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Introduction: Probiotics accelerate and improve rumen development, stability, and balance of beneficial
microbes in the digestive system and decrease microflora disruption, which will increase the activity of desirable
enzymes. This action of probiotics increases digestibility, feed efficiency, livestock performance, and general
defense including antioxidant power. However, the response of different animals to the specific probiotics is not
uniform and similar. Therefore, it is necessary to provide factors that improve the conditions for the establishment
and functioning of microbial additives in the rumen or to use compounds that have a synergistic effect with
probiotics to receive a uniform and reassuring response from the herd. One of the potentially useful materials to
achieve this goal is biochar. In the present study, it was hypothesized that if biochar (as a favorable habitat for
microorganisms) is added to probiotic-containing diets, the conditions for establishing these microbial products
in the fermentation environment may be improved and probiotics can act more efficiently. Moreover, a probable
synergy between probiotics and biochar may increase the efficiency of these additives compared to their separate
usage. However, there is no special information available in this regard, especially about the effect of including
biochar in probiotic-containing diets on different microbial populations and rumen hydrolytic enzymes. Therefore,
this study aimed to investigate the potential of biochar in enhancing the effectiveness of the probiotic sources
(Bacilli and/or Lactobacilli) on microbial populations, hydrolytic enzyme activity, digestibility, antioxidant
capacity, and fermentation products in the sheep rumen, in vitro.

Materials and methods: The experimental treatments were: 1. A basal diet without probiotics and biochar
(control), 2. Basal diet containing probiotic Bacilli (B. coagulans, B. subtilis, and B. licheniformis, at the ratio of
2x10", 5x10°, and 5x10° CFU/g, respectively), 3. A basal diet containing probiotic Lactobacilli (L. plantarum,
L. rhamnosus, and Enterococcus faecium, at the ratio of 2x10°, 2x10'°, and 2x10'° CFU/g, respectively), 4. A
basal diet containing biochar, 5. A basal diet containing Bacilli-biochar, 6. A basal diet containing Lactobacilli-
biochar, and 7. A basal diet containing Bacilli-Lactobacilli-biochar. Diet digestibility was determined by the two-
stage Tilley and Terry method. In addition, the 24 and 72-h in vitro gas production techniques were conducted.
At the end of each incubation, cellulolytic and proteolytic bacteria, as well as protozoa population, enzymatic
activity (carboxymethyl cellulose, microcrystalline cellulose, filter paper degrading, and a-amylase), truly
digestible substrate (TDS), partitioning factor (PF), microbial biomass production (MBP), methane release,
antioxidant capacity, pH, ammonia-N (NH3-N), and volatile fatty acids (VFA) were determined by the standard
methods. All in vitro tests were done in three replicates and two batches (runs) in different weeks. Data were
analyzed in a completely randomized design using the GLM procedure of SAS.
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Results and discussion: Separate inclusion of probiotic Bacilli and biochar in the diet increased the cellulolytic
bacteria population and activity of fibrolytic enzymes compared to the control (P<0.05), but these variables were
not affected by Lactobacilli. The highest values of these variables were observed with the inclusion of biochar in
probiotic Bacilli-containing diets (i.e., Bacilli-biochar and Bacilli-Lactobacilli-biochar treatments). These results
were due to probiotics' ability to provide superior growth conditions for useful ruminal microbes, as well as the
positive influence of the biochar structure, as a desirable habitat, on establishing, attaching, and developing rumen
microorganisms. The protozoa population was not affected by biochar, but it was decreased (P<0.05) in the
probiotic-containing diets (Bacilli and Lactobacilli treatments without or with biochar) in comparison to the
control. The number of proteolytic bacteria and protease activity were not affected by the experimental treatments.
Alpha-amylase activity in 24-h incubation in Basilli and Lactobacilli treatments was higher than the control
(P<0.05) but was not affected by biochar. The activity of this enzyme in 72-incubation was lower in the control
than in probiotic or biochar treatments (P<0.05). The alpha-amylase activity was the highest in the Lactobacilli-
biochar and Bacilli-Lactobacilli-biochar groups. Separate inclusion of probiotics and biochar in the diet increased
the diet digestibility, degraded substrate, and microbial biomass production (P<0.05). The maximum values of
these parameters were detected in the probiotics-biochar diets. The reason for these increases can be related to the
improvement of the cellulolytic bacteria population, alpha-amylase, and fibrolytic enzyme activity in the probiotic
or biochar groups. The 24-h total antioxidant activity was not affected by the treatments. In 72-h incubation, the
probiotics did not affect this variable, but a tendency to increase in antioxidant capacity was observed in diets
containing biochar (without or with probiotics). The improving effect of biochar on the antioxidant power could
be owing to its activity in trapping pollutants, poisons, and adverse factors in the incubation medium. Methane
release, NH3-N, and acetate to propionate ratio were decreased, but total VFA was increased by separate use of
the probiotics or biochar in the diet, compared to the control (P<0.05). More importantly, the inclusion of biochar
in the diets containing the probiotic (i.e., Bacilli-biochar, Lactobacilli-biochar, and Bacilli-Lactobacilli-biochar)
resulted in the greatest total VFA and the lowest NH3-N and methane release (P<0.05). One reason for the
increased methane and ammonia was the lower protozoa population in the additives groups. The methane decline
may also be related to the decreasing effect of the additives on methanogens, and their increasing effect on
methanotrophs. Moreover, the improved bacterial biomass production could be considered as another reason for
the decreased ammonia; i.e., more ammonia was assimilated into the bacterial protein. The increased VFA
production was due to the higher digestibility and degraded substrate in the probiotic and/or biochar groups.
Regarding the valuable characteristics of probiotics and biochar and their probable synergistic effects, their
simultaneous application resulted in the highest improvement of fermentation variables.

