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341 the Vegan v2.5-3 software. Circos diagram was used to demonstrate the microbial abundance at genus level. 
342 The linear discriminant analysis (LDA) effect size (LEfSe) (http://huttenhower.sph.harvard.edu/LEfSe) 
343 identified the significantly numerous taxa (phylum to genera) of bacteria among the different groups (LDA 
344 score > 2, P < 0.05). A correlation among two nodes was regarded as statistically significant if Spearman’s 
345 correlation coefficient was greater as 0.6 or less than -0.6, with a P-value less than 0.01. To further 
346 investigate the impact of microbiota on apparent performance, redundancy analysis (RDA) at the genus 
347 level was carried out using the R language vegan package on Spearman correlation analysis (RDA 2014).

348 Statistical Analysis

349 Statistical analysis were performed using SPSS 20.0 software (=D3 SPSS, Inc., 2009, Chicago, IL, 
350 USA www.spss.com). All values were expressed as mean ± standard deviation. Two-tailed unpaired T-test 
351 was used to determine the statistical significance. Level of significance was considered to be at < 0.05 and 
352 P < 0.01.
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374 RESULTS

375 Growth Performance

376 Indeed, Wanpu-geese (GD) had a lower feed intake, ADG and F:G ratio than the commercial 
377 feeding group (CD) mainly due to the higher locomotor activity, with a lower solid feed consumption due 
378 to the pasture intake (Figure 1a-c). The estimation of forage intake in birds reared free range is difficult and 
379 only few studies have been carried out mainly with laying hens. 

380 Tibia characteristics and their growth plates

381 To determine the changes in tibia related parameters in geese in the CD and GD groups, relative 
382 tibia weight, Length and width were measured at 15th, 30th and 60th day. Ryegrass intake had no effect on 
383 relative tibia weight at day 30 (P<0.05) significantly (Figure 1d). Tibia width remained unaffected (Figure 
384 1f). Ryegrass feeding increased the Robustcity index significantly at Day 30 (P<0.05) (Figure 1g). CD 
385 group had higher growth plate width leadings towards increased TD lesion as compared to GD group 
386 (Figure 1h, s).

387 Serum and Tibia indices

388 Serum Ca content remained unaffected (P>0.05) in both CD and GD groups (Figure 1i), where 
389 there was significant increase (P>0.05) in Tibia Ca on Day 15, 30 and 60 (Figure 1j). Ryegrass feeding 
390 resulted in a significant increase (P<0.05) in serum and Tibia phosphorus content (Figure 1k-l). Ryegrass 
391 feeding increased (P<0.05) the bone formation marker known as ALP (Alkaline Phosphatase) significantly 
392 (Figure 1m-n) and decreased (P<0.05) the bone resorption marker TRAP (Figure 1o) significantly in serum. 
393 Tibia OCN also known as (BGLAP) was significantly increased (P>0.05) in GD group (Figure 1p). There 
394 was a significant reduction (P<0.05) in bone resorption agents known as NFATC1 and TRAF6 in GD 
395 groups as compared to CD group on Day 15, 30 and 60 (Figure 1q-r).

396 Trabecular and cortical microstructure of tibia

397 Ryegrass feeding was very effective in increasing the BS/TV%, Tb.N, Tb.Th significantly at Day 
398 15, 30 and 60 (P<0.05) of Trabecular bone. There was also a significant increase in BMD on Day 30 and 
399 60 (P<0.05) in GD group and as compared to CD group in trabecular section. BV/TV% and TS increased 
400 significantly on Day 15 and 60 (P<0.05) as a result of ryegrass feeding. Trabecular BS/BV% was higher 
401 (P<0.05) in GD group on Day 30 and 60 as compared to CD group. Ryegrass intake lowers the Tb.sp 
402 significantly (P<0.05) in GD on Day 15, 30 and 60. (Figure 2a). Regarding Cortical bone, there was 
403 significant improvement (P<0.05) in BV/TV, TS, BS/BV and BS/TV on Day 15, 30 and 60 in GD group 
404 as a result of ryegrass feeding. BMD of cortical bone was increased significantly (P<0.05) in GD group on 
405 Day 30 and 60 (Figure 2b). 

