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Recent studies showed that apart from photostimulation, metabolic triggers may independently activate sexual maturation and egg production in chickens. However, the origin, mode of action, and specific target(s) of this metabolic control remain unknown. Beyond body weight (BW), we hypothesize that body composition (BC) and associated specific metabolic signals are involved. Thus, this study was conducted to determine the BW and BC thresholds triggering spontaneous sexual maturation in layer pullets under different growth trajectories. Day-old Lohman LSL lite and Lohman brown lite chicks (n = 210 each) raised in brooding cages under ad libitum (AL) feeding until 8 weeks of age were randomly allocated into individual cages and assigned to one of 3 experimental growth profiles; AL, breeder’s target (T), restricted 20% below target (R), (n = 70 birds/profile/strain). Birds had free access to water throughout the trial. All hens were maintained on 10 h of light (10 lux) throughout the rest of the study. Blood and tissue samples were collected throughout the study to measure plasma estradiol (E2) concentrations and organ weights, respectively. Furthermore, carcasses were subjected to Dual-energy X-ray absorptiometry (DEXA) analyses. All analyses were completed with SAS using the MIXED procedure. Results show that R treatment slowed (p < 0.001) growth, delayed age at first egg (FE) and egg production (p < 0.001) and resulted in lower BW at FE (p < 0.001), lower ovary weight and number of follicles (p < 0.001) compared to AL in both strains, whereas, the strain significantly impacted body weight (p < 0.0001), ovary weight (p < 0.001), BW at FE (p < 0.001), age at FE (p < 0.001), egg production (p < 0.0001), E2 (p < 0.0001) and body composition (p < 0.05). For DEXA, AL feeding (p < 0.001) increased fat deposition compared to R. Furthermore, there was a positive correlation between plasma E2 and bone mineral content (p < 0.01) and bone mineral density (p < 0.01). In conclusion, feed allocation impacted growth and BC in a strain dependent manner which resulted in differing age at sexual maturation and egg production. Furthermore, a body fat threshold between 10% to 15% appears to be required for the occurrence of spontaneously sexual maturation in laying hens.
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1 INTRODUCTION
Chickens are seasonal breeders, relying on changes in photoperiod to initiate and terminate reproduction. However, it has also been shown that apart from photostimulation, metabolic triggers can independently activate sexual maturation and egg production in both layers and broiler breeders (van der Klein et al., 2018a; Baxter and Bédécarrats, 2019; Hanlon et al., 2021). Thus, it is evident that growth trajectories can influence the initiation of reproduction, possibly at all levels of the hypothalamic-pituitary-ovarian axis. However, the origin, mode of action, and specific target(s) of this metabolic control remain to be determined. Beyond body weight (BW), body composition (BC) may be directly related to metabolic input on sexual maturation in chickens. Studies in broiler breeders and quail revealed that specific BW and BC are required to initiate maturation (Bornstein et al., 1984; Yang et al., 2013). Altering growth trajectories (van Emous et al., 2013), feed allocation (Robinson et al., 2007), or dietary composition (Spratt and Leeson, 1987) have all been proven management strategies that can alter BC. Specifically, Heijmans et al. (2021) reported that birds on a 15% elevated growth curve demonstrated greater abdominal fat accumulation. Interestingly, van der Klein et al. (2018a) showed that a fat pad of 2.5% of BW or higher was required for broiler breeder hens to enter lay, as hens with a lower fat pad (1.5%) did not enter lay before 55 weeks of age (woa). Since the abdominal fat pad was proposed as an accurate indicator of overall fat accumulations in chickens (Sato et al., 2009), signalling from adipose tissue is likely behind the metabolic threshold involved in initiating sexual maturation. Therefore, achieving a critical BC threshold during the juvenile stage may be required to support egg formation throughout a laying cycle (Hanlon et al., 2020). Thus, by controlling for BW and hence BC, the first aim of this study was to determine the carcass fat and lean thresholds associated with spontaneous sexual maturation in brown (B) and white (W) strains of modern commercial layers.
The hypothalamic-pituitary-gonadal (HPG) axis controls reproduction in chickens through a tight balance between stimulatory (chicken gonadotropin-releasing hormone I—cGnRH-I) and inhibitory (gonadotropin inhibitory hormone—GnIH) inputs (Bédécarrats, 2015; Hanlon et al., 2020). In addition to its reproductive function, GnIH also possesses orexigenic effects that stimulate feed intake in chickens (Tachibana et al., 2005; Chowdhury et al., 2012). Increased levels of GnIH directly inhibit cGnRH-I (Bentley et al., 2003; Bentley et al., 2008) within the hypothalamus and reduce the release of gonadotropins (luteinizing hormone; LH and follicle-stimulating hormone; FSH; Tsutsui et al., 2000; Ciccone et al., 2004; Ikemoto and Park, 2005; Ubuka et al., 2006) by the anterior pituitary gland. Once released into the systemic circulation, LH and FSH initiate the maturation of small white follicles (SWFs), which gradually increase their production of estradiol (E2; Williams and Sharp, 1978; Robinson and Etches, 1986). These SWFs will continue to progress and develop, undergo cyclic recruitment into the hierarchy (F1-F6; Johnson, 1993), and eventually result in the daily ovulation of the largest follicle (F1) (Johnson et al., 1996). In broiler breeders, the number of hierarchical follicles increases with elevations in BW under ad libitum feeding (Hocking, 1993), resulting in a double hierarchy which can be controlled through feed restriction (Hocking et al., 1989). However, the link between the feeding paradigm and follicular maturation remains unclear in laying hens. Non-etheless, we hypothesize that metabolic status will impact the timing of ovarian maturation. Thus, the second aim of this study was to investigate whether induced changes in BW and composition can alter ovarian follicular development and maturation, and therefore E2 profiles.
Additionally, during sexual maturation, skeletal development shifts from longitudinal growth to the medullary formation (Miller and Bowman, 1981; Dacke et al., 1993; Whitehead and Fleming, 2000), providing a mineral reservoir to supplement dietary calcium (Ca) for eggshell formation (Mueller et al., 1964; Miller, 1977). This occurs concurrently with the rise in E2, and studies in quail showed that the development of medullary bone and an elevation in total plasma Ca is triggered 72–120 h following estradiol valerate administration (Miller and Bowman, 1981). The authors said that the changes in plasma E2 concentration at the onset of sexual maturation affect bone physiology in high-producing quail to provide enough Ca required in the egg-production process. Eusemann et al. (2020) reported that bone mineral density (BMD) was higher in non-laying hens compared to laying hens. Furthermore, exogenous E2 administration increased BMD and reduced the risk of fracture in non-laying hens, while it increased the risk of fracture in laying hens. It was found that the radiographic bone density was higher in traditional breeds with lower egg production compared to the high-producing birds (Hocking et al., 2003). This was supported by Habig et al. (2017), who reported that hens with higher laying performance showed a lower BMD than those with moderate laying performance. Thus, the final aim of this study was to investigate the impact of strain and differing growth curves on laying status, plasma E2, bone mineral content (BMC) and BMD.
