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Abstract

:

Salmonella Enteritidis (SE) is a major contamination concern in eggs and risk for Salmonellosis in humans. Strains of Bacillus subtilis and yeast cell wall can be used as substitutes for antibiotic substances in feed against Salmonella in poultry. The objective of this study was to assess the effect of BacPack® (Quality Technology International, Inc., Elgin, IL, USA) Q1+1 (BPQ11), a feed additive combination of a Bacillus subtilis strain and Saccharomyces cerevisiae cell wall, on SE cecal colonization in Lohmann LSL pullets. A control group (CON) and a test group (BPQ) were each randomly assigned 100-day-old chicks. CON was fed a corn–soybean meal-based vegetarian mash diet, and BPQ was fed the control diet supplemented with BPQ11 for the duration of the study. At 8 days of age, chicks were orally challenged with a nalidixic acid-resistant SE strain at a dose of 6.3 × 107 colony forming units (CFUs) per bird. At 7, 11, 15, and 19 days post-challenge (DPC), 25 birds per group were euthanized, and their cecal contents were collected and analyzed for SE. SE counts were 6.88, 7.98, 7.79, and 7.50 in CON and 7.18, 7.31, 6.35, and 6.30 log10 CFU/g in BPQ at 7, 11, 15, and 19 DPC, respectively. SE did not differ between CON and BPQ at 7 DPC; however, BPQ had lower (p < 0.0001) SE at 11 (−0.67), 15 (−1.45), and 19 (−1.20 log10 CFU/g) DPC. Results indicate that synbiotic BPQ11 may be a useful dietary pre-harvest tool for SE management in layer birds.
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1. Introduction


Nontyphoid Salmonella serovars are the most common bacterial pathogens, causing disease and death worldwide [1,2]. The United States (U.S.) Center for Disease Control (CDC) estimates Salmonella results in more than 1.3 million people infected, 26,000 hospitalized, and 400 dead every year in the U.S. [3]. Infections resulting from consumption of foods contaminated with Salmonella are the second most reported digestive tract diseases in the EU, and more than 50% of the foodborne outbreak sicknesses reported in the EU in 2018 were due to Salmonella [4]. Salmonella is classified into two species, Salmonella bongori and Salmonella enterica. This bacterial genus is also classified into more than 2500 serovars, most of them identified as Salmonella enterica subspecies enterica, including Enteritidis (SE), which is highly widespread and frequently associated with outbreaks of human gastroenteritis [5,6]. While humans can be exposed to SE through consumption of several foods, SE contaminated eggs are considered a major cause of disease in people globally [7,8].



Connection of SE with egg consumption and foodborne disease steered the U.S. Food and Drug Administration (FDA) to issue a regulation in 2009 that required producers of shell eggs to put into effect procedures to prevent eggs from being contaminated with SE on the farm, while they are in storage, or while they are in transport [9]. Despite diligently applied control measures in egg production, SE and eggs contaminated with SE continue to be an international public health concern [10,11]. Such a concern is further compounded by the potential risk of resistance of Salmonella to antibiotics. It appears that the use of antibiotics as feed additives to improve animal growth and efficiency leads to the development of bacterial strains that are resistant to antibiotics [12]. Al-Zenki et al. reported that most of the SE isolates detected in feed, litter, bird ceca, and eggs from a large broiler farm were resistant to many antibiotics including tetracycline and ampicillin [13]. Resistance to antibiotics in various Salmonella species and serovars has also been reported in cattle beef, swine, fresh produce, and seafood [14]. In a recent global overview, Castro-Vargas and coauthors reported that eggs and egg-laying hens had an SE medium prevalence of 40% [15] and stated that SE was the most frequent serotype. They also indicated that ampicillin and nalidixic acid were the two antibiotics for which the greatest level of Salmonella resistance was found within poultry production [15].



Animal welfare concerns have also introduced significant changes in bird management, genetics, and housing in the US over the last decade. While these changes may have implied positive impacts on bird welfare, they may also increase the risk factors for food safety in both pullet and laying chicken operations [16].



