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Abstract

:

Due to increasing concerns about the contamination of animal food products with antibiotic-resistant bacteria and their byproducts, phytogenic feed additives in animal diets have been explored as antibiotic alternatives. In this study, we investigated the effect of ginger root extract (GRE), green tea extract (GTEC caffeinated and GTED decaffeinated), and onion peel combined (OPEC) on the activity of C. perfringens toxin genes and Eimeria tenella sporozoites. To this end, two Clostridium perfringens strains, CP19 and CP240 (Rollins Diagnostic Lab, Raleigh, NC, USA), were cultured (three replicates per treatment) as follows: without additives (Control), with Bacitracin Methylene Disalicylate (BMD), with GRE, with GTEC, with GTED, and, finally, with OPEC for 0, 2, 4, 6, 8, and 24 h. RNA was extracted to determine the expression of tpeL, alpha toxin (α-toxin), and NetB and we measured the protein concentration of NetB-positive C. perfringens toxin. Also, we evaluated the cytotoxic effect of green tea and ginger extracts on E. tenella sporozoites. Results show that phytogenic extracts, GRE, GTEC, and GTED, significantly reduced (p < 0.05) the level of expression of α-toxin gene compared to control; however, BMD treatment showed much less effect. Furthermore, NetB and tpeL encoding gene expression was significantly (p < 0.05) reduced by GRE and GTED, as well as BMD treatment, compared to the control. In contrast, GTEC treatment did not change the expression levels of these genes and was similar to control. With the CP240 strain, all the selected phytogenic extracts significantly reduced (p < 0.05) the expression of selected genes, except for OPEC, which was similar to control. GRE, GTEC, and GTED all reduced the viability of concentration of E. tenella sporozoites. Overall, our data show that these selected phytogenic extracts reduced the level of expression of toxin encoding genes associated with necrotic enteritis and decreased the viability of sporozoites which cause coccidiosis in broiler chicken.
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1. Introduction


Clostridia are anaerobic, Gram-positive, and spore-forming rod-shaped bacteria that are found in the gastrointestinal tract of wild and domestic birds [1]. Clostridium perfringens (C. perfringens) is associated with four economically significant diseases: botulism, ulcerative enteritis, necrotic enteritis (NE), and gangrenous dermatitis. To cause lesions or a diseased state in the host, C. perfringens releases toxins [2]. In chickens, the NetB gene, encoding necrotic enteritis B-like (NetB) toxin, has been recently shown to play a leading role in the virulence of NE in the United States [3,4], and studies have demonstrated that tpeL and alpha toxin (α-toxin) also play a role in NE virulence [5,6]. Therefore, a strain of C. perfringens that is NetB-positive has been used to induce NE [7]. Similarly, Eimeria tenella (E. tenella) is a protozoan that causes coccidiosis in many animals, including poultry. Coccidiosis leads to hemorrhagic lesions of varying severity depending on the age of bird and strain and the dose of infecting pathogen [8]. Moreover, the coinfection of Eimeria tenella and bacterial pathogens such as C. perfringens can also worsen the impact of coccidiosis and NE in poultry [9].



To reduce the economic losses resulting from NE and coccidiosis which cause weight reduction, decreased feed conversion efficiency, enhanced morbidity, and mortality associated with weakened digestion and absorption, various growth-promoting and disease-preventing in-feed antibiotics have been administered in commercial poultry production [10,11,12,13]. However, with the potential concerns about the increasing antibiotic resistance in humans and the associated risk of antibiotic residues in animal meat products, most growth-promoting antibiotics have been regulated [14]. In recent years, several novel antibiotic alternative strategies have been developed to enhance animal production [15], and phytochemicals have been used as natural growth-promoters in the ruminants, swine, and poultry industries [16]. To this end, it is important that novel antibiotic alternatives, such as phytogenic extracts, or phytogenic feed additives, such as ginger, green tea, and onion peel extracts, are explored as in-feed antibiotics. While ginger has been reported to contain gingerol, shogaols, gingerdiol, and gingerdione [17], green tea consists of catechins, alkaloids, and polysaccharide [18], and onion peel contains quercetin and isorhamnetin [19,20]. Overall, these phytogenic extracts have been shown to have characteristic bioactive constituents which exhibit antimicrobial, antioxidant, anti-inflammatory, immune-modulatory, and digestion-stimulating properties [21,22].



