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Abstract

:

This study aims to provide possible utilization of sunflower head byproduct (SFH) as a feedstuff by implementing chemical pretreatments (4% sodium hydroxide (SFHNaOH) or 4% urea (SFHurea) and supplementation with either exogenous fibrolytic enzymes (EFE) or functional feed additive (FFA). The experimental EFE was a complex (1:1, v/v) of two enzyme products with high activity of β-1,3-1,4-glucanase and endo-1,4-β-D-xylanase and applied at 0 (SFHout), 1, 2, 5, and 10 µL/ gdry matter, while FFA was a fermentation byproduct rich in cellulase and xylanase activities, applied at 0 (SFHout), 0.5, 1, 2, and 4 mg/g DM. SFHurea had the highest (p < 0.05) crude protein (CP) content compared to other SFH substrates. Linear enhancements (p < 0.05) in kinetics of gas production (GP), metabolizable energy (ME), organic matter digestibility (OMD) and total short-chain fatty acids (SCFAs) concentrations were observed for all SFH substrates supplemented with EFE. The SFHout had the highest (p < 0.05) potential GP, maximum rate (Rmax) of GP, ME, OMD and SCFAs. Supplementation of EFE was more pronounced than FFA in affecting the kinetic parameters of in vitro GP for all SFH substrates. SFHout supplemented with EFE seems to be the most promising substrate to enhance microbial fermentation in vitro.
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1. Introduction


Sunflower (Helianthus annuus) (SF) includes 67 annual and perennial species that differ in location and growth mode [1]. Although it is widely used for seed and oil production, the plant itself and its crop residues (heads and leftover stalks) have become an increasingly important roughage for livestock production and have been used for this purpose since the early 20th century [2,3]. After harvesting SF for silage, livestock grazed on the leftover stalks and heads that were very palatable, although they are characterized by low protein and fibrous materials contents [4,5]. Regarding the nutritional characteristics of SFH, Aregheore [6] indicated relatively high cell wall contents of NDF (480 g/kg DM), ADF (299 g/kg DM), and ADL (100 g/kg DM). In the case of the whole plant residues, Lardy and Anderson [7] reported that SF silage can be 80 to 85% as valuable as corn silage. However, there is very little evidence on the dietary inclusion of SF residues in ruminant nutrition.



SF byproducts are characterized by high variability in nutrient contents. Rasool et al. [8] reported that SFH inclusion at the ration of 20% in small ruminant diets led to a significant increase in feed intake and weight gain, compared to sunflower stalk, wheat straw, rice straw, and rape straw. Nagalakshmi et al. [9] found that incorporating SFH up to 500 g/kg along with 100 g/kg sorghum straw in a complete diet (roughage concentrate ratio, 60:40) in growing lambs has improved average daily weight gain by 12.9%, consequently reducing meat production costs compared to a conventional diet consisting of concentrate mixture and chopped maize. Similarly, Amini-Jabalkandi et al. [10] have investigated the effects of the substitution of alfalfa hay with SF residue silage on the fattening efficiency of male buffaloes and have indicated that 50% of substitution can be considered as an optimal point without negative effects on performance. Given their high richness in cell wall contents, and for a better valorisation in animal nutrition, different SFH treatments were proposed to modify the rumen microbial fermentation towards more fiber degradation. Pretreatment methods based on chemical, thermo-chemical, mechanical, and biological treatments are currently used to improve the utilization of the lignocellulosic byproducts [11]. Among these methods, alkaline chemical pretreatments are classified as the most common low cost and effective processes used for SF residues [12]. Alkaline pretreatment, such as urea or sodium hydroxide (NaOH), can affect the chemical composition and utilization of the SFH (especially with high-oil varieties) [7]. In this context, Soltan et al. [12] reported that feed supplements containing primarily cellulolytic and xylanolytic activities enhance the utilization of forage with high lignocellulose contents in ruminant diets. In addition to a relatively high content of fibrolytic enzymes and essential nutrient contents (e.g., crude protein, minerals, vitamins, etc.), it is believed that functional feed additives (FFAs), which are issued from fiber microbial fermentation, may provide benefits beyond satisfying traditional nutrient supplies for ruminants. Ammoniation of SF-cob residues increased the crude protein (CP) content without affecting NDF concentration or the DM degradability [13]. However, a study conducted by Sariçiçek and Gripoglu [14] demonstrated that chemical pretreatments have no positive impact on the nutritional value of SFH. Against this background, this study aims to assess the effect of chemical pretreatments (urea or NaOH) of SFH on in vitro ruminal fermentation of cows. The use of fibrolytic enzymes on different forms of SFH (chemically treated or untreated) was also assessed in vitro.