The shift away from the routine use of antibiotics in poultry production has resulted in a greater interest in the development and use of substitute feed supplements [17]. Measures to prevent SE contamination in eggs include biosecurity, Salmonella-free replacement pullets, control of rodents and insects, preventing access to animals other than the commercial bird of interest to poultry barns, maintaining clean and disinfected chicken houses, vaccination of hens against Salmonella, refrigeration of eggs immediately after laying, and use of alternative feed additives to antibiotics [18].



Improved intestinal microbiota, enhanced growth or egg production and efficiency, disease reduction, and inhibition of foodborne pathogens observed in poultry when fed probiotics is most likely a combinatorial effect resulting from short-chain fatty acids and antimicrobials, prevention of physical binding by pathogenic bacteria via competition for adhesion sites on the gastrointestinal tract epithelium, stimulation of the host body’s defenses, and, potentially, other modes of action [19]. Mannan oligosaccharides (MOSs), fructo-oligosaccharides (FOSs), and galacto-oligosaccharides (GOSs) are among the more commonly employed prebiotics in animal and poultry research [17], and other new prebiotic technologies, such as mannabiose (MNB), which are derivatives of MOS, have been shown to be efficacious for use in controlling SE in poultry [20]. Bacillus probiotics [21,22,23] and MOS prebiotics [23,24,25,26,27] have been shown to reduce SE colonization in layer birds. In addition, Bacillus-based probiotics and yeast cell wall-based prebiotics are among the most used feed additives in poultry. Only recently, however, has there been published research, though limited, testing the effects of combinations of Bacillus and MOS on SE colonization in layer birds [23,28,29,30]. In these publications, the synbiotics tested contained different Bacillus probiotics and yeast cell wall prebiotics and used either young pullets or adult hens of either Hy-Line or Dekalb genetics background. Despite years of research focused on substitutes for antibiotics in animal production, more options of feed additives that are effective against Salmonella continue to be of interest to the egg industry. The objective of the study was to assess the effect of BacPack Q1+1 (BPQ11), a combination of a Bacillus subtilis strain and Saccharomyces cerevisiae cell wall, on SE cecal colonization in Lohmann LSL pullets.




2. Materials and Methods


2.1. Experimental Animals


Two-hundred-day-old Lohmann LSL baby chicks were obtained from Hy-line North America, LLC (Goldfield, IA, USA). Chicks received Marek’s disease vaccine at the hatchery and were not exposed to any other viral or bacterial vaccines throughout the study. Pullets were reared in isolation at the Iowa State University AAALAC-accredited animal isolation facility. Pullets were allowed ad libitum access to feed and water throughout the study and were managed as has been prescribed by the Guide for the Care and Use of Agricultural Animals in Research and Teaching [31] in line with the management recommendations for Lohmann LSL pullets [32]. Study protocol (#22-035) was approved by the Institutional Animal Care and Use Committee (IACUC) and the Institutional Biosafety Committee (IBC) of ISU. The behavior and general health condition of the pullets were observed daily.




2.2. Experimental Diets


A corn and soybean meal-based vegetarian mash diet (Table 1) was formulated to meet the standard nutritional specifications for layer pullet chickens [33]. The synbiotic product, BPQ11 (Quality Technology International, Inc., Elgin, IL, USA), was supplemented at 635 g per metric ton of feed. The concentration of the Bacillus subtilis in BPQ11 was 521 × 106 colony forming units (CFUs)/g using a culture count method (ISO 4833-2:2013). The yeast cell wall component contained 32% β-glucans and 24% MOS, measured by UV spectrophotometry using Megazyme (Wicklow, Ireland) enzymatic kit tests, the b-Glucan Assay Kit (K-YBGL), and the D-Mannose/D-Fructose/D-Glucose Assay Kit (K-MANGL) according to the manufacturer’s instructions. Bacteriological analysis was conducted to confirm absence of Salmonella contamination in experimental diets.




2.3. Study Design, Challenge, and Sampling


Day-old chicks were randomly divided into 2 groups fed the control diet or diet supplemented with BPQ11. Each experimental group was reared in a single cage unit measuring 76 cm × 457 cm × 46 cm in a separate but identical isolation room. Cages had wire floor mesh and were raised on stainless steel decks to prevent fecal–oral cycling of the challenge organism.