406 Histological analysis of Tibia Bone

407 Three staining techniques were performed to evaluate the changes in tibia bone due to LPS 
408 production. Goldner trichome staining was used to evaluate the osteoid and mineralized area of the tibia 
409 bone. Green color represented mineralized bone and red color represented the osteoid portion. Collagen 
410 area of the tibia were significantly higher in CD group (Figure 2c). Ryegrass intake reduced the osteoid-to-
411 mineralized ratio and increased the mineralized portion as compared to CD (Figure 2c). TRAP staining was 
412 performed to measure the osteoclast area and number. Tibia TRAP activity and Osteoclast number was 
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413 significantly reduced in GD group (P<0.01) as result of ryegrass intake (Figure 2d). Safranin O staining 
414 was to check the articular cartilage pattern and proteoglycan content. There are no irregularity in the pattern 
415 of cartilage on both groups. On day 15, zone II and total thickness of articular cartilage were significantly 
416 increased (P<0.05) in GD group. On day 30, zone I, II, III and total thickness were higher as a result 
417 of ryegrass grazing. Zone I and total thickness of articular cartilage were higher (P<0.05) on day 
418 60 in GD group. Dark Red color represented higher proteoglycan and less intensity of red color 
419 represented less proteoglycan content. Ryegrass intake significantly increased the proteoglycan content in 
420 GD group in comparison with CD group (Figure 2e).

421 Ryegrass intake improves the antioxidant status in serum, tibia and ceca

422 To check the antioxidant capacity of Ryegrass feeding, protein levels of antioxidants GSH-PX and 
423 CAT from serum, tibia and ceca samples of meat geese at 15d, 30d, and 60d were measured. There was 
424 significant increased (P<0.01) in GSH-PX in the serum day 15 and 30, in the tibia on day 15 (P<0.05), 30 
425 (P<0.05), and 60 (P<0.05) and in the ceca on day 15, 30 and 60 (Figure 3a-c). CAT was also significantly 
426 increased (P<0.05) in serum on day 15, 30 and 60, in the tibia and ceca on day 15 and 60 (Figure 3d-f). 
427 Further, whether these antioxidants are involved in attenuating the mediators that caused ROS insults in 
428 CD and GD meat geese, we measured oxidative mediator MDA from serum, tibia and cecal samples. We 
429 examined a severe increase in the levels of MDA in CD meat geese compared with GD meat geese at three 
430 time points 15d, 30d, and 60d (Figure 3g-i).

431 Ryegrass intake improved the metabolic profile in meat geese

432 The Ryegrass grazing system was effective in preventing metabolic syndrome in GD meat geese 
433 with a significant improvement in body metabolic profile. HDL was significantly increased (P<0.01) in GD 
434 group on day15, 30 and 60 (Figure 3m). Triglycerides, Cholesterol, LDL, and GLU were significantly 
435 (P<0.01) higher in CD group as compared to GD group on day 15, 30 and 60 (Figure 3k-l, o). Blood urea 
436 nitrogen was significantly higher (P<0.01) in CD group meat geese on day 15 and 30 as shown in the 
437 (Figure 3n).

438 Ryegrass feeding regulated the bone modulating hormones

439 To check whether Ryegrass intake regulated bone modulating hormones, ELISA was performed to 
440 check their levels in the hormones. There was a significant increase in Estrogen (P<0.05) on day 15, 30 and 
441 60 (Figure 3p). Calcitonin was also significantly increased (P<0.05) on day 15, 30 and 60 (Figure 3t). 
442 Vitamin D3 and IGF-1 were also significantly increased (P<0.05) on day 30 and 60 (Figure 3q,u). Compared 
443 with GD group, CD had significantly higher (P<0.05) level of serotonin (5-HT) on day 15, 30 and 60 (Figure 
444 3r). PTH level was significantly higher (P<0.05) on day 15,30 and 60 in CD group as compared to GD 
445 group (Figure 3s).