2. Materials and Methods


2.1. Plant Material


After the seeds’ harvest, in September in the mature–ripe stage, SFH were collected from different private fields located in the northwest region of Tunisia. They were separated from the stalks and left in the fields for sun-drying (30–35 °C) for 7 days. About 30 kg of dried SFH samples were randomly collected and transported to the laboratory, chopped into small stands (5 cm) using a cutting mill (Pulverisette, Fritsch, Benelux Scientific, Gent, Belgium) to ensure better homogenization. They were divided after well-mixing into six sub-samples of 5 kg in each, which were then used directly for further treatments.




2.2. Pre-Treatment of SFHs


Three pretreatments were applied on the samples, with two subsamples for each treatment. The first treatment was allocated to alkaline pretreatments with 4% NaOH (SFHNaOH) and 4% urea solutions (SFHurea) as described by [15,16], respectively. The two SFHNaOH samples were kept at room temperature for 48 h before the in vitro assay. The SFHurea samples were hermetically sealed in plastic bags for two months before they were exposed to air for 48 h prior to the in vitro assay. The last two sub-samples were used as the control without any pretreatment (SFHout).



After pretreatments, 500 g subsamples were collected randomly from each SFH preparation (SFHout, SFHNaOH and SFHurea), dried overnight at 55 °C and milled in a hammer mill (Retch SK 100 standard, Gubeisen, Germany) using a 1 mm sieve for subsequent analysis.




2.3. Chemical Analysis


Dry matter (DM, method ID 934.01), organic matter (OM, method ID 942.05), ether extract (EE, method ID 920.30), CP (method ID 984.13), and crude fiber (CF, ID 962.09) contents were determined following the methods of the Association of Official Analytical Chemists [17]. Neutral detergent fiber (NDF), acid detergent fibre (ADF), and acid detergent lignin (ADL) were determined in sequence using the ANKOM fibre analyzer (ANKOM, A2001, New York, NY, USA) in a fiber filter bag (F57-ANKOM Technology Corporation, Macedon, NY, USA) [18] applying the reagents described by [19]. The NDF was determined using sodium sulfite addition, instead of amylase. Calcium content (Ca) was measured using an atomic absorption spectrophotometer (Varian AA140, Varian, Australia) (method 968.08; [20]). Total phosphorus (P) contents were analyzed by the molybdovanadate colorimetric method (method 965.17; [21]) using a spectrophotometer (Shimadzu UV-1201 UV-Vis). All chemical analysis of SFH have been done in nine replicates.




2.4. Feed Additives and Determination of Their Enzymatic Activities


Two complexes (considered as feed additives (FA) of exogeneous fibrolytic enzymes (EFE) were supplemented to SFH preparations (SFHout, SFHurea, SFHNaOH) at four different doses. The first complex was a mixture of two liquid commercial enzymatic preparations (1:1, v/v), which are the Cellulase PLUS (E.C. 3.2.1.4) with a high level of cellulase and beta-1,3-1,4-glucanase and the Xylanase PLUS (E.C. 3.2.1.8) with high levels of xylanase. Both commercial enzyme products contained additional side activities like pectinase, mannanase, β-glucosidase, β-xylosidase, α-L-arabinofuranosidase, amylase and protease (Dyadic International, Jupiter, FL, USA) and were produced by the fermentation of non-GMO Trichoderma longibrachiatum. This enzymatic complex was applied to the three SFH preparations at four experimental levels: (0, 1, 2, 5, and 10 µL /g DM). The second FA was a functional feed additive product (FFA; Max Fiber, Provita Supplements SCHAUMANN GmbH, Bad Laasphe, Germany). It is a powder by-product of solid-state fermentation of five different fungi species: Aspergillus niger, Aspergillus tubingensis, Aspergillus orzyae, Aspergillus sojae, and Neurospora intermedia incubated on four defined substrates: rapeseed meal, sugar beet molasses, corn gluten, and corn powder and containing 315 g kg−1 CP. The FA products possessed xylanase, endoglucanase, and exoglucanase activities and were applied at four experimental doses (0, 0.5, 1, 2, and 4 mg/g DM) to the basal feed substrate (SFHout, SFHurea, SFHNaOH).



To measure the enzymatic activities of the experimental FA, an enzyme extraction step was done as described by [22] before its application to the SFH preparations. 1 g of FA product was incubated in 10 mL of citrate buffer (pH = 6.6) followed by homogenization. The supernatant was separated from the solid biomass by centrifugation and then was used as a source of liquid enzyme preparation.