2 MATERIALS AND METHODS
2.1 Animals and experimental design
Day-old Lohmann LSL lite (W) and Lohmann brown lite (B) Gallus gallus domesticus (n = 210 each) were purchased from a local hatchery (Archers Hatchery, Brighton, ON) and housed at the Arkell Poultry Research Station (University of Guelph, Guelph, ON) in colony brooding cages (76 cm wide × 66 cm deep × 40 cm tall; n = 7 cages; 30 chicks/cage) for the first 4 woa, then density was reduced to 14 chicks/cage (n = 15 cages) until 8 woa. Birds were fed ad libitum and maintained under the photo schedule according to the breeder’s management guide for North America (Table 1). At 8 woa, pullets were randomly allocated into individual cages across two rooms (n = 210 cages/room) and assigned to one of 3 experimental growth profiles, ad libitum (AL), breeder’s recommended target (T), and feed restricted to achieve a BW 20% below target (R) (n = 70 birds/profile/strain). From 8 woa, individual BWs were recorded weekly and feed allocation for T and R birds was determined individually based on actual BWs ([image: image]). All hens were fed the same commercial diet (Floradale Feed Mill Limited, Floradale, Ontario, Canada) formulated to meet or exceed the NRC requirements (National Research Council, 1994), including a starter crumble diet (0–6 woa with 21% energy), pullet grower crumble diet (7–16 woa with 18% energy), and layer breeder (17 woa to end of the trial). All hens were maintained on a 10 h photoperiod (10 lux) throughout the rest of the study to avoid confounding photostimulatory with metabolic triggers. This experiment was approved by the Animal Care Committee at the University of Guelph, and all procedures and management followed the guidelines from the Canadian Council for Animal Care (CCAC, 2009).
TABLE 1 | Lighting schedule (no photostimulation).
[image: Table 1]2.2 Growth and production performance
The growth trajectory was determined by calculating weekly weight gain. Individual egg production was recorded daily and expressed as a weekly hen-day production percentage. Furthermore, BW and age at first egg (AFE) were recorded to determine the timing of sexual maturation for each hen. At 14, 16, 18, 20, 22, and 25 woa, 6 birds per treatment and strain were weighed and approximately 3 mL of blood was collected from the brachial vein and placed in sodium heparin tubes for later processing. Birds were then euthanized via cervical dislocation. Ovaries were weighed without large yellow follicles (LYFs; follicles larger than 8 mm) and the total number of SWFs and LYFs from each ovary were counted. Ovary weight was expressed relative to BW.
2.3 Body composition
After removing the head and ovary, BC was analyzed from the same carcasses at 14, 16, 18, 20, 22, and 25 woa (n = 6 birds/treatment/strain) via Dual Energy X-ray Absorptiometry (DXA). After euthanasia, carcasses were placed at 4°C to slowly decrease the core temperature before being stored at −20°C until analysis. Before DXA scanning, all carcasses were placed at 4°C for 48 h and then at room temperature until thawed. Scans were performed using a Lunar Prodigy Advance DXA scanner (GE Healthcare, Madison, WI) with the enCore software version 16. A quality assurance block was conducted daily prior to the scans to calibrate the machine. Carcasses were placed on the scanning bed in a uniform lateral position. DXA scans were run using the small animal setting in small mode according to Swennen et al. (2004) to measure, BMC (g), total bone area (cm2), fat tissue weight (g), lean tissue weight (g) and total tissue weight (g). Fat % and lean % were calculated as [image: image] and BMD (g/cm2) was calculated as [image: image].
2.4 Estradiol (E2) analysis
In addition to the blood sample collected from sacrificed birds described in Section 2.2, repeated blood samples were also collected from focal birds (n = 10 birds/treatment/strain) every 2 weeks from 10–14 woa and weekly from 14 to 25 woa. Plasma was recovered by centrifugation (Centrifuge J6-MI, Beckman Coulter, Inc., United States) for 15 min at 900 × g at 4°C and stored at −20°C until extractions and assays were completed as described by Hanlon et al. (2021). Briefly, plasma samples underwent a fat extraction using the cold ethanol extraction protocol described by Baxter et al. (2014). The DetectX commercial estradiol ELISA was used to measure E2 concentration following the manufacturer’s protocol (DetectX 17β-estradiol enzyme immunoassay #K030-H5, Arbor Assays, Ann Arbor, Michigan). Samples were assayed in duplicates, with optical densities measured at 450 nm using a microplate spectrophotometer (Model 550, Bio-Rad, CA, United States). Data were analyzed using the MyAssays software (www.myassays.com/arbor-assays-estradiol-eia-kit.assay) with a four-parameter logistic curve and the intra-assay and inter-assay coefficient of variance (CV) were <15%.
2.5 Statistical analyses
All statistical analyses were performed using SAS v9.4 (SAS Institute, Cary, NC). BW and egg production parameters, as well as E2 concentrations from focal birds, were analyzed by a three-way ANOVA (PROC MIXED) with respect to strain, treatment, age, and their interactions. All other parameters, including measures of BC, E2 concentrations from sacrificed birds, relative ovary weight, and the number of follicles were analyzed using a two-way ANOVA (PROC MIXED), whereby strain, treatment and their interactions were independent variables. Random effects for all measures included room, tier, and their interaction. Means were separated by the least squares means of fixed effects (LSMEANS), the test of least significant differences (PDIFF) and Tukey’s multiple comparisons. When appropriate, repeated measures on individual hens over time were included in the model with respect to hen ID. Pearson correlations (PROC CORR) were performed within treatments across variables, including, E2, BMC and BMD. Statements of significance were based on p < 0.05 and data were expressed as mean ± SEM.
3 RESULTS
3.1 Body weight
As shown in Figure 1, the feeding strategy successfully generated 3 separate growth trajectories in both strains. The significant interaction between treatment and strain resulted in B birds displaying increased body weight gain compared to W birds from the beginning of treatment (8 woa) until the end of the trial (p < 0.0001). Furthermore, the significant interaction between age and treatment resulted in R birds displaying lower body weights regardless of strain (p < 0.0001) to achieve the expected 20% reduction in BW, while birds reared under AL feeding conditions were significantly heavier than birds reared under T (p < 0.0001). A three-way interaction between strain, treatment, and age was also observed (p < 0.0001) resulting in the weight of B-AL birds significantly higher than B-T from 10 to 25 woa (end of study). Interestingly, the BW of W-AL birds was initially higher than W-T from 10 to 12 woa, but this difference was no longer observed from 13 to 19 woa. However, starting at 20 woa, W-AL birds were significantly heavier than W-T and this difference remained throughout the end of the study. Ultimately, this resulted in AL birds being 400-g and 200-g heavier than T birds in the B and W strains, respectively, demonstrating a more prominent impact of treatment in B birds.
