, with statistically significances in the 2nd, 3rd, and 4th period. Since the laying performance of hens kept in floors was not recorded individually, we only note descriptively that hens kept in cages had a higher laying intensity than hens kept in floor systems in time periods 2, 3, and 4 (Figure 1D; Supplementary Table S3), without this being statistically verifiable.
DISCUSSION
Genetic selection for earlier sexual maturation and extended production cycles in laying hens has significantly improved reproductive efficiency (Hanlon et al., 2021). and allowed modern layers to double their reproductive capacity compared to their 1960s counterparts. Breeding improvement in egg production has led to a continuous improvement in laying performance, with a trend of an increase of about 2–3 eggs per hen per year in a 13-months production cycle (Preisinger, 2018) However, the underlying physiological changes throughout the laying period and the correlation between these changes and laying performance have received limited attention. Hence, the effect of housing conditions, genotype, and laying performance and their interactions on estradiol concentration is not fully understood.
In this study, we investigated the relationship between blood estradiol-17ß levels and egg production at four different time points during the laying period in two high performing laying lines (WLA and BLA) and two low performing laying lines (L68 and R11). All lines showed low estradiol-17ß concentrations in the beginning of the 1st investigated time period (17th week of age), followed by a strong increase in the 2nd period (33rd–35th week of age) and an even higher estradiol-17ß concentration in the 3rd period (49th–51st week of age). In the 4th period (72nd week of age) estradiol-17ß concentration decreased to a level between the first and 2nd period. Low estradiol-17ß concentrations at the beginning of the first period are not unexpected because at this time, hens are just starting to lay and are not yet sexually matured. WLA and BLA not only showed higher estradiol-17ß concentrations but also a higher increase from week 18 to week 19 compared to the low performance lines.
Our finding that there are differences in estradiol-17ß concentrations between WLA and BLA in the pre-laying period is in line with Habig et al. (2021b). Probably, these differences are due to the different phylogenetic background of these lines.
Interestingly, estradiol-17ß concentration in the second period is high, but it is still exceeded by the concentration of the third period. Due to its involvement in the regulation of egg production (Yu et al., 1971; Williams et al., 2004) we expected highest estradiol concentrations at the maximum of egg laying rather than in the following period. Next to its function in the female reproduction cycle, estradiol-17ß is also involved in calcium and bone metabolism and has an impact on bone stability (Bar et al., 1996; Väänänen and Härkötnen, 1996; Johnson, 2000; Beck and Hansen, 2004). Previous studies have shown that most keel bone fractures occur or were already present at this week of age, when we measured the highest estradiol-17ß concentrations (Petrik et al., 2015; Stratmann et al., 2015; Eusemann et al., 2018b). Estradiol-17ß can also counteract the reduction of bone strength and loss of structural bone as a consequence of increased egg production (Whitehead and Fleming, 2000). The medullary bone, which presents a calcium reservoir for egg shell building, is formed at the onset of egg laying (Senior, 1974; Johnson, 2000; Whitehead and Fleming, 2000; Dojana et al., 2015). The key role of Estradiol-17ß in the modelling of the medullary bone is well described (e.g., Hiyama et al., 2012; Squire et al., 2017; Eusemann et al., 2022) Thus, our results may support the relationship between estradiol-17ß and bone health. In the investigation of Eusemann et al. (2020) the authors could show, that hormonally castrated hens have significantly less