At 8 days of age, each bird in both groups was orally challenged with 6.3 × 107 CFU of a selected nalidixic acid-resistant strain of SE. Inoculum was prepared fresh on the day of challenge following overnight incubation with shaking (37 °C, 60 rpm). Bacteria concentration was monitored by optical density measurements at 600 nm using GENESYS 50 UV-Vis (Thermo Fisher Scientific, Waltham, MA, USA) and harvested at the end of the log phase of growth.



A total of 25 birds from each group were euthanized by cervical dislocation at 7, 11, 15, and 19 days post-challenge (DPC). Cecal pouches were aseptically collected and transported to the laboratory on ice packs for immediate processing. Contents from all ceca from each treatment and at each cecal sampling period were individually analyzed for SE count and used as replicates in the statistical analysis. Cecal count and prevalence of SE are measurements that address the study’s focus of Salmonella food safety concern. Pullets were housed under Biosafety Level 2 (BSL-2) isolation.




2.4. Environmental Swabs


Chick paper swabs were collected from chick boxes upon chick placement to confirm the absence of SE prior to challenge. Environmental drag swabs were collected from birds’ manure underneath cage units at 7 DPC to confirm occurrence of SE shedding in association with the experimental infection.



Each swab was placed in a sterile sampling bag (Whirl-Pak, Madison, WI, USA), and gloves were changed between samples. Swabs were processed for Salmonella isolation using pre-enrichment in buffered peptone water, enrichment in Tetrathionate Hajna (TTH) broth (Difco Laboratories, Detroit, MI, USA) and plating on Xylose Lysine Tergitol-4 (XLT-4) agar (Difco Laboratories) and Brilliant Green with Novobiocin (BGN) agar (Difco Laboratories). Suspected colonies were further tested in triple sugar iron (TSI) and lysine iron (LI) slants followed by serogrouping using appropriate poly-O and poly-H Salmonella antisera as well as group D-specific antiserum (Mira Vista, Indianapolis, IN, USA).




2.5. Salmonella Enumeration


Enumeration of the challenge SE strain was conducted as described by Girgis et al. [26]. Briefly, the contents of cecal pouches were aseptically squeezed into sterile conical tubes. Sterile saline was added at a ratio of 1:10 weight per volume. Ten-fold serial dilutions were prepared, and standard plate count method was conducted using XLT-4 agar plates containing 25 μg nalidixic acid/mL [34]. Plates were incubated aerobically for 24 h at 37 °C and typical Salmonella colonies were counted. At least 3 randomly selected colonies from countable plate were serologically confirmed to be the SE inoculum strain to validate the accuracy of visual counts.




2.6. Data Analysis


GraphPad Prism software version 9.2.0 (GraphPad Software LLC, San Diego, CA, USA) one-way analysis of variance was used to analyze the data. Tukey’s honest significant difference test was used to determine if there were significant differences among means of experimental groups at p ≤ 0.05. SE count data were log transformed before statistical analysis.





3. Results


Descriptive statistics of SE level in cecal content from CON and BPQ pullets are shown in Table 2.



Cecal SE concentration data were mostly consistent within treatments at each cecal content collection period. Except for the cecal SE data of CON at 7 DPC, which were slightly more variable (STD of 1.63), the remaining data across both treatments and cecal content collection periods had relatively low STD values (0.293 to 0.869).



Dot plot of cecal SE level of individual pullets and treatment mean ± SEM for CON and BPQ at each cecal content collection period are presented in Figure 1.



Two birds out of 25 CON pullets at 7 DPC had a cecal SE concentration of 2 log10 CFU/g, which primarily contributed to the higher variability of this data set.



Challenging Lohmann LSL pullets with an SE dose of 6.3 × 107 CFU/bird (7.80 log10 CFU/bird) at 8 days of age resulted in mean SE cecal content concentrations of 6.88, 7.98, 7.79 and 7.50 log10 CFU/g in CON, and 7.18, 7.31, 6.35, and 6.30 log10 CFU/g in BPQ, at 7, 11, 15 and 19 DPC birds, respectively. At 7 DPC, there was no difference (p = 0.379) in SE between CON and BPQ. However, BPQ pullets had a significantly lower (p < 0.0001) SE at 11, 15, and 19 DPC compared to CON. Cecal SE differences between BPQ and CON were 0.67, 1.45, and 1.20 log10 CFU/g at 11, 15, and 19 DPC, respectively.