[image: Figure 1]FIGURE 1 | Weekly body weight of Lohmann LSL lite (W) birds and Lohmann Brown lite (B) birds reared under 3 feeding trajectories: ad libitum (AL), breeder’s recommended target (T) and Restricted (R). Values correspond to the mean ± SEM. p-values for the sources of variation: Age, p < 0.0001; Treatment, p < 0.0001; Strain, p < 0.0001; Age*Treatment, p < 0.0001; Age*Strain, p < 0.0001; Age*Strain*Treatment, p < 0.0001. The “$” symbols indicate significant differences between strain at specific time points while “*” indicates significant differences between treatment at specific time points.
3.2 Reproduction
Regarding AFE, there was an interaction between strain and treatment (p < 0.0001). While B-R birds were delayed by 16.7 days compared to B-AL, W-R birds were only delayed by 10.7 days compared to their AL counterparts. Interestingly, AFE for T birds did not differ from AL in either strain (Table 2). The aforementioned delay in AFE resulted in a significant interaction of strain, treatment, and age on egg production (p < 0.05). At 19 woa, B-AL hens had the highest production, with B-R and W-R hens demonstrating the lowest. However, by 20–22 woa, AL and T feeding resulted in higher production rates than R hens, regardless of strain (Figure 2). Despite lower production rates and a 2-week delay in AFE, 50% of R birds entered lay at around 21 woa which was delayed approximately by 1.5 weeks compared to W-AL and W-T, and 2.5 weeks compared to B-AL and B-T. However, all R hens entered lay by 23 woa, which was 1 week later than the AL and T hens (Figure 3). Furthermore, treatment and strain also affected BW at first egg (BW-FE; p < 0.0001), with B-AL birds displaying the highest BW-FE (2.00-kg) and W-R birds the smallest (1.40-kg; Table 2). However, there were no differences in BW-FE between B-R and W-AL.
TABLE 2 | Age at first egg (AFE) and body weight at first egg (BW-FE) of Lohmann LSL lite (W) and Lohmann Brown lite (B) birds reared under 3 feeding trajectories: ad libitum (AL), breeder’s recommended target (T) and Restricted (R). Values correspond to the mean ± SEM. Different letters in different rows indicate significant differences between groups (p < 0.05).
[image: Table 2][image: Figure 2]FIGURE 2 | Egg production of Lohmann LSL lite (W) and Brown lite (B) birds reared under 3 feeding trajectories: ad libitum (AL), breeder’s recommended target (T) and Restricted (R). Data are expressed as egg/per housed hen on a weekly basis from 18 weeks of age to egg to 25 weeks of age. Values correspond to the means ± SEM. p-values for the sources of variation: Age, p < 0.0001; treatment, p < 0.0001; strain, p < 0.0001; Age*Treatment, p < 0.0001; Age*Strain, p < 0.0001; Age*Strain*Treatment, p < 0.05. The “$” symbols indicate significant differences between strain at specific time points while “*” indicates significant differences between treatment at specific time points.
[image: Figure 3]FIGURE 3 | Percentage of Lohmann LSL lite (W) and Brown lite (B) birds reared under 3 feeding trajectories: ad libitum (AL), breeder’s recommended target (T) and Restricted (R) in lay.
Plasma concentration of E2 was used as an indirect measure of the activation of the reproductive axis. In the absence of photostimulation, a single defined E2 peak was not observed among the focal birds (Figure 4). There was an interaction between strain, age, and treatment (p < 0.0001), with W-AL and W-R demonstrating higher E2 concentrations than B-AL and B-R, respectively, at 19 and 20 woa. Interestingly, at 21 and 22 woa regardless of strain, R birds had the highest E2 concentrations. Relative ovary weight, the number of SWFs and the number of LYFs further illustrate the differences in sexual maturation (Table 3). The interaction between age and treatment (p < 0.0001) indicates that relative ovary weights were higher in W birds starting from 20 woa until the end of the trial while B hens had heavier ovaries only at 20 and 22 woa. The significant interaction between age and treatment resulted in R birds showing the lowest number of LYFs regardless of strain (p < 0.0001) starting from 20 woa. The interaction between age and treatment also revealed that AL hens displayed a higher number of SWFs compared to R birds (p < 0.0001) starting from 22 woa and, the significant interaction between strain and age (p < 0.0001) resulted in more numerous SWFs in B hens at the beginning of maturation (18 woa). However, this difference dissipated between 20 and 22 woa. Interestingly, at 25 woa when all W birds were in lay, the number of SWFs was increased in W compared to B hens, suggesting a higher reproductive capacity (Table 3).
[image: Figure 4]FIGURE 4 | Plasma estradiol (E2) concentration of Lohmann LSL lite (W) and Brown lite (B) birds reared under 3 feeding trajectories: ad libitum (AL), breeder’s recommended target (T) and Restricted (R). Values are expressed as mean ± SEM of 10 birds/treatment/strain. p-values for the sources of variation: Age, p < 0.0001; treatment, p < 0.05; strain, p < 0.0001; Age*Treatment, p < 0.0001; Age*Strain, p < 0.0001; Age*Strain*Treatment, p < 0.0001. The “$” symbols indicate significant differences between strain at specific time points while “*” indicates significant differences between treatment at specific time points.
TABLE 3 | Plasma estradiol concentrations, ovary weight, number of follicles, and body composition of Lohmann LSL lite (W) and Lohmann Brown lite (B) birds reared under 3 feeding trajectories: ad libitum (AL), breeder’s recommended target (T) and Restricted (R) at 14, 16, 18, 20, 22, and 25 weeks of age. Values correspond to the mean ± SEM (n = 6 birds/treatment/strain). NS, not significant; ND, not detected, E2, estradiol; LYFs, large yellow follicles; SWFs, small white follicles; BMC, bone mineral content; BMD, bone mineral density. Different letters indicate significant differences in the appropriate age.
[image: Table 3]3.3 Body composition and correlations
Changes in BC including relative fat percentage, lean percentage, BMC and BMD are shown in Table3, 4. Treatment impacted the percentage of fat (p < 0.0001), with AL feeding increasing the overall relative fat deposition, while it was reduced for R and T (p < 0.0001), independent of strain (Table 3). Accordingly, AL feeding resulted in a lower lean tissue percentage compared to T and R (p < 0.0001; Table 3). Bone parameters were also impacted by the growth trajectories. The interaction between age and treatment indicates that BMD was higher (p < 0.05) in AL compared to R at 18 woa and was attenuated at 25 woa irrespective of the strains. R birds showed a lower BMC (p < 0.05) at 18 woa compared to T birds and had a higher BMC (p < 0.05) compared to AL at 25 woa. Furthermore, there was a moderate positive correlation between plasma E2 from the sampled birds and BMC (r = 0.467; p < 0.0001) and BMD (r = 0.415, p < 0.001) in R birds and a weak correlation in AL and T birds (Table 4). In addition, BMC had a strong (p < 0.0001) correlation with BMD irrespective of the treatment (Table 4).