446 Intestinal Microflora of the Wanpu Meat geese

447 Structural composition at Phylum level

448 High-through 16sRNA (variable region V3-V4) sequencing was performed to determine the effect 
449 of ryegrass intake on the gut microbiome of the meat geese. The metagenome predicted functions classified 
450 using clusters of orthologous genes (COG) database in phylogenetic reconstruction of unobserved states 
451 software are performed to investigate the functional differences in the gut microbiota between the two 
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452 feeding meat geese groups; commercial feeding group (CD) and Ryegrass feeding group (GD) meat geese) 
453 at different time points 15d, 30d, and 60d. To identify which strains, contribute to LPS production in the 
454 meat geese gut, we focused on the GO terms and cecal microbiota at the phylum level mainly relevant to 
455 LPS biosynthesis. At 15d, in the CD group, Bacteroides families dominated the four while Actinobacteiota 
456 dominated over Verrucomicrobiota related to LPS biosynthesis. At 30d, in the CD group, Firmicutes 
457 families dominated the four related to LPS biosynthesis, respectively. At 60d, only Firmicutes family 
458 dominated the four main COG terms related to LPS biosynthesis in CD group geese. Overall, Firmicutes 
459 and Bacteroidota families dominate both in the CD and GD meat geese at 15d, 30d, and 60d, but Firmicutes 
460 and Bacteroidota individually contribute 85.96% and 15.24% of the LPS biosynthesis in the CD meat geese 
461 at 30d and 60d, respectively (Figure 4a-c). In contrast, Actinobacteriota family is the minor contributor to 
462 LPS biosynthesis, with an average of 2.85% of the total LPS biosynthesis in CD meat geese at 15d. In 
463 contrast to other bacterial families, Proteobacteria family with a minute quantity with an average of 2.94% 
464 contributes to the total LPS biosynthesis in CD meat geese at 60d. Figure 4(a-c) represented the microbial 
465 diversity at phylum level.

466 Microbial diversity in response to Ryegrass feeding

467 The cecal microbial community in geese feeding ryegrass increased richness and evenness but the 
468 difference was no significance (P>0.05). There was no significant difference in alpha diversity (Simpson, 
469 Shannon and Ace index) on all three phases as shown in Figure 4(d-f). A significant difference in beta 
470 diversity (P < 0.05) was observed in the GD group on Day 15 (Figure 4g). However, no significant 
471 separation (P > 0.05) was detected between the two groups on Days 30 and 60 (Figure 4h-i).

472 Structural Composition at Genus level  

473 The quality and types of diet make alterations in the gut microbiota in a time-dependent manner. 
474 Ryegrass intake modulated the gut microbial community at the genus level. We sorted out the 20 bacteria 
475 at the genus level related to bone health. The relative abundance of Streptococcus, Ruminococcus, 
476 Oscillospiracae, Faecalbacterium, Lactobacillus, Butyricoccus, Bifidobacterium, Lachnospiracae, 
477 Gastranaerophilales, Allistipes, Bacteroides, Barnesiella, Akkermansia, Blautia and Rombutsia were 
478 significantly higher (P<0.01) in GD group as a result of Ryegrass intake. Compared with GD group, CD 
479 group has significantly higher (P<0.01) relative abundance of Erysipelatoclostridium, 
480 Rikenellaceae_RC_gut_group, CUCG14, Subdoligranum, and E.coli (Supplementary Figure 1). We found 
481 the abundance of E.coli in CD group. E.coli is the potent activator of LPS and other inflammation causing 
482 agents. To confirm the abundance of E.coli, we performed qPCR to find the expression of it. It was shown 
483 from the mRNA expression that E.coli was significantly enhanced in commercial feeding group (CD) as 
484 compared to the GD group as shown in the Figure 7(s). Circos diagram represented the diversity and 
485 abundance of bacterial genera across CD and GD groups helping to visualize the microbiome composition 
486 and identify patterns or relationships among bacteria in response to treatment. This visualization aids in 
487 understanding how different treatments or time points impact the microbial community structure (Figure 
488 4j-l).