fractures than the non-castrated control group. The increase of estradiol-17ß after the peak of egg production in our study might be related with its function in regeneration in adult bone turnover particularly in the high performing selected lines. Interestingly, this is different to non-poultry birds like starlings. Here, estradiol-17ß concentrations decrease after onset of laying well before the final yolky follicle was ovulated (Williams et al., 2004). Apparently, ovary and oviduct size and their function are maintained despite lower estradiol-17ß concentration. The authors suggest that one reason for this might be that there are negative, non-reproductive effects of high estradiol-17ß levels which would foster rapid down-regulation, e.g., suppression of hematopoiesis or immunosuppression, or decreased embryo viability. Alternatively, the observed decrease in estradiol-17ß concentration in starlings could be a pre-requisite for rapid oviduct regression at the end of laying, because estrogens also oppose the induction of apoptosis that is involved in oviduct regression (Williams and Ames, 2004). It is not surprising, that such a decrease would be not observed in laying hens, or at least only at a much later point of reproduction cycle, because of their extended laying period and extended end of reproduction period.
Estradiol-17ß concentration in cage-housed hens was higher compared to floor-housed hens where birds had more opportunities for activity. Aguado et al. (2015) described a reduced bone mass and bone quality in hypoactive chickens. There are two possible explanations for this: either, the stimulating effect of activity/exercises on bone strength is related to the degree of biomechanical load experienced by the bone [following the concept of causal histogenesis (Pauwels, 1960)] or it is caused by a lower estradiol-17ß concentration. Although we cannot state whether the higher estradiol-17ß concentration in cage-housed hens is the consequence or the cause of less activity, it seems likely that there is a correlation between these two parameters. Besides, the estradiol-17ß concentration depends on the number of maturing follicles. Thus, the lower laying intensity may also be an explanation for the lower estradiol-17ß concentration in floor-housed hens compared to cage-housed hens. Recent studies showed that, at least in premenopausal women, high physical activity was associated with lower levels of estrone and estradiol (Matthews et al., 2012; Dallal et al., 2016). These findings suggest that physical activity may induce changes in estrogen metabolism possibly through more extensive hydroxylation of parent estrogens, leading to increased excretion. Given the exploratory nature of these studies, findings should be interpreted cautiously, but in our opinion, there could be a negative relationship between activity and estradiol-17ß level in the blood as floor-housed laying hens are more active/more mobile than cage housed hens.
The laying performance of the lines used in our study was significantly affected by the genotype which agrees with previous studies (e.g., Lieboldt et al., 2015). WLA and BLA were classified as high performing lines with a laying intensity of more than 93%–95% at the maximum of egg production and when housed in cages, whereas cage-housed low performing L68 and R11 showed a lower egg production of 67%–74%. Besides, laying maturity, defined as age at the first egg laid, was reached by the hens of the high performing genotypes four to 5 weeks earlier than in hens of the low performing genotypes, namely in the 20th week of age (Lieboldt et al., 2015). In our study we did not investigate the exact age of reaching laying maturity but observed that laying intensity in week 20 was still 0% in WLA, L68, and R11 and just 1.4% in BLA. Thus, reaching laying maturity must be a little bit later in our study. However, laying intensity of all four lines was even a little bit higher as shown in Lieboldt et al. (2015) and all four lines reached their maximum egg production in the 34th week of age.