The objective of this study was to investigate the effect of phytogenic extracts such as ginger root extract (GRE), green tea extract caffeinated (GTEC), green tea extract decaffeinated (GTED), and onion peel extract combined (OPEC) on the activity of C. perfringens toxins. Furthermore, the effects of these selected phytochemicals, especially green tea and ginger extracts, on E. tenella sporozoites were investigated to develop phytogenic-based feed additives to replace antibiotics in promoting intestinal health and preventing NE and coccidiosis in broiler production.




2. Materials and Methods


2.1. Experimental Design


Two Clostridium perfringens strains, CP19 and CP240 (Rollins Diagnostic Lab, Raleigh, NC, USA), were cultured (3 replicates per treatment) as follows: without additives (Control), with bacitracin methylene disalicylate (BMD), with GRE, with GTEC, with GTED, and with OPEC, making it 6 treatments. GRE, GTE, GTEC, GTED, and OPEC extracts were obtained from Sabinsa Corporation, East Windsor, NJ, USA. GRE has been reported to contain gingerol, shogaols, gingerdiol, and gingerdione [17], while GTE consists of catechins, alkaloids, and polysaccharide [18], and OPEC contains quercetin and isorhamnetin [19,20].




2.2. Clostridium Inoculum and Phytogenic Extract Preparation


To prepare the inoculum, 10 μL of the NetB-positive C. perfringens Strains stock culture was placed in a tube containing fluid thioglycolate broth followed by an overnight anaerobic incubation at 37 °C. A total of 10 μL of Clostridium strain was streaked on Perfringens TSC Agar Base and incubated for 48 h at 37 °C anaerobically. A single colony was subsequently transferred to a tube containing sterile TSC. Thereafter, the suspension containing C. perfringens was transferred into fresh sterile TSC broth. All extracts and antibiotic (additives) were processed as follows: 20 mg of the additive tested was dissolved in 2 mL of water to obtain a concentration of 10 mg/mL. Then, the stock solution prepared of each additive was diluted to 2.5 mg/mL, 1.25 mg/mL, 0.625 mg/mL, 0.3125 mg/mL, 0.165 mg/mL, and 0.0825 mg/mL concentrations. Then, 100 μL of the inoculum was added to the varied concentration of additive dilutions resulting from treatments as follows: OD of sterile TSC (blank) and Clostridium culture containing no extracts or antibiotic (Control), or containing 2.5 mg/mL, 1.25 mg/mL, 0.625 mg/mL, 0.3125 mg/mL, 0.165 mg/mL, and 0.0825 mg/mL was taken using a spectrophotometer set at wavelength to 600 nm at 0, 2, 4, 6, 8, and 24 h incubation time point at 37 °C. The same procedure was performed for BMD, GRE, GTEC, GTED, and OPEC. Each of the control and plant extract concentrations was triplicated.



The bacterial concentration of each inoculum (CFU/mL) was determined by plating 100 μL of the inoculum culture on TSC plates, followed by anaerobic incubation at 37 °C for 11.30 h and counting the numbers of colonies. Minimum inhibitory concentration (MIC) is determined visually as the lowest concentration that leads to growth inhibition.




2.3. Preparation of Green Tea Powder and Ginger Extracts Used


Initially, a green tea powder was dissolved in sterile distilled water (1 g/10 mL), then the mixture was filtered using Whatman filter paper No. 2. The final solution was diluted 1:10 in 10% RPMI-1640 medium (Sigma, St. Louis, MO, USA). The ginger extracts (200 mg/mL) were initially diluted 1:1 in sterile distilled water, and a final solution was diluted 1:20 in 10% RPMI-1640 medium (Sigma, USA).




2.4. E. tenella Sporozoites Purification


Sporozoites of E. tenella were obtained by excystation of sporulated oocyst, as described previously [23]. Briefly, sporulated oocysts were cleaned from the potassium dichromate through centrifugation at 2000× g for 10 min at room temperature (RT). The sporocyst was isolated from freshly sporulated oocysts using a Mini-bead beater (BioSpec Products, Bartlesville, OK, USA) with 0.5 mm grass bead for 25 s. The released sporocysts were filtered through a sterile 10 µm filter (Pluriselect, Leipzig, Germany) on a clean 50 mL tube. After filtration, the filter was washed 3 times with sterile PBS (pH 7.0) in order to recover the sporocysts. The collected sporocysts were centrifuged at 2000× g for 10 min at RT, and supernatant was discarded. The collected pellets were treated with 0.25% trypsin and 0.014 M taurocholic acid (Sigma, USA) at 41 °C for 1 h. The sporozoites were collected by centrifugation at 200× g for 10 min and resuspended to 5 × 105/ mL in 10% RPMI-1640 medium (Sigma).