The experimental FA (EFE and FA extracts) were assayed for endoglucanase, exoglucanase, and xylanase activities (Table 1) at normal ruminal conditions (pH = 6.6; 39 °C) following the procedure described by [22,23]. The activities of enzymes were determined in triplicate; one international unit (IU) was defined as the amount of enzyme required to release 1 μmol of released reducing sugar (glucose or xylose) per one minute from the corresponding substrate at pH 6.6 and 39 °C [24]. The substrates were 1% (v/v) medium-viscosity carboxymethylcellulose sodium salt (CMC, Catalog no. C-4888, Sigma Aldrich, Darmstadt, Germany), cellulose (Sigmacell Cellulose–Type 20, 20 μm, Cotton linters/Cellulose/Cellulose powder, Catalog no. S-3504, Sigma Aldrich, Germany) and oat spelt xylan (1% (wt/vol), catalog no. X-0627, Sigma Aldrich, Germany). The absorbance was read at 540 nm against glucose and xylose standard curves. In order to ensure the creation of a stable enzyme-feed complex, FA was supplemented at room temperature (20–23 °C) for 20 h before the in vitro ruminal incubation [25]. Samples of 200 mg SFH preparations were weighed in 160 mL glass serum incubation bottles.




2.5. In Vitro Gas Production


The in vitro gas production (GP) technique as described by [26] was used to evaluate the experimental treatments. Two red Holstein cows (bodyweight 490.4 ± 4.23 kg) fitted with a permanent ruminal cannula were used as ruminal inoculum donors to carry out the in vitro assay. The animals were fed a diet consisting of 8 kg of lucerne hay (Medicago sativa) and 8 kg of commercial concentrate distributed twice a day with free access to water and mineral/vitamin licks.



The technique of in vitro batch culture using gas-tight fermentation bottles (117 mL) was carried out as described by [26]. Samples of 200 ± 10 mg DM grounded SFHout, SFHNaOH, and SFHurea were weighed into fermentation bottles with six replications each. Thereafter, the corresponding enzymatic dose was added to each sample.



Twenty hours later, a sample of rumen contents was withdrawn via an electric pump, immediately transferred to the laboratory, then mixed and strained through 4 layers of cheesecloth at 39 °C and under CO2 flow. The fermentation inoculum was prepared by mixing the fresh ruminal fluid to an anaerobic buffer medium (pH) prepared as described by [26] in a ratio of 1:2 (ruminal fluid: medium buffer. Each incubation bottle was filled with 30 mL fermentation inoculum under continuous CO2 flow, then sealed by butyl rubber stopper and aluminum crimp cap, and immediately incubated at 39 °C for 96 h. Six negative blanks bottles (fermentation inoculum without substrate) were used to correct the GP produced by residual fine feed particles in ruminal fluid. Similarly, six serum bottles were incubated with 200 mg of inulin as standard to ensure the effectiveness of the used inoculum.



The headspace GP was recorded from each incubated bottle after 2, 4, 6, 8, 12, 24, 48, 72, and 96 h of incubation. The GP was measured by inserting a 23-gauge (0.6 mm) needle attached to a pressure transducer connected to a visual display [27]. Incubations were carried out in three replicated runs at different weeks and arranged as a factorial design 4 × 2 × 3 (4 enzymatic doses × 2 feed supplementations × 3 SF preparations).




2.6. Calculations


The recorded gas pressure was corrected for the blanks and then converted to the volume of gas produced at each measuring time (2, 4, 6, 8, 12, 24, 48, 72, and 96 h) using the following equation:


  G P    (  mL / g   D M  )  = P r ×   V f − V i    P  a t m      












	
Pr: recorded gas pressure (bar)



	
Vf: total volume of the incubation bottle (=117.39 mL)



	
Vi: volume of inoculum added to each bottle



	
Patm: atmospheric pressure (=1.01325 bar)








In order to estimate the kinetic parameters of GP, GP data were fitted using the monophasic model proposed by [28]:


  G P t =  A   [  1 +    (   B t   )   c   ]     








where GPt (mL/g DM) denotes the cumulative gas production at time t (h); A (mL/g DM) is the potential gas production; B is the time of incubation at which half of A has been produced (h), C is the sharpness of the curve, and t is the total in vitro incubation time (96 h).



The maximum rate of GP (Rmax) and the time (Tmax) at which the maximum rate of GP was attained were calculated according to the equations proposed by [29]:


  R m a x    (  mL / h  )  = A  B C  C    [    T m a  x   (  − C − 1  )        [ 1 +  B  C     × T m a  x  − C   ]  2     ]   










  T m a x  ( h )  = B    [    C − 1   C + 1    ]    1 / C    











The different fitted parameters A, B, and C were calculated using the residual least-squares procedure using the reduced generalized gradient algorithm from the solver function in the Microsoft Excel Software (2013).