Ceca from all 200 pullets tested positive for SE, indicating an SE prevalence of 100% regardless of treatment or cecal content collection period.




4. Discussion


In the past decade, significant changes occurred in housing practices and management systems on behalf of animal welfare concerns. Layers once reared exclusively in cage housing with limited access to environmental sources of infection or contamination are now being reared from hatch in free range or cage-free systems. Both free range and cage-free rearing allow birds greater access to infected droppings from other birds or rodents compared to traditional cages. It is generally known that oral and feces represent the main routes of infection and transmission of Salmonella Enteritidis in chickens. In addition to the ileum and cloaca, cecal pouches are the preferred organs for SE colonization and establishment after it is ingested by chickens [35]. After an SE challenge, SE colonized the ceca of young layer pullets [21,26,29,30,36], layer pullets near sexual maturity [24,25,27,28], and adult laying hens [21,22,23]. In this study, orally infecting layer pullets with an SE dose of 6.3 × 107 CFU at 8 days of age resulted in colonization of the ceca, as evidenced by load and prevalence of SE in the ceca.



BPQ, a synbiotic, consists of yeast cell wall MOS, 1,3/1,6 β-glucans (βG), and a selected Bacillus probiotic. Research has demonstrated that βG [37], MOS [23,38], and Bacillus probiotic [21] decrease SE colonization in chicken gut. Proposed modes of action for MOS, βG, and Bacillus probiotics, with relevance to Salmonella colonization, include acting as an alternative binding site for type-1 fimbria [39], upregulation of the immune system [40], and competitive exclusion [41,42], respectively.



Effects on SE colonization in layer birds infected with SE in response to a dietary synbiotic consisting of yeast cell wall and Bacillus probiotic have been reported recently. Compared to the control, SE count in the ceca was reduced by 0.70 CFU/g, on average, across the trial in synbiotic-fed Dekalb White pullets challenged with 2.1 × 109 CFU/bird SE at 8 days of age [29]. Price et al. reported that the number of SE in the ceca at 7 DPC was numerically reduced (p = 0.14) by 0.78 log10 MPN (most probable number)/g compared to the control when 60-week-old Hy-Line W36 fed synbiotic were inoculated with 7 × 107 CFU SE per hen [23]. In a previous study with BPQ11, no significant differences in cecal SE counts at 7, 10, or 13 DPC were observed between the control and BPQ11-fed Hy-Line W36 pullets challenged with an SE dose of 1.6 × 109 log10 CFU per bird at 3 weeks of age [30].



In the current study, dietary BPQ11 significantly (p < 0.0001) reduced cecal SE count in Lohmann LSL pullets challenged with 6.3 × 107 CFU SE per bird at 8 days of age at 11, 15, and 19 DPC but not at 7 DPC. Breed and age of bird, Bacillus strain and yeast cell wall used, synbiotic inclusion rate, SE challenge dose, number of DPC for cecal content collection, and, potentially, other experimental factors may have accounted for the different effects on SE cecal colonization in layer birds observed among the studies referenced above. Work by Shaji and coworkers noted that SE dose, bird age and genetic strain, as well as Salmonella serotype, can be interacting and influencing factors and may explain differences in SE mitigation studies [43]. The various results from the studies discussed above [23,29,30] and those from the study reported here, all of which evaluated synbiotics consisting of a Bacillus probiotic plus yeast cell wall components, suggest that a more standardized Salmonella challenge model in layer pullets to evaluate similar synbiotics would be of interest.