2.5. E. tenella Sporozoites Killing Assay Using Phytochemicals


The Sporozoites were cultured at 5 × 105 in triplicate in 96-well flat-bottomed plates with 100 µL/well of green tea extracts (10 mg/mL to 1 mg/mL) or ginger solutions (10 mg/mL to 1 mg/mL, or 10 µg/mL to 1 µg/mL) at 41 °C for 6 h. Medium was used only as nontreated control, DW (v/v) was used as a vehicle control, and 100 µg/mL of cNK-2 synthetic peptides was used as a positive control. After incubation, the sporozoites viability was measured by Cellometer (Nexcelom Bioscience, Lawrence, MA, USA) with AOPI staining solution (v/v) (Nexcelom Bioscience, MA, USA).




2.6. RNA Extraction and Quantitative Real-Time RT-PCR


The total RNA of the clostridium culture samples with or without phytogenic extract or BMD was extracted using an Aurum Total RNA Mini Kit (Biorad, Hercules, CA, USA). The optical density of the bacteria was determined by adding 50 µL of the culture to 950 µL of the growth medium and the optical density was measured at 600 nm using a microplate reader. An equivalent of 3 OD/mL bacterial culture was transferred into a 2 mL capped micro-centrifuge tube and centrifuged at 13,500× rpm for 10 min; thereafter, RNA extraction was performed according to the manufacturer’s instruction. Likewise, extracted RNA was reverse-transcribed using iScript master mix (Biorad, USA) according to the manufacturer’s recommendations. A real-time RT-PCR was carried out using primers specific to NetB, tpeL, and α-toxin genes, as well as 16S RNA housekeeping gene, as listed in Table 1. Each analysis was performed in triplicate and relative expressions of target genes were normalized to the expression of 16S RNA and calculated by the 2−∆∆Ct method.




2.7. Enzyme-Linked Immunosorbent Assay (ELISA)


Frozen clostridium culture samples with or without phytogenic extract or BMD were thawed on ice and subjected to an enzyme-linked immunosorbent assay (ELISA) procedure for the determination of antibody levels to recombinant NetB C. Perfringens protein according to the manufacturer’s instruction (Creative Diagnostics, Shirley, NY, USA). Antigen capture assay for NetB detection was carried out with antigen-capture ELISA as described [24]. All samples were tested in triplicate. Results were detected by measuring optical density at 450 nm (OD450) using a microplate reader.




2.8. Data Analysis


All data were subjected to one-way ANOVA using the general linear models (GLM) procedure of SAS Version 9.4 (SAS Inc., Cary, NC, USA, 2004). Significant differences among means were determined using the Duncan option of the GLM procedure as a post hoc test, and statements of statistical significance were based upon p < 0.05. Data are presented as means ± SEM.





3. Results


3.1. Effect of Different Phytogenic Extracts on Bacteria Growth Parameters


MIC was determined visually as the lowest concentration that inhibited bacterial growth. Results showed that the MIC-CP19 for GRE, GTEC, and GTED was 5 mg/mL, while that of OPEC was 1.25 mg/mL, and that of bacitracin methylene disalicylate (BMD) was 0.0625 mg/mL at the 8 h time point (Figure 1A–E). Correspondingly, CFU results supported our findings since the CFU/mL at the aforementioned concentrations showed an ideal reduction in the number of bacterial colonies with GRE (2.24 CFU/mL), GTEC (3.11 CFU/mL), GTED (3.39 CFU/mL), OPEC (3.22 CFU/mL), and BMD (3.21 CFU/mL). Likewise, the MIC-CP240 for GRE, GTEC, and GTED was 5 mg/mL, and BMD was 0.0625 mg/mL at the 10 h time point, while OPEC was 1.25 mg/mL at the 8 h time point (Figure 2A–E). Correspondingly, CFU results support our findings, as the CFU/mL at the aforementioned concentrations showed an ideal reduction in the number of bacteria colonies with GRE (2.53 CFU/mL), GTEC (3.04 CFU/mL), GTED (3.27 CFU/mL), OPEC (2.87 CFU/mL), and BMD (2.29 CFU/mL) (Figure 3A,B).