Conclusions: Separate use of probiotics Bacilli and Lactobacilli or biochar in the diet improved in vitro ruminal
microbial and enzymatic activity and reduced energy (as methane) and nitrogen (as ammonia) losses. More
importantly, the addition of biochar to the probiotics-containing diets was a suitable strategy for enhancing the
effectiveness of the probiotic sources on digestibility and microbial biomass and reduction of methane and
ammonia. However, these results need to be confirmed by further experiments.
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Table 1. Feed ingredients and chemical composition of the basal diet'

Ingredient (g/100 g DM) Chemical composition (g/100 g DM or as stated)
Alfalfa hay 40.0 Crude protein 13.1
Wheat straw 10.0 Neutral detergent fiber 32.5
Barley grain 17.0 Acid detergent fiber 21.7
Corn grain 19.0 Ash 6.67
Wheat grain 6.0 Ether extract 2.48
Soybean meal 6.0 Non-fiber carbohydrates 453
Mineral-vitamin premix? 1.0 Metabolizable energy (MJ/kg DM) 10.26

! The treatments were i. Basal diet free of probiotics and biochar (control) and diets containing ii. Probiotic Bacilli (BAC: a
mixture of B. coagulans, B. subtilis, and B. licheniformis, at the ratio of 2x10', 5x10°, and 5x10° CFU/g, respectively), iii.
Probiotic Lactobacilli (LAC: a mixture of L. plantarum, L. rhamnosus, and Enterococcus faecium, at the ratio of 2x10°, 2x101°
and 2x10'° CFU/g, respectively), iv. Biochar (BIO; obtained from pomegranate and plum woods), v. Probiotic Bacilli and
biochar (BAC-BIO), vi. Probiotic Lactobacilli and biochar (LAC-BIO), and vii. Bacilli, Lactobacilli and biochar (BAC-LAC-

BIO).