TABLE 4 | Correlation between plasma estradiol concentrations and bone parameters of Lohmann LSL lite (W) and Lohmann Brown lite (B) birds reared under 3 feeding trajectories: ad libitum (AL), breeder’s recommended target (T) and Restricted (R) before and after maturation. E2, estradiol; BMC, bone mineral content; BMD, bone mineral density. *p < 0.05;** p < 0.001;*** p < 0.0001.
[image: Table 4]4 DISCUSSION
Beyond photostimulation, BW and BC play an important role in sexual maturation and egg production in chickens (Gous and Cherry, 2004; van der Klein et al., 2018b; van Emous et al., 2018; Zuidhof, 2018; Baxter and Bédécarrats, 2019; Hanlon et al., 2020; Hanlon et al., 2021). Therefore, this study aimed to investigate whether body growth and composition could impact spontaneous sexual maturation in brown and white strains of commercial layer hens. We hypothesized that differential growth trajectories would alter BC, and thus metabolic status. Specifically, a certain degree of body fat appears to be required to allow for sexual maturation to proceed in broiler breeders and quail (Bornstein et al., 1984; Yang et al., 2013). It was previously suggested that initiation of sexual maturation is governed not only by photoperiod (Chaney and Fuller, 1975) and age, but also by BW (Brody et al., 1980; Brody et al., 1984; Hanlon et al., 2021), body fat (Bornstein et al., 1984; Kwakkel et al., 1995), and lean body mass (Soller et al., 1984). As anticipated, R feeding reduced BW, while AL increased it, and this effect was more pronounced in B birds. This suggests that the recommended BW target in the management guidelines for B may not allow hens to reach satiety when housed individually, while guidelines for W do.
Changes in BW are positively associated with changes in BC (Heijmans et al., 2021). In line with this finding, our results from DXA indicate that the BC was strongly affected by the feeding regimens. Feed restriction resulted in the lowest percentage of body fat and this effect was more pronounced in B birds irrespective of the maturation status. It was reported that feed-restricted layers had a lower BW and abdominal fat pad compared to AL due to the distribution of nutrients available for maintenance, production, and storage (Murugesan and Persia, 2013). A 2.6-fold reduction in fat deposition was further observed in time-restricted laying hens due to an 11.7% reduction in feed intake and a 9.6% reduction in BW compared to control birds which had free access to feed throughout the light period (Saibaba et al., 2021). In addition, studies in broiler breeders revealed that relaxing feed restriction results in increased BW with a higher abdominal fat pad (Renema et al., 2001; Robinson et al., 2007; Van Emous et al., 2013; Van der Klein et al., 2018a; Salas et al., 2019; Heijmans et al., 2021). A relationship between BW and body fat mass during the rearing stage was established in broiler breeders (Sun and Coon, 2005; Van Emous et al., 2013; Salas et al., 2019), with BC positively correlated with feed allocation (Robinson et al., 2007). In the current study, the increase in fat content suggests that a body fat threshold between 10% to 15% is required to spontaneously initiate sexual maturation. The importance of such a fat threshold on sexual maturation was further studied in broiler breeders (van der Klein et al., 2018a; Zuidhof, 2018; Hadinia et al., 2020) and quail (Reddish et al., 2003). For instance, van der Klein et al. (2018a) reported that birds with a high BW had a higher fat pad proportion (2.2%) compared to the standard BW (1.6%), and the authors speculated that a fat pad mass threshold played a critical role on the process of sexual maturation. A similar concept was also proposed in quail (Zelenka et al., 1984; Yannakopoulos et al., 1995) and Yannakopoulos et al. (1995) specified that quail with lower body fat content displayed a delayed AFE, as they had not yet met the minimum body fat threshold. Lean tissue weight, representing protein levels in the body, was increased for AL and T treatments. However, rather than inducing sexual maturation, it may correspond to the development of reproductive organs, especially the oviduct. We further found that the ovary weight was higher in AL and T birds compared to R. Kwakkel et al. (1993) speculated that protein deposition in white leghorn pullets after 11 woa could be due to sexual maturity and reflect the development of the reproductive tract. In our case, total lean weight was higher in AL birds, but a concurrent elevation in fat deposition in this treatment resulted in an overall lower lean percentage compared to T and R hens. Eitan et al. (2014) emphasized the importance of the lean mass on sexual maturation in broiler breeders. The authors suggested that a body lean threshold is required to regulate sexual maturation rather than body fat content. However, our data suggest that rather than fat and lean content, the ratio (%) may be more important when a minimum BW has been achieved in layers.
Our results show that AL birds had a higher BW at first egg and displayed advanced maturations by 10.7 days in W and 16.7 days in B birds compared to those reared under R. Additionally, within B hens, AFE was further advanced by 2.9 days between T and AL. Interestingly, this corresponded to the observed increased growth trajectory and fat deposition for these birds under AL feeding. Surprisingly, the narrow 64 g BW threshold associated with sexual maturation reported by Hanlon et al. (2021) in white Leghorns derivatives, including the same W strain, was not observed in the current study. Though, in the present study, all W hens entered lay between 1.40 and 1.59 kg depending on treatment, which is comparable to the 1.43–1.49 kg BW range reported by Hanlon et al. (2021). Interestingly, the impact of treatment on BW-FE observed for B birds was much larger than for W suggesting that the possible BW threshold proposed by Hanlon et al. (2021) may depend on the strain (W versus B) and the growth trajectory. However, the impact of BC may be more consistent across strain and growth trajectory as we report that 10%–15% fat deposition is necessary for the onset of sexual maturations.
Beyond AFE, AL feeding was associated with improved development of reproductive organs with birds in the AL groups showing a higher ovary weight and the number of LYFs which resulted in higher egg productions irrespective of the strain. Furthermore, Time restricted feeding in laying hens resulted in lower BW, lighter egg weight, reduced egg production by 3.8% and persistency of egg laying by an average of 2.1% (Saibaba et al., 2021). In addition, previous studies in broiler breeders showed that high feed intake during the pubertal period elevates the number of hierarchal follicles (Hocking et al., 1987; Katanbaf et al., 1989; Yu et al., 1992) and accelerates the sexual maturation process (Wilson and Harms, 1986; Yu et al., 1992). Hocking (1993) reported that birds with a higher BW had more LYFs and a positive linear connection between the number of LYFs, BW and food intake was observed.