When comparing cecal SE counts of CON and BPQ in the present study, the SE reduction was higher at 15 (1.45 log10 CFU/g) and 19 (1.20 log10 CFU/g) compared to 11 DPC (0.67 log10 CFU/g). Similarly, a higher SE reduction in ceca from Hy-Line W36 pullets fed synbiotic and challenged with SE was observed at 10 and 14 DPC compared to 3 and 6 DPC [29]. Suganuma and coworkers [29] hypothesized that the greater SE reduction observed at the later stages following the SE challenge likely resulted from the combined actions of yeast cell wall and Bacillus probiotic. MOS is known to act as a substitute attachment area for type-1 fimbriae present in certain pathogenic bacteria, such as E. coli and Salmonella, thus preventing binding to the intestinal wall [39]. Such MOS attachment may primarily account for the SE colonization reduction early in post-SE challenge. The magnitude of the SE reduction may later be augmented by the Bacillus probiotic, possibly via its competitive exclusion mode of action. Ricke [44] and others noted that a bird’s microbiome matures with age, and an immature gastrointestinal microflora system is less adept at defending against foodborne pathogen challenges, especially the serovar Salmonella Enteritidis. Having both a prebiotic and probiotic at this early stage of gut microbiome development should allow birds added defenses from incidental pathogen infections in a typical commercial environment. Suganuma and coworkers [29] also considered the increase in the diversity of bacterial species observed at 10 and 14 DPC, but not at 3 and 6 DPC, as supporting evidence for the YCW and Bacillus probiotic combined effect at the later stages of the study. The individual contribution of each constituent of BPQ11 to the reduction of SE colonization in the ceca of pullets was not assessed in this study. However, the higher SE reduction by BPQ11 at the later stage seen in this study could be hypothesized as resulting from an additive or synergistic effect associated with modes of action of MOS [39], βG [40], and Bacillus probiotic [41,42]. More research is needed to elucidate the proportionality and timing of the effects of Bacillus probiotic and yeast cell wall, when combined in a Salmonella challenge model, on Salmonella colonization of the intestinal tract in layer birds.



The prevalence results agree with findings by other researchers who reported lack of a significant effect of the synbiotic used on SE prevalence in 8- or 12-week-old pullets [36], 17-week-old pullets [28], and 60-week-old laying hens [23], respectively. However, in a previous study [30], BPQ11 significantly reduced SE prevalence in ceca by 50% in pullets challenged with SE at 3 weeks of age. In addition to prevalence, Salmonella contamination data also focus on number and serotype [45]. Furthermore, Oscar [45] stipulated that due to the existence of several risk factors associated with Salmonella infection in humans, multiple benchmarks need to be employed to assess food safety of poultry products, not just Salmonella prevalence. SE number in cecal contents in pullets or layers is an accepted and biologically relevant measurement for assessing a feed additive’s ability to reduce SE colonization [21,22,23,24,28,29,30,36]. While SE prevalence was unchanged in the current study, BPQ11 significantly reduced cecal SE load by 0.67, 1.44, and 1.20 log10 CFU/g at 11, 15, and 19 DPC, respectively, after challenging 8-day old pullets with a high dose of SE. As also pointed out by Hofacre and coworkers [24], it is commonly accepted that a 1 log10 change in Salmonella presence within the intestinal tract of poultry is of importance for food safety, especially at near 100% prevalence. In commercial layer operations, 100% flock infection rates would be uncommon and a synbiotic product such as BPQ11 may not only reduce shedding in SE-positive birds but may also be a tool to reduce the likelihood of SE-negative birds from becoming infected, as shown in this lab’s previous work [30]. Preventing Salmonella infection early in the bird’s life is important. Exposure of chickens to SE soon after hatching can lead to infection that lasts through maturity, whereby other birds in the vicinity can become infected or eggs can be contaminated [46]. Evidence has shown that reducing the SE load in the ceca of laying hens will significantly lower the total amount of SE in the barn, ultimately resulting in a lower risk of foodborne disease to humans via a lower level of SE contamination in eggs [47]. Therefore, the outcome of this study shows that the synbiotic BPQ11 can be a useful pre-harvest tool for mitigation of SE infection in laying hens, thereby helping to minimize the threat of Salmonella-caused illness associated with eggs in humans.



Although bird performance was not measured during this disease challenge study, performance and sustainability are also key factors that could be considered in future studies. In previous published work with the probiotic used to manufacture BPQ11, Samper and coauthors [48] noted that laying hens fed diets supplemented with Bacillus subtilis had significantly (p = 0.02) better hen-day egg production (HDEP) compared to hens fed diets not supplemented with Bacillus (86.0% vs. 84.1%, respectively). During the entire study period, from 17 to 70 weeks of age, researchers also noted a 7.1-point improvement (p = 0.06) in the feed conversion ratio (FCR) of hens supplemented with Bacillus in their diets. In the United States, tighter regulations are being implemented by the FDA to limit the use of antibiotics for improving bird productivity and performance and lessen the potential for drug resistant strains of common bacterial pathogens such as Salmonella. Having alternative health products such as BPQ11 that show both mitigating effects to foodborne pathogens, such as Salmonella, and that can improve animal performance and sustainability will be an important tool to the future of the egg industry.