489 LPS production affected by Gut Microbiota

490 Spearman’s correlation analysis was performed to identify the relationship between Gut microbiota 
491 and LPS production. A total of 14 genera regarding bone health were common between CD and GD groups. 
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492 On Day 15, E.coli was positively correlated with LPS in the bone marrow and LPS synthesizing gene rfaL. 
493 Shigella was also positively correlated with rfaL. Rikenellaceae_RC_gut_group and Subdoligranum had a 
494 positive correlation with TLR-4. There was also a positive correlation between C-UCG-14 and LPS (bone 
495 marrow), TLR-4 and LPS synthesizing gene rfaK. Others genera Ruminococcus, Faecalbacterium, Blautia 
496 and Akkermansia were negatively correlated with LPS and its synthesizing genes as shown in the figure 
497 5(a).

498 On Day 30, E.coli was positively correlated with LPS in the bone marrow. Subdoligranum was highly 
499 positively correlated with LPS (Ceca) and and its synthesizing genes (fraK and rfaL). 
500 Rikenellaceae_RC_gut_group had also a positive correlation with LPS production from serum and bone 
501 marrow, TLR-4 and LPS synthesizing genes (rfaK and rfaL). Lactobacillus, Akkermansia, Alistipes and 
502 other are negatively correlated with LPS and its sysnthesizing genes as shown in the figure 5 (b).

503 On day 60, Rikenellaceae_RC_gut_group had a positive correlation with LPS (Bone marrow), TLR-4 and 
504 rfaL. Subdoligranum showed the similar trend except LPS (ceca). Shigella and C-UCG-14 were positively 
505 correlated with LPS (ceca), TLR-4 and rfaL. Blautia, Bifidobacterium and Bacteriodes was negatively 
506 correlated with LPS production as shown in the figure 5(c).

507 LefSe Analysis

508 LefSe analysis was performed to identify the specific bacteria being differentially expressed in CD 
509 and GD groups. On Day 15, compared with GD group, E.coli and CUCG-014 showed an increased 
510 abundance in CD group. Ruminococcus, Faecalbacterim and Bifidobacterium were higher in GD (Figure 
511 4j). On Day 30, Enterococcus and E.coli were highly abundant in CD groups while Allistipes, Blautia and 
512 others were highly abundant in GD group (Figure 4k). On day 60, Enterococcus, Shigella, Subdoligranum, 
513 and Shuttle worthia showed higher abundance in CD group and Actinobacteria, Bifibacteriales and 
514 oscillospiracae were higher in GD group as shown in the figure 4(l).

515 Ryegrass intake increases the SCFA’s Production

516 Short chain fatty acids are the main metabolites generated by gut microbiota. In the present study, 
517 Ryegrass intake had a significant effect on SCFA’s levels. Ryegrass supplementation through natural 
518 grazing system increased acetate production significantly (P<0.05) at Day 15, 30 and 60 (Figure 3v). 
519 Propionate and Butyrate levels were significantly increased as shown the Figure (Figure3 w-x). Ryegrass 
520 intake significantly increased (P<0.01) the levels of Iso-butyrate, isovaleric acid and valeric acid (Figure3 
521 y-z, aa). 

522 Ryegrass intake improved intestinal morphology 

523 Compared with the commercial feeding group (CD), histological analysis showed that ryegrass 
524 intake increased villus height (P<0.01), width (P<0.01) villus surface area (P<0.01, P<0.05), V:C ratio 
525 (P<0.01) as shown in the figure 6  (a-b, d-e) and decreased crypt depth (P<0.05) of the ileum on day 15, 30 
526 and 60 (Figure 6c). Regarding Cecal histology, mucosal and muscularis thickness were also significantly 
527 increased (P<0.01) as a result of ryegrass feeding on day 15, 30 and 60 (Figure 6 f-g). Periodic acid-schiff 
528 (PAS) Staining was performed to calculate the number of goblet cells. Goblet cells were significantly 
529 increased (P<0.01) in GD group as compared to CD group on day 15, 30 and 60 (Figure 6h). Histological 
530 pictures of ileum and ceca were shown in the supplementary Figure 6-I.
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773 in balancing the processes of bone formation and resorption, regulating calcium levels, and ensuring the 
774 skeletal system remains robust and resilient.