Determining laying performance in floor-housed hens is always a challenge. Some eggs might be laid in the litter and were not easily counted, an assignment to the individual hen is difficult and it is possible that eggs were completely destroyed and the remains buried in the litter. Another problem could be that there might be hens among the floor housed hens, that have not laid and therefore have low estradiol-17ß levels. In order to exclude the possibility that these animals decrease the estradiol-17ß level of the whole group, we checked it and would have excluded all hens with values with the level of the 1st period. But this was not the case, apparently all floor-housed hens always have laid regularly.
The observation that high performing lines showed higher concentrations of estradiol-17ß compared to both low performing layer lines, independent of the phylogenetic origin, supports our hypothesis that selection for egg production resulted in higher concentrations of estradiol-17ß. It seems that high estradiol-17ß concentrations are related to production level and might be a result of human directed selection. Hanlon et al. (2021) hypothesized that modifications in the control of the hypothalamic-pituitary gonadal axis have occurred in modern laying hens. They compared estradiol-17ß concentration and mRNA levels of key genes involved in the HPG axis of current commercial hens (Lohmann LSL-lite) with Shaver White leghorns as 2000s commercial equivalents and Smoky Joe hens as 1960s commercial equivalents. Their results showed that the extended laying persistency in Lohmann LSL lite hens was supported by sustained pituitary sensitivity to GnRH and recurrent increases in follicle-stimulating hormone (FSH) and estradiol-17ß. This is in line with our finding about higher estradiol concentration in high performing layers compared to low performing layers. In Hanlon et al. (2021) the highest estradiol-17ß concentrations were found (in all strains) at the beginning of laying at week 19–21. Up to 100th week of age, there are recurrent elevations of estradiol concentration, but they do not reach the level of the first peak. This does not agree with our results where there was just one peak of estradiol-17ß concentration and much later at week 50–51. However, these differences could be caused by the different genotypes of the used lines or differences in e.g. feeding, light regime or rearing. Besides, blood sampling in Hanlon et al. (2021) was taken in the morning and not in the afternoon as in our study what makes a direct comparison difficult. It is known, that there are circadian fluctuations in estradiol-17ß concentrations since the highest concentrations of estradiol-17ß was observed 6–4 h prior the ovulation in laying hens (Johnson and van Tienhoven, 1980; Bahr et al., 1983). In the course of the daily egg laying cycle blood concentrations clearly reflected the stage of egg formation (Habig et al., 2021a). The egg-laying cycle of modern laying hens lasts about 24 h and oviposition followed 24 h after ovulation (Bain et al., 2016). As modern layer lines lay their eggs all about the same time (more likely in the morning), ovulation and peak of estradiol-17ß concentration should be as well at the same time. Thus, it cannot be excluded that estradiol-17ß concentrations measured in the afternoon differ from estradiol-17ß concentrations measured in the morning. However, Habig et al. (2021b) also showed that the daily variations of the estradiol-17ß concentrations were rather small compared to differences between different ages or the phylogenetic origin of chicken lines.
Habig et al. (2021b) showed differences between the estradiol-17ß level of WLA compared to BLA in the pre-laying period (17th week) and assumed that this might be indication that brown-egg layers were further from sexual maturity than white-egg layers (although start of egg laying was similar). In our study we found the same results but shifted to the 19th week of age. Here, the WLA hens were as twice as high as the BLA hens in their estradiol-17ß concentrations.