2 Mineral premix contained (per kg): 120 g of Ca, 30 g of P, 60 g of Mg, 4 mg of Se, 40 mg of Co, 70 mg of Mn, 100 mg of I,
and 30 mg of Cu, 500,000 IU of vitamin A, 100,000 IU of vitamin D3, and 8,000 IU of vitamin E.
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Table 2. Effect of diets containing probiotic, biochar, and probiotic-biochar mixture on microbial populations
(Logio/mL digesta) in sheep rumen, in vitro

Bacteria Protozoa
Diet! Cellulolytic Proteolytic Total Isotrichi  Entodiniin  Diplodinii ~ Ophryosc
dae ae nae olecinae

24-h incubation
Control 8.889¢ 8.946 5.942 5.00 5.822 4.87% 432
BAC 8.943% 8.978 5.85b 4.92 5.74% 4.73> 4.30
LAC 8.870°¢ 8.938 5.87° 4.99 5.72b 4.76" 4.32
BIO 8.956 8.962 5912 4.98 5.79* 4,78 4.32
BAC-BIO 8.9712 8.981 5.80¢ 4.96 5.65¢ 4.75> 4.34
LAC-BIO 8.913b 8.988 5.79¢ 498 5.64° 4,77 432
BAC-LAC-BIO 8.975% 8.985 5.77¢ 493 5.61°¢ 4,822 4.33
SEM? 0.023 0.029 0.016 0.042 0.020 0.054 0.026

o Povalue 0003 ..034 . <0001 043 <0001 0.021 | 088

72-h incubation
Control 8.692¢ 8.989 5.90* 498 5.78* 4.822 432
BAC 8.757® 8.941 5.77¢ 4.90 5.64b° 4.69b° 432
LAC 8.747° 8.936 5.80b° 4.90 5.68b° 4.67°° 4.33
BIO 8.766% 9.001 5.88* 491 5.75% 4.77* 4.28
BAC-BIO 8.781% 8.987 5.80b° 491 5.69% 4.73b 4.29
LAC-BIO 8.764% 8.984 5.81b 4.90 5.69% 4.67°° 432
BAC-LAC-BIO 8.8012 8.971 5.81b 492 5.70b 4.64¢ 4.30
SEM 0.018 0.035 0.023 0.034 0.029 0.053 0.023
P-value 0.002 0.14 <0.001 0.013 <0.001 0.030 0.61

! Control: Diet without probiotics and biochar; BAC: Diet containing Bacillali; LAC: Diet containing Lactobacilli; BIO: Diet
containing biochar; BAC-BIO: Diet containing Bacillali and biochar; LAC-BIO: Diet containing Lactobacilli and biochar;
BAC-LAC-BIO: Diet containing Bacillali, Lactobacilli and biochar.

2 SEM: Standard error of the means. For 24 and 72-h incubations, the means in the same column with different superscripts
differ (P<0.05).
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Table 3. Effect of diets containing probiotic, biochar and probiotic-biochar mixture on hydrolytic enzymes
activity in sheep rumen, in vitro

Diet! CMCase? Avicelase FPD a-Amylase Protease

24-h incubation
Control 3.54¢ 2.00¢ 2.40°¢ 12.05¢ 0.819
BAC 3.67% 2.72b¢ 3.11° 13.53b¢ 0.756
LAC 3.30°¢ 1.98¢ 2.36¢ 14.3020 0.814
BIO 3.71b% 2.50¢ 3.05° 12.19¢4 0.779
BAC-BIO 3.91%® 3212 3.41% 14.01% 0.749
LAC-BIO 3.74b¢ 2.48¢ 3.07° 14.77% 0.787
BAC-LAC-BIO 431 3.012 3.18° 15.50* 0.771
SEM? 0.077 0.017 0.078 0.584 0.062

C Pvae 001t <0001 <0001 <0001 052

72-h incubation
Control 2.844 1.934 4.47° 9.57¢ 0.592
BAC 3.27¢ 2.78¢ 4.74* 10.76% 0.594
LAC 3.11¢ 1.974 4.53b 11.11%® 0.563
BIO 3.50b 3.30° 4.89* 10.10% 0.537
BAC-BIO 3.90° 3.64* 4,952 10.95% 0.580
LAC-BIO 3.64° 3.340 4.88* 11.732 0.595
BAC-LAC-BIO 4.07* 3.62% 5.04% 11.34% 0.532
SEM 0.070 0.082 0.089 0.414 0.048
P-value <0.001 <0.001 <0.001 0.018 0.29

! Control: Diet without probiotics and biochar; BAC: Diet containing Bacillali; LAC: Diet containing Lactobacilli; BIO: Diet
containing biochar; BAC-BIO: Diet containing Bacillali and biochar; LAC-BIO: Diet containing Lactobacilli and biochar;
BAC-LAC-BIO: Diet containing Bacillali, Lactobacilli and biochar.