The organic matter degradability (OMD) and the metabolizable energy (ME) were estimated based on the in vitro GP after 24 h of incubation (GP24h; mL/200 mg DM) according to the regression equations proposed by [26] as following:


OMD (%) = 14.88 + (0.889 × GP24h) + (0.45 × CP) + (0.0651 × ash)










ME (MJ/kg DM) = 2.2 + (0.136 × GP24h) + (0.057 × CP) + (0.00286 × EE2)











The total short-chain fatty acids (SCFAs) concentration was estimated according to [30] as:


SCFAS (mmol/200 mg DM) = −0.00425 + (0.0222 × PG24h)








where CP is the crude protein content (%DM), EE is the ether extract (%DM), ash is the ash content (%DM).




2.7. Statistical Analysis


The in vitro GP data were analyzed as a completely randomized design with three replicates per treatment per run based on the GLM procedure from the SAS® Studio software 3.6 (SAS Institute Inc., Cary, NC, USA). The incubation bottle was the experimental unit. Results of chemical composition were tested using a one-way analysis of variance (ANOVA). The cubic effects of FA doses were not analyzed for their inexplicability in biology [31]. For all SFH substrates, a statistical model considered the SFH preparations (substrates), the feed supplement doses, and interaction (substrates × feed supplementation dose) as fixed factors using the following model:


   Y  i j   = μ + S F  H i  +  D j  +  (  S F  H i  ×  D j   )  +  e  i j    








where (Yij) is the measured parameter when µ is the overall mean, SFH substrates (i = 1–4) is the SFH preparations supplemented by FA (j = 1–5) including the control, and e is the experimental error, and    (  S F  H i  ×  D j   )    is the interaction between chemical pretreatments and the FA doses. The Duncan test (p = 0.05) was used to compare the means [32]. Means were declared significantly different when the p-value was less than 5%.





3. Results


3.1. Effect of Alkaline Pretreatments of SFH on the Chemical Composition


The chemical composition of the SFH substrates is presented in Table 2. The treatment of SFH with urea (SFHurea) gave rise to the highest CP, CF and ADF (p < 0.05) contents. P content, however, was the lowest in SFHurea. SFHNaOH had lower (p < 0.05) DM and ash contents compared to other SFH treatments. The SFHout exhibited the highest (p < 0.05) DM and Ca and the lowest (p < 0.05) ADF contents compared with other SFH preparations.




3.2. Effect of FA Supplementation on Kinetics of In Vitro Gas Production


Effects of FA supplemented to SFHout, SFHNaOH, and SFHurea on the volume of in vitro GP and ruminal GP kinetics are presented in Figure 1 and Table 3, respectively. The FA supplemented to SFHout did not affect (p > 0.05) the GP volume produced from 2 h till 12 h (Figure 1A). However, linear increases (p < 0.05) were observed from 24 h to the end of the incubation period by the increasing levels of FA supplementations. This resulted in a linear increase (p < 0.05) in the estimated potential of GP (A) of the SFHout with increasing doses of supplemented FA (Table 3), while no effects (p > 0.05) were observed in the other parameters of kinetics of GP (B, C, Rmax, and Tmax) values for SFHout samples supplemented with FA. The contrast test was observed with SFHNaOH samples where neither the GP volumes (Figure 1B) nor the GP kinetics (Table 3) were affected by FA supplementation. Linear increases (p < 0.05) were observed by the FA supplemented to SFHurea in GP (Figure 1C) produced in all incubation times (except 2 and 4 h), values of A, B, and Rmax (Table 3).



The volume of gas produced from 24 h to 96 h and the total GP values (A) were affected (p < 0.05) by FA, and substrate × FA interaction, while the SFH substrate significantly (p < 0.05) affected the volume of GP in all incubation times and all GP kinetic parameters. Generally, the highest (p < 0.001) values of volume of gas produced at the different incubation times and the GP rate were detected for SFHout, while the lowest values were for SFHurea.




3.3. Effect of EFE Supplementation on Kinetics of In Vitro Gas Production


Results of EFE supplemented to SFHout, SFHNaOH, and SFHurea on the volume of in vitro GP and ruminal GP kinetics are presented in Figure 2 and Table 4, respectively. Generally, EFE supplementations affected the GP and GP kinetics more than FFA. The contrast analysis revealed significant linear increases (p < 0.05) in EFE on the volume of gas produced in all incubation times (from 2 till 96 h) as well as the total GP values (A) within each SFH substrate. Values of B were affected (p < 0.05) by the EFE supplementation in SFHout and SFHurea while remaining unchanged in the SFHNaOH form. Values of C were not affected by any of the SFH preparations, while increasing linear (p < 0.05) trends were observed in values of Rmax and Tmax (except for SFHurea).