One key process during sexual maturation is the production of E2 by SWFs. In turn, E2 prepares the hen for active egg laying by switching the physiology and nutrient partitioning toward the synthesis of egg components (Hanlon et al., 2022) through the alteration of liver and bone physiology. During sexual maturation, E2 stimulates genes responsible for egg yolk and egg white production by binding to its receptor (ERα) in the liver (Bergink and Wallace, 1974; Kirchgessner et al., 1987; Flouriot et al., 1996) and transporting these components to the oviduct (Ratna et al., 2016). We report here that birds in the W group had an overall higher plasma E2 than those in B. However, the lack of photostimulation most likely resulted in a lack of synchronization within the treatment and a distinct identifiable peak in E2 could not be observed in the focal birds. Non-etheless, in the sampled birds, the increase in E2 concentration was delayed by a couple of weeks in R birds. The delay in egg production in R birds in the current study could be due to the delay in the production of E2 irrespective of the strains as it was reported in broiler breeders that birds receiving R feed during the rearing period had delayed E2 production followed by later AFE (Onagbesan et al., 2006), but higher cumulative egg production (van der Klein et al., 2018b). Unfortunately, this study only focused on the period leading up to peak production, and further studies should consider the impact on the remainder of the laying cycle.
In addition to lean and fat carcass content, the bone health of laying hens is critical to reproductive success. Due to the amount of Ca required for eggshell formation, high-producing strains of layer chickens are prone to Ca imbalance, which can result in osteoporosis near the end of the laying cycle (Webster, 2004). The onset of this disorder is said to be dependent on both laying performance and plasma E2 concentrations (Eusemann et al., 2022). The rise in plasma E2 at the initiation of the laying cycle shifts skeletal development from longitudinal growth to medullary formation, which results in calcium storage (Miller and Bowman, 1981; Dacke et al., 1993; Whitehead and Fleming, 2000) to support eggshell formation. Thus, exogenous administration of E2 in laying hens and roosters resulted in weaker bone strength compared to the untreated birds (Urist and Deutsch, 1960; Chen et al., 2014). E2 also elevates the levels of calcitriol, the active form of vitamin D, receptors in the intestine mucosa to enhance the uptake of dietary sources of Ca (for review: Hanlon et al., 2022). Hanlon et al. (2021), Hanlon et al. (2022) reported that the modern strains of layers exhibit recurrent elevations of E2 throughout the laying cycle, which may trigger the medullary bone formation to help provide an adequate Ca source during the laying period. They further suggested that the recurrent elevations of E2 positively correlated with medullary BMD and negatively correlated with cortical BMD.
However, although DXA provides an overall BMC and BMD value, our results demonstrated that B birds had higher BMC and BMD compared to W birds. BMC and BMD were lower at 18 woa and higher at 25 woa in R birds. Thus, the increased levels of BMC and BMD in both strains under R compared to AL birds could result from the elevations of plasma E2 concentrations at 22 woa. Furthermore, the results of the current study revealed a positive correlation between E2 and BMC and BMD which could be due to the development of medullary bone formation to support egg production as proposed by Hanlon et al. (2022), demonstrating a positive correlation between E2 and medullary BMC and BMD through a 100-week laying cycle of hens to provide enough amount of Ca for the support of egg production.
5 CONCLUSION
Feed allocation impacted growth and BC in a strain-dependent manner, resulting in differing sexual maturation and egg production. Specifically, higher BW, body fat percentage, and plasma E2 concentrations increased egg production and advanced AFE in birds which were reared under AL feeding conditions, which was more pronounced in B. Therefore, a body fat threshold between 10% to 15% appears to be required for the occurrence of spontaneously sexual maturation in laying hens. Furthermore, the positive correlation of plasma E2 with BMC and BMD highlights the importance of E2 and BC on sexual maturation in laying hens.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by the University of Guelph Animal Care Committee.
AUTHOR CONTRIBUTIONS
GB designed the study and secured funding. MB, CH, CZ, SS, and GB all participated in the execution of the study. MB was the primary writer and conducted the analyses with the support of CZ and GB. GB and CH participated in the redaction and editing of the manuscript. GB supported MB throughout the project as the supervisor. All authors contributed to the article and approved the submitted version.
FUNDING
This study was supported by funding from Egg Farmers of Canada, The Ontario Ministry of Agriculture and Rural Affairs (OMAFRA) Ontario Agri-Food Innovation Alliance Program (#UofG 2018-3148), The Natural Sciences and Engineering Research Council of Canada (NSERC CRDPJ program #CRDPJ543662-19) and, The Canada First Research Excellence Fund (Food from Thought—Agricultural Systems for a Healthy Planet).
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.
REFERENCES
 Baxter, M., and Bédécarrats, G. Y. (2019). Evaluation of the impact of light source on reproductive parameters in laying hens housed in individual cages. J. Poult. Sci. 56, 148–158. doi:10.2141/jpsa.0180054
 Baxter, M., Joseph, N., Osborne, V. R., and Bédécarrats, G. Y. (2014). Red light is necessary to activate the reproductive axis in chickens independently of the retina of the eye. Poult. Sci. 93, 1289–1297. doi:10.3382/ps.2013-03799
 Bédécarrats, G. Y. (2015). Control of the reproductive axis: Balancing act between stimulatory and inhibitory inputs. Poult. Sci. 94, 810–815. doi:10.3382/ps/peu042
 Bentley, G. E., Perfito, N., Ukena, K., Tsutsui, K., and Wingfield, J. C. (2003). Gonadotropin-inhibitory peptide in song sparrows (Melospiza melodia) in different reproductive conditions, and in house sparrows (Passer domesticus) relative to chicken-gonadotropin-releasing hormone. J. Neuroendocrinol. 15, 794–802. doi:10.1046/j.1365-2826.2003.01062.x
 Bentley, G. E., Ubuka, T., McGuire, N. L., Chowdhury, V. S., Morita, Y., Yano, T., et al. (2008). Gonadotropin-inhibitory hormone and its receptor in the avian reproductive system. Gen. Comp. Endocrinol. 156, 34–43. doi:10.1016/j.ygcen.2007.10.003
 Bergink, E. W., and Wallace, R. A. (1974). Precursor product relationship between amphibian vitellogenin and the yolk proteins, lipovitellin and phosvitin. J. Biol. Chem. 249, 2897–2903. doi:10.1016/s0021-9258(19)42715-4
 Bornstein, S., Plavnik, I., and Lev, Y. (1984). Body weight and/or fatness as potential determinants of the onset of egg production in broiler breeder hens. Br. Poult. Sci. 25, 323–341. doi:10.1080/00071668408454873