2 CMCase: Carboxymethyl cellulase (umol glucose/mL per h); Avicelase: Microcrystalline cellulose (umol glucose/mL per
h); FPD: Filter paper degrading (umol glucose/mL per h); a-Amylase as pmol glucose/mL per h; Protease as mg released

protein/mL per h.

3 SEM: Standard error of the means. For 24 and 72-h incubations, the means in the same column with different superscripts

differ (P<0.05).
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Table 4. Effect of diets containing probiotic, biochar, and probiotic-biochar mixture on digestibility and
fermentation parameters in sheep rumen, in vitro

Diet! DMD? OMD ME TDS MBP PF

24-h incubation
Control 67.044 73.33¢ 10.744 68.60° 1204 2.67¢
BAC 71.69b¢ 77.12b¢ 11.30° 72.382 166° 2.86¢
LAC 71.21b¢ 76.14¢ 11.15b 70.70° 161¢ 2.854
BIO 69.53¢ 75.004 11.00¢ 71.27% 233b 3.27¢
BAC-BIO 72.18® 77.822 11.39% 73.86% 2772 3.52b
LAC-BIO 73.36* 79.09% 11.59* 73.612 2952 3.67*
BAC-LAC-BIO 73.10° 78.53¢% 11.50* 73.75% 284 3.58%®
SEM? 0.813 0.716 0.101 0.873 11.45 0.052

_ Pvalie 0028 <0001 <0.001 <0001 <0001 _ <0.001 _

72-h incubation
Control - - - 75.004 60.6° 2.39f
BAC - - - 81.86° 151¢ 2.70¢
LAC - - - 79.82¢ 1214 2.59¢
BIO - - - 80.53¢ 228b 3.07¢
BAC-BIO - - - 83.082 2832 3.34b
LAC-BIO - - - 82.61% 2962 3.432
BAC-LAC-BIO - - - 82.84 2792 3.32b
SEM - - - 0.755 8.82 0.029
P-value - - - <0.001 <0.001 <0.001

! Control: Diet without probiotics and biochar; BAC: Diet containing Bacillali; LAC: Diet containing Lactobacilli; BIO: Diet
containing biochar; BAC-BIO: Diet containing Bacillali and biochar; LAC-BIO: Diet containing Lactobacilli and biochar;
BAC-LAC-BIO: Diet containing Bacillali, Lactobacilli and biochar.

2 DMD: Dry matter digestibility (%); OMD: Organic matter digestibility (%); ME: Metabolizable energy (MJ/kg DM); TDS:
Truly degraded substrate (%); MBP: Microbial biomass production (mg/g DM); PF: Partitioning factor (mg TDS/mL gas

produced).

3 SEM: Standard error of the means. For 24 and 72-h incubations, the means in the same column with different superscripts

differ (P<0.05).
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Table 5. Effect of diets containing probiotic, biochar, and probiotic-biochar mixture on gas production, methane,
total antioxidant capacity, pH, and ammonia in sheep rumen, in vitro

Diet! TAC? GP Methane  Relative methane ~ pH Ammonia-N
(umol Fe**/L)  (mL/gDM) (% of GP) reduction (%) (mg/dL)

24-h incubation
Control 1324 257* 26.10* - 6.76 15.412
BAC 1261 2542 24.27° 7.00 6.63 9.30°¢
LAC 1256 2482 24.59% 5.78 6.74 9.97°
BIO 1300 218" 23.24° 10.94 6.70 10.19°
BAC-BIO 1307 210b¢ 23.52b 9.87 6.61 9.15¢
LAC-BIO 1311 201¢ 23.77° 8.90 6.77 8.70¢
BAC-LAC-BIO 1357 206 23.86° 8.57 6.64 9.29¢
SEM? 76.66 5.96 0.652 - 0.059 0.292