The volume of gas produced during all incubation times and all parameters of the GP kinetics (except C values) were affected (p < 0.05) by EFE and substrate, while no EFE × substrate interaction effects were observed on all GP and GP kinetic parameters except the volume of GP produced at 2 h and 4 h, as well as the values of B, and Rmax.




3.4. Effect of FFA Supplementation on ME, OMD, and SCFAs


Results of the effects of FFA supplemented to SFHout, SFHNaOH, and SFHurea on the ME, OMD and SCFAs are presented in Table 5. The dose–response analysis showed that the FFA supplementation enhanced the ME, OMD, and SCFAs for SFHout (linearly, p < 0.05) and SFHurea (Quadratiecly, p < 0.05), while no effects (p > 0.05) were observed for the SFHNaOH diets. For all SFH diets, values of ME, OMD, and SCFAs were significantly affected (p < 0.001) by the substrate, while neither FFA nor FFA × substrate interaction had significant effects. Generally, the greatest (p < 0.001) increases in ME, OMD, and ruminal SCFAs were detected for SFHout, while the lowest values were for SFHurea.




3.5. Effect of EFE Supplementation on ME, OMD, and SCFAs


Table 6 presents the effects of EFE supplemented to SFH diets on ME, OMD, and SCFAs. The dose–response analysis revealed that EFE supplemented to SFHout linearly enhanced (p < 0.05) the values of ME, OMD, and ruminal SCFAs, while no effects were observed by SFHNaOH and SFHurea diets. For all SFH diets, values of ME, OMD, and SCFAs were significantly affected (p < 0.01) by the EFE substrate, and their interaction. The highest (p < 0.001) increases in ME, OMD, and ruminal SCFAs were detected for SFHout compared to other substrate diets. EFE supplemented at 10 µL/g DM was the most efficient dose to enhance the fermentation and nutrient digestibility compared to the other doses.





4. Discussion


In the present study, CP content (90 g/kg DM) of SFHout was in the range of values (65–110 g/kg DM) reported by Özelçam et al. [33] on different Turkish SFH varieties. Gholami-Yangije et al. [34] reported lower CP content (28 g/kg DM) in dried Iranian SFH. They indicated higher cell wall contents in terms of NDF (553 g/kg DM), ADF (457 g/kg DM), and ADL (24 g/kg DM) in SFH, compared to our study (248, 108 and 18 g/kg DM, for NDF, ADF, and ADL, respectively). However, NDF and CF of the studied samples are somewhat similar to those reported by Özelçam et al. [33] in different SFH varieties (NDF: 255–302 g/kg DM; CF: 154–182 g/kg DM). Such variations can be attributed to diversity in varieties, climate and soil conditions, maturity stage, and the proportions of residues (stalks, heads without seeds, and mixtures of stalks and heads). On the other hand, it is pertinent to mention that ADF contents in all SFH substrates (108 g/kg DM) were far from the minimum level recommended in dairy diets (210 g/kg DM) as suggested by National Research Council (NRC) [35]. In this context, it was proposed that SFH substrates can be a valuable substitute for conventional roughages in a complete diet where roughage is included at up to 60% [36].



Based on their CP and NDF contents, the investigated SFH substrates are comparable to ground corn at 95 g/kg DM CP and 210 g/kg DM NDF [37]. However, compared to wheat straw, bean straw, and SF stalks, which are commonly used in the ruminant diet in Tunisia, all SFH preparations showed higher CP, ash, and EE, and lower fiber contents. Consequently, according to Özelçam et al. [33], the experimental SFH preparations are considered to have relatively better nutritional value than dry forages, used in ruminant diets, and could significantly contribute to ruminant livestock feeds [8].



The increases in ADF values caused by the NaOH and urea pre-treatments can be explained by the solubilization of hemicellulose and increases in cellulose fractions. Rezende et al. [38] reported that the pretreatment of cellulosic biomass by increasing the level of NaOH could solubilize up to 58% of lignin and 86% of hemicellulose. The same observation was reported by Moradi et al. [39] on pistachio byproducts. Xu et al. [40] proved that the solubilization of hemicellulose by NaOH or H2SO4 treatments can improve the cellulose crystallinity, which could negatively affect the digestibility of lignocellulosic biomass and prevent the effective penetration of digestive enzymes. This finding could explain the decrease in the extent and the rate of in vitro ruminal fermentation, ME, OMD and SCFAs concentrations of SFHNaOH and SFHurea as compared to SFHout. Comparatively, Moradi et al. [39] revealed that the alkali pretreatment of the pistachio byproducts decreased significantly the in vitro recorded GP. Therefore, the untreated form of SFH (SFHout) seems to be more effective for ruminant feeding.