 Brody, T. B., Siegel, P. B., and Cherry, J. A. (1984). Age, body weight and body composition requirements for the onset of sexual maturity of dwarf and normal chickens. Br. Poult. Sci. 25, 245–252. doi:10.1080/00071668408454863
 Brody, T., Eitan, Y., Soller, M., Nir, I., and Nitsan, Z. (1980). Compensatory growth and sexual maturity in broiler females reared under severe food restriction from day of hatching. Br. Poult. Sci. 21, 437–446. doi:10.1080/00071668008416694
 Canadian Council on Animal Care (2009). CCAC guidelines on: The care and use of farm animals in research, teaching, and testing. Berlin, Germany: Springer. 
 Chaney, L. W., and Fuller, H. L. (1975). The relation of obesity to egg production in broiler breeders. Poult. Sci. 54, 200–208. doi:10.3382/ps.0540200
 Chen, S. Y., Li, T. Y., Tsai, C. H., Lo, D. Y., and Chen, K. L. (2014). Gender, caponization and exogenous estrogen effects on lipids, bone and blood characteristics in Taiwan country chickens. Anim. Sci. J. 85, 305–312. doi:10.1111/asj.12147
 Chowdhury, V. S., Tomonaga, S., Nishimura, S., Tabata, S., Cockrem, J. F., Tsutsui, K., et al. (2012). Hypothalamic gonadotropin-inhibitory hormone precursor mRNA is increased during depressed food intake in heat-exposed chicks. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 162, 227–233. doi:10.1016/j.cbpa.2012.03.009
 Ciccone, N. A., Dunn, I. C., Boswell, T., Tsutsui, K., Ubuka, T., Ukena, K., et al. (2004). Gonadotrophin inhibitory hormone depresses gonadotrophin α and follicle-stimulating hormone β subunit expression in the pituitary of the domestic chicken. J. Neuroendocrinol. 16, 999–1006. doi:10.1111/j.1365-2826.2005.01260.x
 Dacke, C. G., Arkle, S., Cook, D. J., Wormstone, I. M., Jones, S., Zaidi, M., et al. (1993). Medullary bone and avian calcium regulation. J. Exp. Biol. 88, 63–88. doi:10.1242/jeb.184.1.63
 Eitan, Y., Lipkin, E., and Soller, M. (2014). Body composition and reproductive performance at entry into lay of anno 1980 versus anno 2000 broiler breeder females under fast and slow release from feed restriction. Poult. Sci. 93, 1227–1235. doi:10.3382/ps.2013-03239
 Eusemann, B. K., Patt, A., Schrader, L., Weigend, S., Thöne Reineke, C., and 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., Ulrich, R., 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 oestradiol-17ß in laying hens. Avian Pathol. 51, 267–282. doi:10.1080/03079457.2022.2050671
 Flouriot, G., Pakdel, F., and Valotaire, Y. (1996). Transcriptional and post-transcriptional regulation of rainbow trout estrogen receptor and vitellogenin gene expression. Mol. Cell Endocrinol. 124, 173–183. doi:10.1016/s0303-7207(96)03960-3
 Gous, R. M., and Cherry, P. (2004). Effects of body weight at, and lighting regimen and growth curve to, 20 weeks on laying performance in broiler breeders. Br. Poult. Sci. 45, 445–452. doi:10.1080/00071660400001256
 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, 200. doi:10.1399/eps.2017.200
 Hadinia, S. H., Carneiro, P. R. O., Fitzsimmons, C. J., Bédécarrats, G. Y., and Zuidhof, M. J. (2020). Post-photostimulation energy intake accelerated pubertal development in broiler breeder pullets. Poult. Sci. 99, 2215–2229. doi:10.1016/j.psj.2019.11.065
 Hanlon, C., Ramachandran, R., Zuidhof, M. J., and Bédécarrats, G. Y. (2020). Should I lay or should I grow: Photoperiodic versus metabolic cues in chickens. Front. Physiol. 11, 707. doi:10.3389/fphys.2020.00707
 Hanlon, C., Takeshima, K., and 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
 Hanlon, C., Takeshima, K., Kiarie, E. G., and Bédécarrats, G. Y. (2022). Bone and eggshell quality throughout an extended laying cycle in three strainsof layers spanning 50 years of selection. Poult. Sci. 101, 101672. doi:10.1016/j.psj.2021.101672
 Heijmans, J., Duijster, M., Gerrits, W. J. J., Kemp, B., Kwakkel, R. P., and van den Brand, H. (2021). Impact of growth curve and dietary energy-to-protein ratio on productive performance of broiler breeders. Poult. Sci. 100, 101131. doi:10.1016/j.psj.2021.101131
 Hocking, P. M., Bain, M., Channing, C. E., Fleming, R., and Wilson, S. (2003). Genetic variation for egg production, egg quality and bone strength in selected and traditional breeds of laying fowl. Br. Poult. Sci. 44, 365–373. doi:10.1080/0007166031000085535
 Hocking, P. M. (1993). Effects of body weight at sexual maturity and the degree and age of restriction during rearing on the ovarian follicular hierarchy of broiler breeder females. Br. Poult. Sci. 34, 793–801. doi:10.1080/00071669308417638
 Hocking, P. M., Gilbert, A. B., Walker, M., and Waddington, D. (1987). Ovarian follicular structure of white leghorns fed ad libitum and dwarf and normal broiler breeders fed ad libitum or restricted until point of lay. Br. Poult. Sci. 28, 493–506. doi:10.1080/00071668708416983
 Hocking, P. M., Waddington, D., Walker, M. A., and Gilbert, A. B. (1989). Control of the development of the ovarian follicular hierarchy in broiler breeder pullets by food restriction during rearing. Br. Poult. Sci. 30, 161–173. doi:10.1080/00071668908417134
 Ikemoto, T., and Park, M. K. (2005). Chicken RFamide-related peptide (GnIH) and two distinct receptor subtypes: Identification, molecular characterization, and evolutionary considerations. J. Reprod. Dev. 51, 359–377. doi:10.1262/jrd.16087
 Johnson, A. L., Bridgham, J. T., Witty, J. P., and Tilly, J. L. (1996). Susceptibility of avian ovarian granulosa cells to apoptosis is dependent upon stage of follicle development and is related to endogenous levels of bcl-xlong gene expression. Endocrinology 137 (5), 2059–2066. doi:10.1210/endo.137.5.8612548
 Johnson, A. L. (1993). Regulation of follicle differentiation by gonadotropins and growth factors. Poult. Sci. 72, 867–873. doi:10.3382/ps.0720867
 Katanbaf, M. N., Dunnington, E. A., and Siegel, P. B. (1989). Restricted feeding in early and late-feathering chickens. 2. reproductive responses. Poult. Sci. 68, 352–358. doi:10.3382/ps.0680352
 Kirchgessner, T. G., Heinzmann, C., Svenson, K. L., Gordonb, D. A., Nicosiab, M., Lebherz’, H. G., et al. (1987). Regulation of chicken apolipoprotein B: Cloning, tissue distribution, and estrogen induction of mRNA. Gene 9, 241–251. doi:10.1016/0378-1119(87)90332-5
 Kwakkel, R. P., Ducro, B. J., and Koops, W. J. (1993). Multiphasic analysis of growth of the body and its chemical components in white leghorn pullets. Poult. Sci. 72, 1421–1432. doi:10.3382/ps.0721421
 Kwakkel, R. P., van Esch, J. A. W., Ducro, B. J., and Koops, W. J. (1995). Onset of lay related to multiphasic growth and body composition in white leghorn pullets provided ad libitum and restricted diets. Poult. Sci. 74, 821–832. doi:10.3382/ps.0740821
 Miller, S. C., and Bowman, B. M. (1981). Medullary bone osteogenesis following estrogen administration to mature male Japanese quail. Devl. Biol. 87, 52–63. doi:10.1016/0012-1606(81)90060-9
 Miller, S. C. (1977). Osteoclast cell-surface changes during the egg laying cycle in Japanese quail. J. Cell Biol. 75, 104–118. doi:10.1083/jcb.75.1.104
 Mueller, W. J., Schraer, R., and Schraer, H. (1964). Calcium metabolism and skeletal dynamics of laying pullets. J. Nutr. 84, 20–26. doi:10.1093/jn/84.1.20