775 Recent findings have proved the significant role of dietary fiber on gut microbiota in geese (Ali et 
776 al., 2022b). Ryegrass feeding by meat geese was associated with mechanisms that simultaneously inhibit 
777 bone loss by mitigating systemic inflammation. As a result, the novel characteristic of Ryegrass grazing as 
778 a source of high dietary fiber lies in its ability to establish a pathway-based mechanism that enhances the 
779 prevalence of intestinal bacteria associated with bone formation, while simultaneously inhibiting the 
780 proliferation of lipopolysaccharide (LPS)-producing bacteria, particularly Escherichia coli. These changes 
781 enhance nutrient absorption, strengthen the mucus layer, and reduce LPS production and gut 
782 permeability. Gut microbial diversity of the meat geese was significantly altered by ryegrass intake. In the 
783 present study, wanpu geese were dominantly occupied by Firmicutes and Bacteriodetes. Bacteriodetes are 
784 associated with cellulose degradation (Berry, 2016). We found that Bacteriodetes increased with ryegrass 
785 intake. Firmicutes, an important phylum, is involved in protein and fat metabolism (Okazaki et al., 2016). 
786 Our results showed Firmicutes were decreased as a result of ryegrass intake because commercial diet 
787 contained more calories. Concurrently, the relative abundance of Bacteriodetes increased with dietary fiber 
788 intake (El Kaoutari et al., 2013). There was significant reduction Firmicutes:Bacteriodetes ratio in GD 
789 group. These findings were in line with (Guo et al., 2019) providing the evidence that that reduced 
790 Firmicutes/Bacteroidetes ratio was associated with reduction in bone loss. B-diversity was significantly 
791 improved in GD group. Ryegrass intake increased the relative abundance of SCFA’s producing bacteria 
792 responsible for bone homeostasis. It is possible that Firmicutes/Bacteroidetes ratio might serve as a critical 
793 mediators influencing tibia properties in meat geese.

794 An additional mechanism through which Ryegrass may positively influence bone health is 
795 microbial metabolites production, specifically short-chain fatty acids and their receptors upregulations 
796 (GPR41 and GPR43). FOS (a prebiotic fiber) is linked with an increase in BMD, leading to improved Ca 
797 absorption (Takahara et al., 2000). Similarly, in our study, the positive effects of Ryegrass improved the 
798 tibia microstructure in conjunction with SCFAs (acetate, propionate, and n-butyrate) through its prebiotic 
799 effects. Butyrate and propionate can modulate the metabolic pathways of pre-osteoclasts differentiation, 
800 driving a shift toward glycolytic metabolism. This metabolic reprogramming induces cellular stress, which 
801 subsequently impairs osteoclast differentiation (Lucas et al., 2018). Furthermore, SCFAs may mitigate both 
802 intestinal and systemic inflammation, significantly contributing to the bone metabolism maintenance (Zaiss 
803 et al., 2019), which was further advocated by our findings. Ryegrass exerts beneficial effects on bone health 
804 through its prebiotic influence, promoting the production of SCFAs. These SCFAs enhance tibia 
805 microstructure, regulate osteoclast differentiation via metabolic reprogramming, and mitigate 
806 inflammation, thereby supporting bone metabolism and maintaining bone mineral density.

807 Poultry require a specific quantity of dietary fiber to facilitate optimal intestinal physiological 
808 functions. The intestinal villi serve as the principal location for nutrient absorption, and the efficiency of 
809 nutrient absorption and utilization is contingent upon the development of this anatomical structure (Sklan 
810 et al., 2003). Ryegrass intake significantly increased the VH, VW, VSA, VH/CD of the ileum and mucosal 
811 and muscularis thickness of the caecum as compared to CD group. These findings were in agreement of 
812 (Tejeda and Kim, 2021) demonstrating that an 8% crude fiber level diet with soybean hulls as the fiber 
813 source could significantly increase the villus height of the duodenum, jejunum and ileum of broilers. 
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1092

1093 Figure 1. Effect of perennial ryegrass on growth performance in meat geese. Figure 1 (a-c) represented average daily feed intake (ADFI), 

1094 average daily gain (ADG) and feed conversion ratio (FCR) respectively. Figure 1 (d-h) indicated the Tibia characteristics. Figure 1(i-r) 

1095 showed enhanced concentration of calcium, phosphorus, ALP, OCN (Bone formation marker) and decreased content of TRAP, NFATC-

1096 1 and TRAF-6 (Bone resorption markers). Figure 1s showed TD (tibial dyschondroplasia) lesions in meat geese. a,bMean values with 

1097 different letters are significantly different by one-way analysis of variance followed by Independent T-test (p < 0.05).