The experimental FFA presented lower efficiency than EFE regarding GP values, most GP kinetic parameters, the estimated OMD, ME and total SCFAs concentrations in all SFH substrates. These results can be attributed to the higher activity of the xylanase, endoglucanase, and exoglucanase enzymes found in EFE compared to FFA. The fibrolytic enzymes detected in EFE may act through hydrolyzing the cell wall polymers, providing an additional energy source for the ruminal microorganisms’ growth and preparing the cell wall surface for microbial attachment [41]. It was proposed that exogenous enzymes hydrolyze the digestible carbohydrates at the plant cell wall surface [42]. This reduces the accumulation of the lignin-carbohydrate complexes and alters the structure of the feed, making it more susceptible to ruminal degradation and microbial colonization [43], which supports the growth and activity of rumen microorganisms.



The most significant improvement effect of EFE was mainly detected for SFHurea on rumen fermentation and nutrient digestibility; this was probably due to higher CP content, which could deteriorate the active sites of fibrolytic enzymes on the substrate. These findings align with a previous study conducted by Eun et al. [44]. They applied a synergistic effect between ammonia pretreatment (NH3) and EFE supplementation to increase the in vitro degradability of rice straw. Thus, we can conclude that the additional source of nitrogen delivered by ammonia or urea stimulates the EFE effect. The exact mechanism by which the synergy between urea pretreatment and EFE was created remains unexplained. However, urea pretreatment increases rumen N-NH3 content [45], as well as the total number of ruminal bacteria [46] including ruminal fibrolytic microbes [47]. Moreover, the EFE provides an energy source for ruminal microorganisms by hydrolyzing the cell wall polysaccharides [48].



Wang et al. [49] proved that the pretreatment of wheat straw with NaOH enhanced the efficacy of exogenous enzymes on ruminal fermentation in addition to the rate, and the extent of dry matter digestibility. However, these effects were not observed in our study, since SFHout had the most promising fermentation values compared to SFHNaOH. The variability and inconsistencies in the results can be attributed to the enzyme type, activity level and to the kind of substrate since the chemical composition of wheat straw and SFH differs widely [50].



Both the experimental additives in this experiment had almost the same effect trends on in vitro ruminal fermentation, especially for SFHurea and SFHout. However, there remains some difference in optimal dose, sensitivity to the chemical agent, and efficiency level to improve the ruminal utilization of SFH, which could be due to the amounts of fibrolytic activities present in the enzymatic product. In this connection, Vahjen and Simon [51], who investigated 18 commercial enzymes, indicated that commercial enzyme preparations display different modes of action, depending on enzyme concentrations, the molecular weight of fibrolytic components, substrate specificity and proteolytic stability within the digestive tract.




5. Conclusions


The pretreatments of SFH with exogenous cellulase and xylanase has the potential to improve the in vitro ruminal fermentation and the digestive use parameters. Using two different types of EFE showed some differences in optimal dose, sensitivity to other chemical treatments, and efficiency to improve ruminal fermentation, which could be due to the specificity enzyme-substrate and to the amounts of added fibrolytic activities from each commercial enzymatic product. Moreover, the EFE could create a synergy effect with urea pretreatment for in vitro ruminal fermentation. However, as compared to the untreated form, the observed synergy was less effective, which could be due to the presence of antinutritional factors released after chemical treatment. We suggest that there is no major beneficial effect of the use of the chemical treated form of SFH. The study may stimulate new avenues of further research into the investigation of other combinations of fibrolytics such as esterase-cellulase and xylanase on the fermentation parameters of SFH.
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Figure 1. Effects of FFA supplemented to pretreated SFH ((A): SFHout, (B): SFHNaOH, (C): SFHurea) on the volume of in vitro gas production. 
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Figure 2. Effects of EFE supplemented to pretreated SFH ((A): SFHout, (B): SFHNaOH, (C): SFHurea) on the volume of in vitro gas production. 
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Table 1. Xylanase, endoglucanase, and exoglucanase activities of the experimental feed additives.
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Enzyme Product

	
Enzymatic Activity (IU) 1




	
Xylanase

	
Endoglucanase

	
Exoglucanase






	
Exogenous fibrolytic enzymes

	
22.760 ± 29

	
1568 ± 110

	
164 ± 3.9




	
Functional feed additive

	
118 ± 6.0

	
92 ± 1.0

	
91 ± 0.3








1 Xylanase activity was expressed as μmoles of xylose released per minute per milliliter of the enzyme (IU: International Unit). Endoglucanase and exoglucanase activities were expressed as μmoles of glucose released per minute per milliliter of the enzyme (IU). Mean ± StD, n = 3 replicates.
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Table 2. Effect of alkaline pretreatments (NaOH or urea) on chemical composition (g/kg DM) of SFH.
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	Items
	SFHout
	SFHNaOH
	SFHurea
	SEM
	p-Value