As modern laying hens further selected for improved laying performance, the physiological implications of this intensive selection must be considered. Here, many factors play a role but are not fully described for the laying hen. There are particularly open questions regarding the physiological and neuronally controlled mechanisms for a high laying performance and there are still ambiguities about the influence of the housing system. In addition to pituitary-derived gonadotropins, which are essential for steroid production, chicken ovarian steroidogenesis is under regulatory influence of several endocrine, paracrine and autocrine factors (Sechman, 2013), thus, further investigations are necessary to investigate all parameters which are involved in reproductivity over the whole laying period.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
All experiments were reviewed and approved by the Lower Saxony State Office for Consumer Protection and Food Safety (No. 33.9-42502-05-10A079).
AUTHOR CONTRIBUTIONS
JM, AH, UB, SP, and LS: study concept, design, data acquisition, analysis and interpretation of data; JM, AH, and SP: drafting of the manuscript and preparing the figures; SW and LS: initiated the multidisciplinary research using the four-line-chicken model and have participated in the writing of the manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We would like to thank Silke Werner, Maik Przyklenk, Silvia Wittig, Elke Albrecht †, and Daniel Piotrowski for technical assistance.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2022.954399/full#supplementary-material
REFERENCES
 Aguado E., Pascaretti-Grizon F., Goyenvalle E., Audran M., Chappard D. (2015). Bone Mass and Bone Quality Altered by Hypoactivity in Chicken. PLoS One 10, e0116763. doi:10.1371/journal.pone.0116763
 Bahr J. M., Wang S.-C., Huang M. Y., Calvo F. O. (1983). Steroid Concentrations in Isolated Theca and Granulosa Layers of Preovulatory Follicles during the Ovulatory Cycle of the Domestic Hen. Biol. Reprod. 29, 326–334.
 Bain M. M., Nys Y., Dunn I. C. (2016). Increasing Persistency in Lay and Stabilising Egg Quality in Longer Laying Cycles. What Are the Challenges?Brit. Poult. Sci. 57, 330–338. doi:10.1080/00071668.2016.1161727
 Bar A., Vax E., Hunziker W., Halevy O., Striem S. (1996). The Role of Gonadal Hormones in Gene Expression of Calbindin (Mr 28,000) in the Laying Hen. Gen. Comp. Endocrinol. 103, 115–122.
 Beck M. M., Hansen K. K. (2004). Role of Estrogen in Avian Osteoporosis. Poult. Sci. 83, 200–206. doi:10.1093/ps/83.2.200
 Bédécarrats G. Y., McFarlane H., Maddineni S. R., Ramachandran R. (2009). Gonadotropin- Inhibitory Hormone Receptor Signaling and its Impact on Reproduction in Chickens. Gen. Comp. Endocrinol. 163, 7–11. doi:10.1016/j.ygcen.2009.03.010
 Clarke I. J., Pompolo S. (2005). Synthesis and Secretion of GnRH. Animal Reproduction Sci. 88, 29–55. doi:10.1016/j.anireprosci.2005.05.003
 Dallal C. M., Brinton L. A., Matthews C. E., Pfeiffer R. M., Hartman T. J. Lissowska J., et al. (2016). Association of Active and Sedentary Behaviors with Postmenopausal Estrogen Metabolism. Med. Sci. Sports Exerc 48, 439–448. doi:10.1249/mss.0000000000000790
 Dojana N., Cotor G., Codreanu I., Balaceanu R. (2015). The Effect of Experimental 17-beta Estradiol Administering on Calcium Metabolism Regulation in Young Laying Hens. Vet. Med. 72 (1), 90–92. doi:10.15835/buasvmcn-vm:10854
 Dudde A., Weigend S., Krause E. T., Jansen S., Habig C., Schrader L. (2020). Chickens in Motion: Effects of Egg Production Level and Pen Size on the Motor Abilities and Bone Stability of Laying Hens (Gallus gallus Forma Domestica). Appl. Anim. Behav. Sci. 227. 104998. doi:10.1016/j.applanim.2020.104998