 Murugesan, G. R., and Persia, M. E. (2013). Validation of the effects of small differences in dietary metabolizable energy and feed restriction in first-cycle laying hens. Poult. Sci. 92, 1238–1243. doi:10.3382/ps.2012-02719
 National Research Council (1994). Nutrient requirements of poultry. 9th Edn. Washington, DC: National Academy Press. 
 Onagbesan, O. M., Metayer, S., Tona, K., Williams, J., Decuypere, E., and Bruggeman, V. (2006). Effects of genotype and feed allowance on plasma luteinizing hormones, follicle-stimulating hormones, progesterone, estradiol levels, follicle differentiation, and egg production rates of broiler breeder hens. Poult. Sci. 85, 1245–1258. doi:10.1093/ps/85.7.1245
 Ratna, W. N., Bhatt, V. D., Chaudhary, K., Ariff, A., Bavadekar, S. A., and Ratna, H. N. (2016). Estrogen-responsive genes encoding egg yolk proteins vitellogenin and apolipoprotein II in chicken are differentially regulated by selective estrogen receptor modulators. Theriogenology 85, 376–383. doi:10.1016/j.theriogenology.2015.08.015
 Reddish, J. M., Nestor, K. E., and Lilburn, M. S. (2003). Effect of selection for growth on onset of sexual maturity in randombred and growth-selected lines of Japanese quail. Poult. Sci. 82, 187–191. doi:10.1093/ps/82.2.187
 Renema, R. A., Robinson, F. E., and Goerzen, P. R. (2001). Effects of altering growth curve and age at photostimulation in female broiler breeders. 1. Reproductive development. Can. J. Anim. Sci. 81 (4), 467–476. doi:10.4141/A00-109
 Robinson, F. E., and Etches, R. J. (1986). Ovarian steroidogenesis during follicular maturation in the domestic fowl (Gallus domesticus). Biol. Reprod. 35, 1096–1105. doi:10.1095/biolreprod35.5.1096
 Robinson, F. E., Zuidhof, M. J., and Renema, R. A. (2007). Reproductive efficiency and metabolism of female broiler breeders as affected by genotype, feed allocation, and age at photostimulation. 1. Pullet growth and development. Poult. Sci. 86, 2256–2266. doi:10.1093/ps/86.10.2256
 Saibaba, G., Ruzal, M., Shinder, D., Yosefi, S., Druyan, S., Arazi, H., et al. (2021). Time-restricted feeding in commercial layer chickens improves egg quality in old age and points to lack of adipostat activity in chickens. Front. Physiol. 12, 651738. doi:10.3389/fphys.2021.651738
 Salas, C., Ekmay, R. D., England, J., Cerrate, S., and Coon, C. N. (2019). Effect of body weight and energy intake on body composition analysis of broiler breeder hens. Poult. Sci. 98, 796–802. doi:10.3382/ps/pey377
 Sato, K., Abe, H., Kono, T., Yamazaki, M., Nakashima, K., Kamada, T., et al. (2009). Changes in peroxisome proliferator-activated receptor gamma gene expression of chicken abdominal adipose tissue with different age, sex and genotype. Anim. Sci. J. 80, 322–327. doi:10.1111/j.1740-0929.2009.00639.x
 Soller, M., Eitan, Y., and Brody, T. (1984). Effect of diet and early quantitative feed restriction on the minimum weight requirement for onset of sexual maturity in white rock broiler breeders. Poult. Sci. 63, 1255–1261. doi:10.3382/ps.0631255
 Spratt, R. S., and Leeson, S. (1987). Broiler breeder performance in response to diet protein and energy. Poult. Sci. 66, 683–693. doi:10.3382/ps.0660683
 Sun, J., and Coon, C. N. (2005). The effects of body weight, dietary fat, and feed withdrawal rate on the performance of broiler breeders. J. Appl. Poult. Res. 14, 728–739. doi:10.1093/japr/14.4.728
 Swennen, Q., Janssens, G. P. J., Geers, R., Decuypere, E., and Buyse, J. (2004). Validation of dual-energy x-ray absorptiometry for determining in vivo body composition of chickens. Poult. Sci. 83, 1348–1357. doi:10.1093/ps/83.8.1348
 Tachibana, T., Sato, M., Takahashi, H., Ukena, K., Tsutsui, K., and Furuse, M. (2005). Gonadotropin-inhibiting hormone stimulates feeding behavior in chicks. Brain Res. 1050, 94–100. doi:10.1016/j.brainres.2005.05.035
 Tsutsui, K., Saigoh, E., Ukena, K., Teranishi, H., Fujisawa, Y., Kikuchi, M., et al. (2000). A novel avian hypothalamic peptide inhibiting gonadotropin release. Biochem. Biophys. Res. Commun. 275, 661–667. doi:10.1006/bbrc.2000.3350
 Ubuka, T., Ukena, K., Sharp, P. J., Bentley, G. E., and Tsutsui, K. (2006). Gonadotropin-inhibitory hormone inhibits gonadal development and maintenance by decreasing gonadotropin synthesis and release in male quail. Endocrinology 147, 1187–1194. doi:10.1210/en.2005-1178
 Urist, M. R., and Deutsch, N. M. (1960). Osteoporosis in the laying hen. Endocrinology 66, 377–391. doi:10.1210/endo-66-3-377
 van der Klein, S. A. S., Bédécarrats, G. Y., Robinson, F. E., and Zuidhof, M. J. (2018b). Early photostimulation at the recommended body weight reduced broiler breeder performance. Poult. Sci. 97, 3736–3745. doi:10.3382/ps/pey215
 van der Klein, S. A. S., Bédécarrats, G. Y., and Zuidhof, M. J. (2018a). The effect of rearing photoperiod on broiler breeder reproductive performance depended on body weight. Poult. Sci. 97, 3286–3294. doi:10.3382/ps/pey199
 van Emous, R. A., de La Cruz, C. E., and Naranjo, V. D. (2018). Effects of dietary protein level and age at photo stimulation on reproduction traits of broiler breeders and progeny performance. Poult. Sci. 97, 1968–1979. doi:10.3382/ps/pey053
 van Emous, R. A., Kwakkel, R. P., van Krimpen, M. M., and Hendriksf, W. H. (2013). Effects of growth patterns and dietary crude protein levels during rearing on body composition and performance in broiler breeder females during the rearing and laying period. Poult. Sci. 92, 2091–2100. doi:10.3382/ps.2012-02987
 Webster, A. B. (2004). Welfare implications of avian osteoporosis. Poult. Sci. 83, 184–192. doi:10.1093/ps/83.2.184
 Whitehead, C. C., and Fleming, R. H. (2000). Osteoporosis in cage layers. Poult. Sci. 79, 1033–1041. doi:10.1093/ps/79.7.1033
 Williams, J. B., and Sharp, P. J. (1978). Ovarian morphology and rates of ovarian follicular development in laying broiler breeders and commercial egg-producing hens. Br. Poult. Sci. 19, 387–395. doi:10.1080/00071667808416490
 Wilson, H. R., and Harms, R. H. (1986). Performance of broiler breeders as affected by body weight during the breeding season. Poult. Sci. 65 (6), 1052–1057. doi:10.3382/ps.0651052
 Yang, S., Suh, Y., Choi, Y. M., Shin, S., Han, J. Y., and Lee, K. (2013). Loss of fat with increased adipose triglyceride lipase-mediated lipolysis in adipose tissue during laying stages in quail. Lipids 48, 13–21. doi:10.1007/s11745-012-3742-6
 Yannakopoulos, A. L., Christaki, E., and Florou-Paneri, P. (1995). Effect of age and carcase composition on the onset of sexual maturity in quail under normal feeding regimens. Br. Poult. Sci. 36, 771–777. doi:10.1080/00071669508417821
 Yu, M. W., Robinson, F. E., and Robblee, A. R. (1992). Effect of feed allowance during rearing and breeding on female broiler breeders. 1. growth and carcass characteristics. Poult. Sci. 71, 1739–1749. doi:10.3382/ps.0711739
 Zelenka, D. J., Cherry, J. A., Nir, I., and Siegel, P. B. (1984). Bodyweight and composition of Japanese quail (Coturnix coturnixjaponica) at sexual maturity. Growth 48, 16–28.
 Zuidhof, M. J. (2018). Lifetime productivity of conventionally and precision-fed broiler breeders. Poult. Sci. 97, 3921–3937. doi:10.3382/ps/pey252
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 © 2023 Bahry, Hanlon, Ziezold, Schaus and Bédécarrats. 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/images/fphys-14-1174238-t001.jpg
Program start (day) Photoperiod (h) Intensity (lux)