3.2. In Vitro Evaluation of Green Tea and Ginger Extracts on Killing Action on E. tenella Sporozoites


Phytogenic extracts such as green tea (GTEC and GTED) and ginger reduced the concentration of viable E. tenella sporozoites in vitro. GTEC at 5 to 10 mg/mL decreased the concentration of viable sporozoites compared to cNK2, while at the same dosage, the killing action was similar to cNK2 in GTED (Figure 4A). In addition, GRE reduced the concentration of viable E. tenella sporozoites at a dosage of 1 to 10 μg/mL, compared to 100 µg/mL of cNK-2 synthetic peptides used as a positive control (Figure 4B).




3.3. Effect of Phytogenic Extracts on C. perfringens Toxin Gene Expression


To understand the effect of phytogenic extracts on C. perfringens toxins, we evaluated the expression of C. perfringens (CP19 and CP240 strains) toxin encoding genes such as tpeL, Alpha toxin, and NetB. For the CP19 Alpha toxin gene, phytogenic extracts GRE, GTEC, and GTED reduced (p < 0.05) the level of expression of Alpha toxin gene compared to control and OPEC; however, BMD reduced Alpha toxin gene expression compared to GRE, GTEC, and GTED. Furthermore, NetB toxin gene expression was reduced significantly (p < 0.05) upon treatment with GRE, GTED, and OPEC, as well as BMD, compared to the control. However, NetB gene expression for GTEC was similar to the control. In addition, BMD, GRE, GTED, and OPEC reduced (p < 0.05) the level of expression of tpeL compared to the control. However, the level of expression of tpeL for GTEC was similar to the control (Figure 5A–C). For the CP240 strain Alpha toxin encoding gene, all the selected phytogenic extracts reduced (p < 0.05) the expression of NetB gene, with BMD having the lowest level of expression. Similarly, all the selected phytogenic extracts reduced (p < 0.05) the expression of the NetB gene. However, only GRE was comparable to BMD in its potency to reduce the expression of NetB gene. Additionally, tpeL expression was reduced (p < 0.05) by the selected phytogenic extracts, with GRE and OPEC showing similar values to BMD (Figure 6A–C).




3.4. Effect of Selected Phytogenic Extracts on Protein Concentration of NetB Toxin


The concentration of NetB toxin was significantly reduced (p < 0.05) by GRE, GTEC, and GTE; however, the value for OPEC was similar to the control. Furthermore, BMD had the lowest concentration for NetB toxin (Figure 7).





4. Discussion


With the increasing governmental regulation on the use of in-feed antibiotics in many commercial agricultural food production, various antibiotic alternative strategies have been developed and are being used in animal agriculture [15]. Among novel antibiotic strategies, phytochemicals have shown many benefits to promote growth, enhance immunity, and reduce oxidative stress in animal production and in disease management in recent years [16,25]. Studies show that phytogenic extracts supplemented into the diet of broiler chicken not only improved digestibility and absorption [26,27] but also enhanced immunity, reduced oxidative stress caused by pathogens, modulated gut microbiota, and improved animal health [16,28].



This study investigated selected phytogenic extracts such as GRE, GTEC, GTED, and OPEC for their ability to prevent bacteria proliferation, kill protozoa (E. tenella), and mitigate the effect of disease-causing toxins associated with C. perfringens in vitro. Our MIC and CFU results showed that selected phytogenic extracts GRE, GTEC, GTED, and OPEC mitigated the growth of C. perfringens but at a higher concentration compared to BMD. The inhibitory action of phytogenic extracts including GRE, GTEC, and GTED on bacteria growth has been associated with their inherent antimicrobial properties [29,30]. Therefore, our results agree with the findings of [31] which state that phytogenic product-based extracts altered the abundance of microorganisms in caecum cultures. In a similar manner, BMD increased the growth performance of broiler chickens and mitigated bacteria growth by increasing the diversity or richness of the intestinal microbiota [32]. This suggests that selected phytogenic extracts used in this study and BMD may be preventing the proliferation of pathogenic bacteria while promoting the growth of beneficial bacteria [33]. Phytogenic extracts containing catechins have been shown to bind to the bacterial lipid bilayer cell membrane, causing damage to it [34]. Likewise, the exposure of bacteria to flavonoids like quercetin and kaempferol found on onion skin degrades or inhibits bacteria growth [35].