1098

1099 Figure 2(a-b). Representative micro CT images and the quantification of trabecular and cortical microstructure of tibia bone in meat 

1100 geese at different stages. Perennial ryegrass supplementation improved the tibia microstructure of trabecular bone (Figure 2a) and 

1101 cortical bone (Figure 2b) in meat geese. 

1102

1103 Figure 2(c-e). Figure 2c represented Goldner trichome indicating mineralized (Yellow portion) and osteoid portion (Black arrow), 

1104 Muscle fiber area (brown arrow) and collagen area (red portion). Figure 2d showed TRAP staining indicating osteoclast (black 

1105 arrows) and SafraninO stain representing proteoglycan content (black arrow) as shown in the figure 2e.  The asterisks symbol 

1106 indicates significant differences *P < 0.05, **P < 0.01.

1107

1108 Figure 3. Perennial ryegrass intake increased the antioxidant status by reducing the oxidative stress at day 15, 30 and 60 in meat 

1109 geese. Figure 8 (a-f) represented GSH-PX and CAT levels in the tibia, serum and ceca in meat geese. Figure 3 (g-i) represented MDA 

1110 levels in the tibia, serum and bone marrow. Figure 3 (j-o) represented triglycerides, total cholesterol, LDL (low density lipoprotein), 

1111 HDL (high density lipoprotein), BUN (blood urea nitrogen) and glucose levels in meat geese. Figure 3 (p-u) represented Estrogen, 

1112 Vitamin D3, Serotonin (5-HT), Parathyroid hormone (PTH), Calcitonin (CT) and Insulin like growth factors (IGF-1) levels. Figure 3 
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1113 (v-z, aa) represented the acetate, propionate, butyrate, iso-butyric acid, iso-valeric acid and valeric acid production in meat geese. 

1114 a,bMean values with different letters are significantly different by one-way analysis of variance followed by Independent T-test (p < 

1115 0.05). The asterisks symbol indicates significant differences *P < 0.05, **P < 0.01.

1116

1117 Figure 4 (a-i). Figure 4(a-c) represented the relative abundance of gut microbiota at phylum level. Figure 4(d-f) represented the alpha 

1118 diversity at day 15, 30 and 60. Figure 4(g-i) represented the Beta diversity at day 15, 30 and 60. 

1119

1120 Figure 4 (j-o). Figure 4(j-l) showed Circos diagram representing the relative abundance of gut microbiota at genus level. Figure 4(m-

1121 o) represented linear discriminant analysis (LDA) effect size (LefSe) in CD and CDA groups at day 15, 30 and 60.

1122

1123 Figure 5. Figure 5(a-c) represented the correlation between gut microbiota and SCFA’s production. Figure 5(d-f) showed the 

1124 correlation between SCFA’s, immunity and gut barrier function. Figure 5(g-i) represented the correlation between SCFA’s, tibia 

1125 microstructure and bone markers

1126

1127 Figure 6. Representative intestinal morphological images using H&E staining, AB PAS staining of ileum and ceca respectively and 

1128 Immunofluorescence (IF) analysis showing protein expression of tight junction protein in the cecal tissues of meat geese. Figure 6-l 

1129 (a-h) represented the villus height (VH), villus width (VW), villus crypt depth (VCD), villus surface area (VSA), villus height: crypt 

1130 depth (VH/CD) in the ileum, mucosal and muscularis thickness and goblet cells (ceca). Figure 6-ll (i-k) represented ZO-1, Claudin-1 

1131 and serum DAO. Blue: nucleus (DAPI); Red: ZO-1; Cerulean blue: merge of blue and red indicating nuclear localization of ZO-1, scale 
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