In conclusion, BPQ11, a combination of yeast cell wall and a selected Bacillus probiotic, resulted in a reduced concentration of Salmonella Enteritidis in ceca of Lohmann LSL pullets.
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Figure 1. Dot plot of Salmonella Enteritidis (SE) concentration (log10 CFU/g) in cecal contents of pullets collected at 7-, 11-, 15- and 19- days post challenge with SE dose of 6.3 × 107 CFU/bird at 8 days of age. Lines within the plot depict means ± SEM. a,b Means within each cecal content collection period with different letters are significantly different (p < 0.05). CON = pullets fed non-supplemented diet; BPQ = pullets fed diet with added BacPack Q1+1 (BPQ11) at a rate of 635 g per metric ton of feed. 
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Table 1. Formula of basal diet formula fed to pullets in mash form and ad libitum throughout the length of study. Control pullets were fed the basal diet, and the treatment pullets were fed the basal diet supplemented with BackPack Q1+1 (BPQ11) at a rate of 635 g per metric ton of feed.
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	Ingredient
	Diet, as-Fed Basis





	Corn, %
	56.9



	Soybean meal, %
	33.5



	Calcium carbonate, %
	1.95



	Monocalcium phosphate (21% p), %
	1.79



	Vegetable oil, %
	3.91



	Salt, %
	0.50



	Choline chloride, %
	0.06



	L-lysine, %
	0.68



	DL methionine, %
	0.47



	Vitamin and mineral premix, %
	0.10



	Nutrient
	



	Metabolizable energy, Kcal/Kg
	3054



	Crude protein, %
	22.0



	Crude fat, %
	5.47



	Crude fiber, %
	2.57



	Calcium, %
	1.19



	Available phosphorus, %
	0.51



	Lysine, %
	1.54



	Methionine, %
	0.78



	Methionine + cysteine, %
	1.16



	Sodium, %
	0.25










 





Table 2. Descriptive statistics for Salmonella Enteritidis (SE) concentration (log10 CFU/g) in cecal contents from pullets at 7, 11, 15, and 19 days post-challenge with SE dose of 6.3 × 107 CFU/bird at 8 days of age. Cecal content was collected from 25 pullets from CON or PBP at each of the 4 collection periods and analyzed for SE level. CON = pullets fed non-supplemented diet; PBQ = pullets fed diet with added BacPack Q1+1 (BPQ11) at a rate of 635 g per metric ton of feed.
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Days Post-Challenge

	
7

	
11

	
15

	
19




	
Treatment

	
CON

	
BPQ

	
CON

	
BPQ

	
CON

	
BPQ

	
CON

	
BPQ






	
Number of pullets

	
25

	
25

	
25

	
25

	
25

	
25

	
25

	
25




	
Minimum (log10 CFU/g)

	
2.0

	
5.8

	
7.3

	
6.7

	
7.4

	
5.3

	
6.9

	
4.0




	
Maximum (log10 CFU/g)

	
8.0

	
7.8

	
8.9

	
7.9

	
8.2

	
7.5

	
8.1

	
7.2




	
Mean (log10 CFU/g)

	
6.88

	
7.18

	
7.98

	
7.31

	
7.79

	
6.35

	
7.50

	
6.30




	
STD (log10 CFU/g)

	
1.63

	
0.45

	
0.363

	
0.293

	
0.246

	
0.521

	
0.276

	
0.869




	
SEM (log10 CFU/g)

	
0.326

	
0.090

	
0.073

	
0.059

	
0.049

	
0.104

	
0.055

	
0.174




	
BPQ mean—CON mean (log10 CFU/g)

	
+0.30

	
−0.67

	
−1.45

	
−1.20




	
p-value

	
0.379

	
<0.0001

	
<0.0001

	
<0.0001
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