 Dunn I. C., Sharp P. J. (1990). Photoperiodic Requirements for LH Release in Juvenile Broiler and Egg-Laying Strains of Domestic Chickens Fed Ad Libitum or Restricted Diets. J. Reprod. Fertil. 90, 329–335. doi:10.1530/jrf.0.0900329
 Ebeid T. A., Eid Y. Z., El-Abd E. A., EL-Habbak M. M. (2008). Effects of Catecholamines on Ovary Morphology, Blood Concentrations of Estradiol-17ß, Progesterone, Zinc, Triglycerides and Rate of Ovulation in Domestic Hens. Theriogenology 69, 870–876. doi:10.1016/j.theriogenology.2008.01.002
 Eusemann B. K., Baulain U., Schrader L., Thöne-Reineke C., Patt A., Petow S. (2018a). Radiographic Examination of Keel Bone Damage in Living Laying Hens of Different Strains Keptin Two Housing Systems. PloS ONE 13 (5), e0194974. doi:10.1371/journal.pone.0194974
 Eusemann B. K., Patt A., Schrader L., Weigend S., Thöne-Reineke C., Petow S. (2020). The Role of Egg Production in the Etiology of Keel Bone Damage in Laying Hens. Front. Vet. Sci. 7, 81. doi:10.3389/fvets.2020.00081
 Eusemann B. K., Sharifi A. R., Patt A., Reinhard A. K., Schrader L., Petow S. (2018b). Influence of a Sustained Release Deslorelin Acetate Implant on Reproductive Physiology and Associated Traits in Laying Hens. Front. Physiol. 9, 1846. doi:10.3389/fphys.2018.01846
 Eusemann B. K., Ulrich K., Sanchez-Rodriguez E., Benavides-Reyes C., Dominguez-Gasca N. Rodriguez-Navarro A. B., et al. (2022). Bone Quality and Composition Are Influenced by Egg Production, Layer Line, and Estradiol-17ß in Laying Hens. Avian Pathol. 51:267. doi:10.1080/03079457.2022.2050671
 Gahr M. (2001). Distribution of Sex Steroid Hormone Receptors in the Avian Brain: Functional Implications for Neural Sex Differences and Sexual Behaviors. Microsc. Res. Tech. 55, 1–11. doi:10.1002/jemt.1151
 Habig C., Baulain U., Henning M., Scholz A. M., Sharifi A. R. Janisch S., et al. (2017). How Bone Stability in Laying Hens Is Affected by Phylogenetic Background and Performance Level. Eur. Poult. Sci. 81. doi:10.1399/eps.2017.200
 Habig C., Henning M., Baulain U., Jansen S., Scholz A. M., Weigend S. (2021a). Keel Bone Damage in Laying Hens—Its Relation to Bone Mineral Density, Body Growth Rate and Laying Performance. Animals 11, 1546. doi:10.3390/ani11061546
 Habig C., Weigend A., Baulain U., Petow S., Weigend S. (2021b). Influence of Age and Phylogenetic Background on Blood Parameters Associated with Bone Metabolism in Laying Hens. Front. Physiol. 12, 678054. doi:10.3389/fphys.2021.678054
 Hanlon C., Takeshima K., Bédécarrats G. Y. (2021). Changes in the Control of the Hypothalamic-Pituitary Gonadal Axis Across Three Differentially Selected Strains of Laying Hens (Gallus gallus Domesticus). Front. Physiol. 12, 651491. doi:10.3389/fphys.2021.651491
 Hansen K. K., Kittok R. J., Sarath G., Toombs C. F., Caceres N., Beck M. M. (2003). Estrogen Receptor-Alpha Populations Change with Age in Commercial Laying Hens. Poult. Sci. 82, 1624–1629. doi:10.1093/ps/82.10.1624
 Heerkens J. L., Delezie E., Ampe B., Rodenburg T. B., Tuyttens F. A. (2016). Ramps and Hybrid Effects on Keel Bone and Foot Pad Disorders in Modified Aviaries for Laying Hens. Poult. Sci. 95 (11), 2479–2488. doi:10.3382/ps/pew157.PMID.27143777
 Hiyama S., Sugiyama T., Kusuhara S., Uchida T. (2012). Sequential Expression of Osteoblast Phenotypic Genes during Medullary Bone Formation and Resorption in Estrogen-Treated Male Japanese Quails. J. Exp. Zool. B Mol. Dev. Evol. 318 (5), 344–352. doi:10.1002/jez.b.22451
 Hoshino S., Suziki M., Kakegawa T., Imai K., Wakita M. Kobayashi Y., et al. (1988). Changes in Plasma Thyroid Hormones, Luteinizing Hormone (LH), Estradiol, Progesteron and Corticosterone of Laying Hens during a Forced Molt. Comp. Biochem. Physiol. 90A, 355–359.
 Johnson A. L. (2000). “Reproduction in the Female”. In: Sturkie’s Avian Physiol. ed , Editor G. Causey Whittow (Amsterdam: Academic Press, Elsevier), 569–596. doi:10.1016/b978-012747605-6/50023-7
 Johnson A. L., van Tienhoven A. (1980). Plasma Concentrations of Six Steroids and LH during the Ovulatory Cycle of the Hen, Gallus domesticus. Biol. Reprod. 23, 386–393.