CPvalie 071 <0001 0002 o 0.078 <0001

72-h incubation
Control 1500 3142 31.942 - 6.64 19.94*
BAC 1570 3042 29.33b¢ 8.19 6.58 17.55¢
LAC 1560 308 30.21° 5.43 6.59 18.76°
BIO 1609 261° 27.75¢ 13.14 6.67 15.68¢
BAC-BIO 1657 249b¢ 29.04¢ 9.08 6.65 15.60¢
LAC-BIO 1624 241¢ 28.44¢ 10.96 6.62 15.46¢
BAC-LAC-BIO 1638 249b¢ 28.74¢ 10.02 6.61 13.92¢
SEM 52.32 9.17 0.473 - 0.041 0.513
P-value 0.058 <0.001 <0.001 - 0.12 <0.001

! Control: Diet without probiotics and biochar; BAC: Diet containing Bacillali; LAC: Diet containing Lactobacilli; BIO: Diet
containing biochar; BAC-BIO: Diet containing Bacillali and biochar; LAC-BIO: Diet containing Lactobacilli and biochar;
BAC-LAC-BIO: Diet containing Bacillali, Lactobacilli and biochar.

2 TAC: Total antioxidant capacity; GP: Gas production at 24 or 72 h after incubation.

3 SEM: Standard error of the means. For 24 and 72-h incubations, the means in the same column with different superscripts

differ (P<0.05).
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Table 6. Effect of diets containing probiotic, biochar and probiotic-biochar mixture on total concentration
(mmol/L) and molar proportion (%) of volatile fatty acids in sheep rumen, in vitro

Diet! Total Acetate  Propionate = Butyrate Isobutyrate Valerate  Isovalerate A:P
(A) P

24-h incubation
Control 78.84° 66.89° 17.61° 12.72 2.33 0.19 0.26 3.807
BAC 83.62%®  63.43% 20.65% 13.21 2.28 0.19 0.24 3.08°
LAC 84.38%  61.69° 22.45° 12.82 2.50 0.22 0.32 2.79¢
BIO 84.64%  65.11%® 19.642 12.10 2.65 0.20 0.30 3.31°
BAC-BIO 86.96*  64.12%® 19.89% 12.89 2.62 0.21 0.27 3.22°
LAC-BIO 85.30° 61.77° 22.05* 13.32 2.37 0.22 0.27 2.83¢
BAC-LAC-BIO 86.20° 61.63° 22.022 13.53 2.33 0.21 0.28 2.80°¢
SEM? 3.02 1.38 1.28 1.01 0.147 0.040 0.024 0.111

 Povalue 0032 0024 0023 087 046 089 049 0013

72-h incubation
Control 80.80P 69.20° 16.86 11.19 2.26 0.19 0.30 4.112
BAC 86.40®  66.57% 17.17 13.07 2.65 0.21 0.33 3.89%
LAC 88.76®  66.04° 18.13 12.93 2.38 0.21 0.31 3.65°
BIO 87.72%®  66.78% 17.81 12.07 2.83 0.20 0.31 3.76%®
BAC-BIO 89.42%®  67.70% 17.50 11.49 2.78 0.20 0.33 3.87%®
LAC-BIO 91.68%  66.25° 17.99 12.45 2.81 0.19 0.31 3.68°
BAC-LAC-BIO 96.90* 66.28° 18.73 11.88 2.61 0.19 0.31 3.54°
SEM 4.49 0.996 0.828 0.627 0.346 0.015 0.025 0.154
P-value 0.026 0.031 0.076 0.38 0.75 0.73 0.67 0.034

! Control: Diet without probiotics and biochar; BAC: Diet containing Bacillali; LAC: Diet containing Lactobacilli; BIO: Diet
containing biochar; BAC-BIO: Diet containing Bacillali and biochar; LAC-BIO: Diet containing Lactobacilli and biochar;
BAC-LAC-BIO: Diet containing Bacillali, Lactobacilli and biochar.

2 SEM: Standard error of the means. For 24 and 72-h incubations, the means in the same column with different superscripts

differ (P<0.05).
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