	Dry matter
	881 a
	314 c
	696 b
	3.2
	*



	Ash
	109 ab
	99 b
	113 a
	1.0
	**



	Crude protein
	94 b
	82 b
	220 a
	3.4
	***



	Crude fiber
	140 b
	159 ab
	185 a
	8.4
	*



	Neutral detergent fiber
	242 a
	182 b
	250 a
	7.4
	**



	Acid detergent fiber
	108 c
	128 b
	208 a
	17.4
	***



	Acid detergent lignin
	18
	19
	17
	3.4
	NS



	Phosphorus
	1.4 a
	1.4 a
	1.3 b
	0.4
	*



	Calcium
	7.3 a
	5.2 b
	5.0 b
	0.3
	*







a,b,c means within a row with different superscripts differ significantly (p < 0.05). SEM: standard error of the mean. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, NS: not significant.
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Table 3. Effects of FFA supplemented to pretreated SFH (SFHout, SFHNaOH, SFHurea) on the kinetics of the in vitro gas production.
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Substrate

	
FFA (µL/g DM)

	
Gas Production Kinetics




	
A (mL/g DM)

	
B (h)

	
C (h)

	
Rmax (mL/h)

	
Tmax (h)






	
SFHout

	
0

	
238

	
5.3

	
1.28

	
29.1

	
1.03




	
0.5

	
254

	
5.4

	
1.28

	
30.2

	
1.04




	
1

	
251

	
5.8

	
1.32

	
28.4

	
1.34




	
2

	
255

	
6.2

	
1.31

	
26.9

	
1.37




	
4

	
256

	
5.6

	
1.28

	
29.5

	
1.09




	
p linear

	
*

	
NS

	
NS

	
NS

	
NS




	
SFHNaOH

	
0

	
218

	
5.5

	
1.53

	
24.4

	
1.98




	
0.5

	
220

	
5.6

	
1.47

	
24.2

	
1.83




	
1

	
220

	
5.8

	
1.46

	
23.6

	
1.83




	
2

	
217

	
5.6

	
1.49

	
23.1

	
1.98




	
4

	
219

	
5.9

	
1.47

	
23.5

	
1.89




	
p linear

	
NS

	
NS

	
NS

	
NS

	
NS




	
SFHurea

	
0

	
174

	
7.66

	
1.69

	
14.3

	
3.37




	
0.5

	
178

	
7.62

	
1.64

	
14.6

	
3.13




	
1

	
182

	
7.52

	
1.67

	
15.0

	
3.23




	
2

	
186

	
7.04

	
1.65

	
16.5

	
3.15




	
4

	
187

	
7.54

	
1.67

	
15.5

	
3.24




	
p linear

	
*

	
*

	
NS

	
**

	
NS




	
SEM

	
17.1

	
0.53

	
0.09

	
3.38

	
0.53




	
FFA

	
***

	
NS

	
NS

	
NS

	
NS




	
Substrate

	
***

	
***

	
***

	
***

	
***




	
FFA × Substrate

	
*

	
**

	
NS

	
NS

	
NS








A = estimated potential gas production; B = time of incubation at which the half of A has been produced; C = sharpness of the curve; Rmax = the maximum rate of gas production; Tmax = time at which the maximum rate of gas production is attained. SEM: standard error of the mean. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, NS: not significant.
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Table 4. Effects of EFE supplemented to pretreated SFH (SFHout, SFHNaOH, SFHurea) on the kinetics of in vitro gas production.
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Substrate

	
EFE (µL/g DM)

	
Gas Production Kinetics




	
A (mL/g DM)

	
B (h)

	
C (h)

	
Rmax (mL/h)

	
Tmax (h)






	
SFHout

	
0

	
238

	
5.3

	
1.28

	
29

	
1.03




	
1

	
249

	
4.9

	
1.28

	
32

	
0.95




	
2

	
248

	
5.0

	
1.29

	
32

	
0.98




	
5

	
246

	
4.9

	
1.28

	
33

	
0.93




	
10

	
261

	
4.9

	
1.26

	
35

	
0.88




	
p linear

	
*

	
*

	
NS

	
**

	
**




	
SFHNaOH

	
0

	
218

	
5.5

	
1.53

	
24

	
1.98




	
1

	
224

	
5.7

	
1.53

	
24

	
2.04




	
2

	
222

	
5.6

	
1.53

	
25

	
1.97




	
5

	
228

	
5.6

	
1.48

	
25

	
1.83




	
10

	
231

	
5.4

	
1.48

	
26

	
1.77




	
p linear

	
***

	
NS

	
NS

	
**

	
*




	
SFHurea

	
0

	
174

	
7.7

	
1.69

	
14

	
3.37




	
1

	
192

	
7.3

	
1.70

	
16

	
3.31




	
2

	
191

	
7.2

	
1.68

	
16

	
3.12




	
5

	
183

	
7.2

	
1.70

	
16

	
3.11




	
10

	
179

	
7.0

	
1.72

	
16

	
3.16




	
p linear

	
*

	
**

	
NS

	
**

	
NS




	
SEM

	
16.3

	
0.57

	
0.1

	
3.99

	
0.54




	
p-Value

	