 Kawashima M., Kamiyoshi M., Tanaka K. (1993). Estrogen Receptor Binding in the Hen Hypothalamus and Pituitary during the Ovulatory Cycle. Poult. Sci. 72, 839–847.
 Kerschnitzki M., Zander T., Zaslansky P., Fratzl P., Shahar R., Wagermaier W. (2014). Rapid Alterations of Avian Medullary Bone Material during the Daily Egg-Laying Cycle. Bone 69, 109–117. doi:10.1016/j.bone.2014.08.019
 Ketta M., Tůmová E., Englmaierová M., Chodová D. (2020). Combined Effect of Genotype, Housing System, and Calcium on Performance and Eggshell Quality of Laying Hens. Anim. (Basel) 10, 2120. doi:10.3390/ani10112120
 Lay D. C., Fulton R. M., Hester P. Y., Karcher D. M., Kjaer J. B. Mench J. A., et al. (2011). Hen Welfare in Different Housing Systems. Poult. Sci. 90, 278–294. doi:10.3382/ps.2010-00962
 M.-A. Lieboldt M. A., Ingrid Halle I., Jana Frahm J., L. Schrader L., U. Baulain U. Martina Henning M., et al. (2015). Phylogenic versus Selection Effects on Growth Development, Egg Laying and Egg Quality in Purebred Laying Hens. Eur. Poult. Sci. 79, 1612–9199. doi:10.1399/eps.2015.89
 Marrone B. L., Hertelendy F. (1983). Steroidogenesis by Avian Ovarian Cells: Effects of Luteinizing Hormone and Substrate Availability. Am. J. Physio. 244 (5), E487–E493.
 Matthews C. E., Fortner R. T., Xu X., Hankinson S. E., Eliassen A. H., Ziegler R. G. (2012). Association between Physical Activity and Urinary Estrogens and Estrogen Metabolites in Premenopausal Women. J. Clin. Endocrinol. Metab. 97, 3724–3733. doi:10.1210/jc.2012-1732
 Onbaşılar E. E., Kahraman M., Güngör Ö. F., Kocakaya A., Karakan T. Pirpanahi M., et al. (2020). Effects of Cage Type on Performance, Welfare, and Microbiological Properties of Laying Hens during the Molting Period and the Second Production Cycle. Trop. Anim. Health Prod. 52, 3713–3724. doi:10.1007/s11250-020-02409-0
 Ottinger M. A., Wu J., Pelican K. (2002). Neuroendocrine Regulation of Reproduction in Birds and Clinical Applications of GnRH Analogues in Birds and Mammals. Semin. Avian Exot. Pet. Med. 11, 71–79. doi:10.1053/saep.2002.122896
 Pauwels F. (1960). A New Theory on the Influence of Mechanical Stimuli on the Differentiation of, Supporting Tissue. The Tenth Contribution to the Functional Anatomy and Causal Morphology of the Supporting Structure. Z. Anat. Entwicklungsgesch. 121, 478–515.
 Petrik M. T., Guerin M. T., Widowski T. M. (2015). On-farm Comparison of Keel Fracture Prevalence and Other Welfare Indicators in Conventional Cage and Floor-Housed Laying Hens in Ontario, Canada. Poult. Sci. 94, 579–585. doi:10.3382/ps/pev039
 Philippe F. X., Mahmoudi Y., Cinq-Mars D., Lefrancois M., Moula N. Palacios J., et al. (2020). Comparison of Egg Production, Quality and Composition in Three Production Systems for Laying Hens. Livest. Sci. 232, 103917. doi:10.1016/j.livsci.2020.103917
 Preisinger R. (2018). Innovative Layer Genetics to Improve Egg Production. LOHMANN Inf. 52 (1), 4–11. doi:10.1080/00071668.2018.1401828
 Rodenburg T. B., Tuyttens F. A., De Reu K., Herman L., Zoons J., Sonck B. (2008). Welfare Assessment of Laying Hens in Furnished Cages and Non-cage Systems: an On-Farm Comparison. Anim. Welf. 17 (4), 363–373. 
 Sechman A. (2013). The Role of Thyroid Hormones in Regulation of Chicken Ovarian Steroidogenesis. Gen. Comp. Endocrinol. 190, 68–75. doi:10.1016/j.ygcen.2013.04.012
 Senior B. E. (1974). Oestradiol Concentration in the Peripheral Plasma of the Domestic Hen from 7weeks of Age until the Time of Sexual Maturity. J. Reprod. Fert. 41, 107–112.
 Shimmura T., Hirahara S., Azuma T., Suzuki T., Eguchi Y. Uetake K., et al. (2010). Multi-factorial Investigation of Various Housing Systems for Laying Hens. Brit.Poult. Sci. 51, 31–42. doi:10.1080/00071660903421167
 Squire M. E., Veglia M. K., Drucker K. A., Brzeal K. R., Hahn T. P., Watts H. E. (2017). Estrogen Levels Influence Medullary Bone Quantity and Density in Female House Finches and Pine Siskins. Gen. Comp. Endocrinol. 246 (15), 249–257. doi:10.1016/j.ygcen.2016.12.015