In addition, in vitro evaluation of green tea and ginger extracts in E. tenella sporozoites killing assay showed that GRE, GTEC, and GTED exert antimicrobial properties against coccidia. In this study, we used cNK-2, the core α-helical region of cNK-lysin, as positive control, since it has been established that cNK2 notably exhibits a high antimicrobial activity and can kill Eimeria sporozoites through the disruption of their membrane [36]. Our results show that 5 to 10 mg/mL of GTEC decreased the concentration of viable sporozoites compared to 100 µg/mL of cNK2. However, GTED had similar killing action at the same dosage compared to cNK2. The differences in the killing action of GTEC and GTED may be attributed to caffeine’s ability to inhibit a wide variety of pathogenic microorganisms by passing through the cell wall of bacteria, where it inhibits DNA synthesis [37,38]. Similarly, GRE reduced the concentration of sporozoites at a dosage of 1 to 10 mg/mL, compared to 100 µg/mL of cNK2. This aligns with the findings of a previous study that demonstrated the therapeutic properties of green tea to include anticoccidial properties [22]. Moreover, Majid et al. [39] reported that ginger containing phenols and other compounds derived, such as gingerdiol, shogaols, gingerol, and gingerdione, may be responsible for the coccidiostatic effect of ginger when fed to broiler chickens. Overall, these results show that these selected phytogenic extracts have antimicrobial property.



To further understand the effect of these selected phytogenic extracts on toxin encoding genes associated with C. perfringens, we analyzed the effect of these extracts on the expression of NetB, tpeL and Alpha toxin genes, as well as NetB production, by C. perfringens bacteria in vitro. Our qRT-PCR and ELISA data demonstrated that these selected phytogenic extracts decreased the expression of these genes in the CP19 and CP240 strains as well as the protein concentration of the NetB toxin. However, OPEC and GTEC did not have any effects on the expression of Alpha toxin and tpeL genes for the CP19 strain, but to a larger extent, BMD had a superior impact in decreasing the level of expression of these genes. Moreover, studies have shown that plant extracts containing bioactive ingredients such as terpenoids, phenolics, glycosides, and alkaloids can replace the use of antibiotics in the treatment of NE [40]. Likewise, studies have shown that garlic, a phytogenic extract containing similar bioactive compounds as in GRE, OPEC, and GTE, has been reported to ameliorate the negative effects of C. perfringens challenge in broiler chickens [41,42]. Overall, these findings show that GRE, GTEC, GTED, and OPEC reduce the concentration of E. tenella sporozoites as well as the virulence of other NE-causing clostridia strains such as CP19 and CP240. The beneficial effects of phytochemicals can be attributed to their antimicrobial and antioxidant properties. Detailed mechanisms of beneficial phytochemicals and their effects on the intestinal microbiota to improve performance will be another important beneficial effect of dietary phytochemicals [16]. At the optimal concentration using selected phytochemicals, one can inhibit parasite reproduction and toxin generation in NE and reduce coccidiosis-caused gut damages, as well as reduce toxin production by C. perfringens, which causes necrotic enteritis. Effective disease mitigation strategies using various antibiotic alternatives such as phytochemicals would reduce environmental contamination of antibiotics, with eventual reduction of AMR risk to humans.