4 16 35
7 | 14 30
12 13 [ 25
19 [ 12 20
26 1 [ 15
33 to end (25 woa) 10 [ 10

woa, weeks of age.





OPS/images/fphys-14-1174238-t002.jpg
AFE SEM BW-FE SEM
Strain Treatment days

wo AL 142" 10 1590° 0017
‘ T 140" 10 1480° | 0018
‘ R 152 11 1400° 0019
B ‘ AL 135¢ 10 20000 0017
‘ T 138 10 1740° 0017
‘ R 152" 11 1570° 0019

Source of variation p-value
Strain <0.001 <0.001
Treatment <0.001 <0.001
Strain*Treatment <0.05 <0.001






OPS/images/fphys-14-1174238-g003.gif





OPS/images/fphys-14-1174238-g004.gif





OPS/images/inline_1.gif
1arget dodyweigit x 1arget Jeed intake
Actualbodyweight






OPS/images/fphys-14-1174238-t003.jpg
Follicles ¢ Bone

Age (wk) tment E; SEM vary SEM LYFs SEM SWFs SEM a BMC SEM BMD SEM
pg/mL. % BW. glem?

: 393 525 025 0024 510 076 154 a7 176 145 824 152 400 257 031 oo

T 251 526 052 0024 64 076 559 20 207 145 793 152 323 257 028 oon

R 308 526 050" 0024 56 076 378" ans 191 145 810 152 392 257 027 oon

4 520 525 026" 0024 70% 076 297 a7 128 145 873 152 28 257 030 oo

R 543 526 0st 0024 38 076 123 20 177 904 214 396 281 032 oon

25 AL 288 526 032 0024 73 076 a3s as 151 145 849 152 268" 257 028 oon

: 294 525 035 0024 64 076 387 a7 124 145 876 152 386" 257 030 oon

Age TreatmentSrain N NS s N <005 <005 Ns NS





OPS/images/fphys-14-1174238-t004.jpg
Ad Libitum Restricted

BMC
E 1 033* 0.366* 1 0342+ 0321 1 0467+ 0415
BMC 1 0.667% 1 0745 1 0.7817%

BMD 1 1 1






OPS/xhtml/nav.xhtml
Contents

		Cover

		Impact of growth trajectory on sexual maturation in layer chickens		1 Introduction

		2 Materials and methods		2.1 Animals and experimental design

		2.2 Growth and production performance

		2.3 Body composition

		2.4 Estradiol (E2) analysis

		2.5 Statistical analyses





		3 Results		3.1 Body weight

		3.2 Reproduction

		3.3 Body composition and correlations





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		References









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






OPS/images/fphys-14-1174238-g001.gif





OPS/images/fphys-14-1174238-g002.gif





OPS/images/inline_3.gif





OPS/images/inline_2.gif
g o

Tissue weight









OPS/images/crossmark.jpg
©

|





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