 Stratmann A., Fröhlich E. K. F., Harlander-Matauschek A., Schrader L., Toscano M. J. Würbel H., et al. (2015). Soft Perches in an Aviary System Reduce Incidence of Keel Bone Damage in Laying Hens. Plos One 10 (3), e0122568. doi:10.1371/journal.pone.0122568
 Väänänen H. K., Härkötnen P. L. (1996). Estrogen Anti Bone Metabolism. Maturitas 23, 65–69. 
 Voslarova E., Hanzalek Z., Vecerek V., Strakova E., Suchy P. (2006). Comparison between Laying Hen Performance in the Cage System and the Deep Litter System on a Diet Free Fromanimal Protein. Acta Veterinaria Brno 75, 219–225. doi:10.2754/avb200675020219
 Wan Y., Yang H., Zhang H., Ma R., Qi R. Li J., et al. (2021). Effects ofDifferent Non-Cage Housing Systems on the Production Performance, Serum Parameters and Intestinal Morphology of Laying Hens. Animals 11, 1673. doi:10.3390/ani11061673
 Weeks C. A., Lambton S. L., Williams A. G. (2016). Implications for Welfare, Productivity Andsustainability of the Variation in Reported Levels of Mortality for Laying Hen Flocks Kept Indifferent Housing Systems: a Meta-Analysis of Ten Studies. PLoS One 11, e0146394.
 Whitehead C. C., Fleming R. H. (2000). Osteoporosis in Cage Layers. Poult. Sci. 79, 1033–1041. doi:10.1093/ps/79.7.1033
 Whitehead C. C. (2004). Overview of Bone Biology in the Egg-Laying Hen. Poult. Sci. 83, 193–199. doi:10.1093/ps/83.2.193
 Wilkins L., Brown S. N., Zimmerman P. H., Leeb C., Nicol C. J. (2004). Investigation of Palpation as a Method for Determining the Prevalence of Keel and Furculum Damage in Laying Hens. Vet. Rec. 155 (18), 547–549. doi:10.1136/vr.155.18.547
 Wilkins L. J., McKinstry J. L., Avery N. C., Knowles T. G., Brown S. N. Tarlton J., et al. (2011). Influence of Housing System and Design on Bone Strength and Keel Bone Fractures in Laying Hens. Veterinary Rec. 169, 414. doi:10.1136/vr.d4831
 Williams T. D., Ames C. A. (2004). Top-down Regression of the Avian Oviduct during Lateoviposition in a Small Passerine Bird. J. Exp. Biol. 207, 263–268. doi:10.1242/jeb.00740
 Williams T. D., Kitaysky A. S., Vezina F. (2004). Individual Variation in Plasma Estradiol-17β and Androgen Levels during Egg Formation in the European Starling Sturnus vulgaris: Implications for Regulation of Yolk Steroids. Gen. Comp. Endocrinol. 136, 346–352. doi:10.1016/j.ygcen.2004.01.010
 Yilmaz Dikmen B., İpek A., Şahan Ü., Petek M., Sözcü A. (2016). Egg Production Andwelfare of Laying Hens Kept in Different Housing Systems (Conventional, Enriched Cage, and Free Range). Poult. Sci. 95, 1564–1572. doi:10.3382/ps/pew082
 Yu J. Y.-L., Campbell L. D., Marquardt R. R. (1971). Sex Hormone Control Mechanisms. I. Effect of Estrogen and Progesterone on Major Cellular Components in Chicken (Gallus domesticus) Oviducts. Can. J. Biochem. 49 (3), 348–356.
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Mehlhorn, Höhne, Baulain, Schrader, Weigend and Petow. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		Estradiol-17ß Is Influenced by Age, Housing System, and Laying Performance in Genetically Divergent Laying Hens (Gallus gallus f.d.)		Introduction

		Materials and Methods		Animals and Housing Conditions

		Blood Sampling

		Hormone Assays

		Statistical Analysis





		Results		Estradiol-17ß Concentration in Different Layer Lines

		Estradiol-17ß Concentration in Different Housing Systems

		Laying Intensity





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
’frontiers | Frontiers in Physiology






OPS/images/fphys-13-954399-g001.gif





OPS/images/fphys-13-954399-t001.jpg
Source

Housing condition (HC)
Layer line (LL)

Week of age

HC * LL

HC * week of age

LL * week of age

HC * LL * week of age

*Model (1).
"Model (2).
“Model (3).

Estradiol-178 *

0.0019
<0.0001
<0.0001
0.8415
0.1113
<0.0001
0.2422

Laying intensity

Cage housing

<0.0001
<0.0001

0.0001

Laying intensity °

Floor housing

<0.0001
<0.0001

<0.0001









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