5. Conclusions


This study provided insights into the beneficial effects of using selected phytochemicals as feed additives that show the inhibitory effects of NE-causing organisms and coccidiosis-causing E. tenella parasites. In conclusion, our studies showed that phytogenic extracts that include GRE, GTEC, GTED, and OPEC reduced C. perfringens proliferation. OPEC, GRE, GTED, and GTEC were the ranked order in reducing the proliferation of C. perfringens. The optimal dose for GRE, GTEC, and GTD was 5 mg/mL, with OPEC at 1.25 mg/mL for CP19 and CP240. Our study showed that the efficacy of GRE, GTEC, GTD, and OPEC was comparable to BMD, albeit at a higher concentration. Based on their anti-Clostridial and anti-coccidial effects, the results of these studies clearly support using well-studied, selected phytochemicals in mitigating disease responses for agricultural animals such as poultry. With the risk associated with the use of antibiotics in the prevention and treatment of NE, the phytogenic extracts that we described in this paper have the potential to serve as alternatives to antibiotic uses in broiler chicken production. However, further studies are required to understand the mechanisms by which these phytogenic extracts mitigate the impact of these disease-causing toxins and gut-damaging parasites.
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Figure 1. Inhibitory effect of selected plant extracts on CP19: (A) ginger root extract; (B) green tea extract caffeinated; (C) green tea extract decaffeinated; (D) BMD; (E) onion peel extract. 






Figure 1. Inhibitory effect of selected plant extracts on CP19: (A) ginger root extract; (B) green tea extract caffeinated; (C) green tea extract decaffeinated; (D) BMD; (E) onion peel extract.



[image: Applsci 14 03178 g001]







[image: Applsci 14 03178 g002] 





Figure 2. Inhibitory effect of plant extracts on CP240: (A) ginger root extract; (B) green tea extract caffeinated; (C) green tea extract decaffeinated; (D) onion peel extract; (E) BMD. 






Figure 2. Inhibitory effect of plant extracts on CP240: (A) ginger root extract; (B) green tea extract caffeinated; (C) green tea extract decaffeinated; (D) onion peel extract; (E) BMD.



[image: Applsci 14 03178 g002]







[image: Applsci 14 03178 g003] 





Figure 3. Comparison between MIC and corresponding CFU of phytogenic extracts and BMD for (A) CP19 (B) and CP240. The data are expressed as means, with n > 3 per treatment. 
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Figure 4. In vitro evaluation of (A) green tea and (B) ginger for their killing action on E. tenella sporozoites. Each sample was analyzed in triplicate at different concentrations. The medium was used only as a vehicle control, and 100 µg/mL of cNK2 peptide was used as a positive control. The data are expressed as means ± SEM. 






Figure 4. In vitro evaluation of (A) green tea and (B) ginger for their killing action on E. tenella sporozoites. Each sample was analyzed in triplicate at different concentrations. The medium was used only as a vehicle control, and 100 µg/mL of cNK2 peptide was used as a positive control. The data are expressed as means ± SEM.



[image: Applsci 14 03178 g004a][image: Applsci 14 03178 g004b]







[image: Applsci 14 03178 g005] 





Figure 5. Effect of phytogenic extracts on CP19 toxin encoding genes (A) NetB, (B) tpeL, (C) α-toxin. The data are expressed as means ± SEM, with n > 3 per treatment; a, b, ab, c, d, cd means bars not sharing a common superscript are significantly different among treatments (p < 0.05). 
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Figure 6. Effect of phytogenic extracts on CP240 toxin encoding genes: (A) NetB, (B) tpeL, (C) α-toxin. The data are expressed as means ± SEM, with n > 3 per treatment; a, b, c means bars not sharing a common superscript are significantly different among treatments (p < 0.05). 
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Figure 7. Effect of phytogenic extract on NetB toxin encoding gene using CP19 strain. The data are expressed as means ± SEM, with n > 3 per treatment; a, b, c, d means bars not sharing a common superscript are significantly different among treatments (p < 0.05). 
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Table 1. List of primers.
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	Gene Name
	
	Primer Sequence





	Necrotic enteritis toxin B (NetB)
	Forward
	5′-AGTGTAATTAGTACAAGCC-3′



	Necrotic enteritis toxin B (NetB)
	Reverse
	5′-GGCCATTTCATTTTTCCGTAA-3′



	Alpha toxin (α/cpa)
	Forward
	5′-AGTCTACGCTTGGGATGGAA-3′



	Alpha toxin (α/cpa)
	Reverse
	5′-TTTCCTGGGTTGTCCATTTC-3′



	16SrRNA
	Forward
	5′-CCTTACCTACACTTGACATCCC-3′



	16SrRNA
	Reverse
	5′-GGACTTAACCCAACATCTCACG-3′



	tpeL
	Forward
	5′-GCCTGGATTTGCCTGTAGGA-3′



	tpeL
	Reverse
	5′-GCCAGACATTATGCCACTCC-3′
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