	

	

	

	




	
EFE

	
**

	
***

	
NS

	
***

	
***




	
Substrate

	
***

	
***

	
***

	
***

	
***




	
EFE × Substrate

	
NS

	
*

	
NS

	
**

	
NS








A = estimated potential gas production; B = time of incubation at which half of A has been produced; C = sharpness of the curve; Rmax = the maximum rate of gas production; Tmax = time at which the maximum rate of gas production is attained. SEM: standard error of the mean. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, NS: not significant.
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Table 5. Effects of FFA supplemented to pretreated SFH (SFHout, SFHNaOH, SFHurea) on metabolizable energy, organic matter digestibility and ruminal total short chain fatty acids concentrations (SCFAs).
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Substrate

	
FFA

(µL/g DM)

	
Metabolizable Energy (MJ/kg DM)

	
Organic Matter Digestibility (g/kg DM)

	
Total SCFAs (mmol/200 mg DM)






	
SFHout

	
0

	
8.45

	
570

	
0.82




	
0.5

	
8.74

	
589

	
0.97




	
1

	
8.71

	
588

	
0.96




	
2

	
8.65

	
583

	
0.96




	
4

	
9.00

	
606

	
1.01




	
p linear

	
*

	
*

	
*




	
p quadratic

	
NS

	
NS

	
NS




	
SFHNaOH

	
0

	
8.10

	
545

	
0.87




	
0.5

	
8.20

	
552

	
0.89




	
1

	
8.16

	
549

	
0.88




	
2

	
8.25

	
555

	
0.90




	
4

	
8.33

	
560

	
0.91




	
p linear

	
NS

	
NS

	
NS




	
p quadratic

	
NS

	
NS

	
NS




	
SFHurea

	
0

	
7.72

	
535

	
0.68




	
0.5

	
8.14

	
562

	
0.75




	
1

	
8.14

	
562

	
0.76




	
2

	
7.99

	
552

	
0.73




	
4

	
7.90

	
546

	
0.72




	
p linear

	
NS

	
NS

	
NS




	
p quadratic

	
*

	
*

	
*




	
SEM

	
0.09

	
0.61

	
0.01




	
FFA

	
NS

	
NS

	
NS




	
Substrate

	
***

	
***

	
***




	
FFA × Substrate

	
NS

	
NS

	
NS








SEM: standard error of the mean. * p-value < 0.05, *** p-value < 0.001, NS: not significant.
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Table 6. Effects of EFE supplemented to pretreated SFH (SFHout, SFHNaOH, SFHurea) on metabolizable energy, organic matter digestibility and ruminal total short chain fatty acids concentrations (SCFAs).
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Substrate

	
EFE

(µL/g DM)

	
Metabolizable Energy

(MJ/kg DM)

	
Organic Matter Digestibility (g/kg DM)

	
Total SCFAs (mmol/200 mg DM)






	
SFHout

	
0

	
8.45

	
570

	
0.82




	
1

	
8.80

	
593

	
0.98




	
2

	
8.70

	
587

	
0.97




	
5

	
8.70

	
587

	
0.97




	
10

	
8.84

	
596

	
0.99




	
p linear

	
*

	
*

	
*




	
p quadratic

	
NS

	
NS

	
NS




	
SFHNaOH

	
0

	
8.10

	
545

	
0.87




	
1

	
8.10

	
545

	
0.88




	
2

	
8.06

	
542

	
0.87




	
5

	
8.00

	
539

	
0.86




	
10

	
8.03

	
541

	
0.86




	
p linear

	
NS

	
NS

	
NS




	
p quadratic

	
NS

	
NS

	
NS




	
SFHurea

	
0

	
7.72

	
535

	
0.68




	
1

	
7.80

	
539

	
0.70




	
2

	
7.90

	
546

	
0.71




	
5

	
7.98

	
552

	
0.73




	
10

	
7.99

	
552

	
0.73




	
p linear

	
NS

	
NS

	
NS




	
p quadratic

	
NS

	
NS

	
NS




	
SEM

	
0.13

	
0.80

	
0.04




	
FFA

	
***

	
***

	
***




	
Substrate

	
***

	
***

	
***




	
FFA × Substrate

	
**

	
***

	
***








SEM: standard error of the mean. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, NS: not significant.
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