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Article 
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Abstract: The administration of Bacilli to dairy cows exerts a beneficial effect on dry matter intake, lactation 
performances and milk composition. In this work, two isogenic strains, only differing in the secretion level of 
cellulolytic and xylanolytic enzymes, were compared to establish whether B. subtilis cellulase and xylanase 
enzymes are involved in the positive effect exerted by these bacteria on animal nutrition. Conveniently, bacteria 
were grown in a newly designed growth medium based on an inexpensive waste. A multi-factorial study was 
conducted in which eight feed ingredients were treated in vitro, using ruminal fluid from cannulated cows, 
with cultures of the two B. subtilis strains. Feed digestibility and gas production, a parameter linked to feed 
fermentability, were assessed. Fiber degradability was significantly higher in feeds treated with the enzyme-
overexpressing strain (10% and 5% higher than control treatment with B. subtilis-free media and the parent 
strain, respectively). This effect was accentuated for the most recalcitrant feeds, in which the benefits of 
cellulolytic and xylanolytic enzymes were maximized. Fermentability also benefited by the treatment with the 
enzyme-overexpressing strain, although the trend observed in gas production didn’t reach statistical difference 
between the two strains, and only minor changes in fermentation profiles were detected. Our results revealed 
that B. subtilis cellulases and xylanases effectively contribute to improving forage quality, supporting the use 
of Bacilli as fodder supplements to increase animal productivity. 

Keywords: Bacillus subtilis; ruminal fermentation; forage probiotics; cellulases; xylanases 
 

1. Introduction 

Current challenges for the livestock sector are the identification of technologies able to boost 
animal performances through sustainable farming systems [1,2]. Sustainability can be met by raising 
animal productivity through the improvement of the nutritional properties of current forages or sub-
optimal feeds, thereby avoiding further exploitation of natural resources. Forage fibers are mainly 
constituted by cellulose and hemicellulose, and animal productivity has been often correlated with 
their degradability by the rumen microorganisms [3,4]. A higher fiber degradability translates into a 
lower amount of feed necessary to produce a unit of meat or milk, reducing the impact of animal 
production on environmental resources. Another non-negligible advantage of incrementing fiber 
degradability is the possibility of using lower nutritional biomasses that, differently from grains, are 
not in competition with human nutrition.  

To increase the fiber surface area accessible to rumen microbial activity, several forage 
treatments have been considered, ranging from physicochemical approaches, e.g., treatments with 
strong alkalis, ammonium, urea, or steam, to more environmentally friendly processes based on the 
application of exogenous hydrolytic enzymes to deconstruct the lignocellulosic biomass [5,6]. 
However, the latter strategy heavily impacts on farm profitability due to the high costs of industrial 
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enzymes and, importantly, enzymatic activity is often rapidly lost within the rumen environment 
[2,7].  

The direct supplementation of probiotic microorganisms producing degradative enzymes into 
forages and diets may overcome such limits, guaranteeing continuous secretion and turnover of 
hydrolytic enzymes to deconstruct the biomass, eventually facilitating its fermentation in the rumen.  

Numerous microorganisms are known to secrete hydrolytic enzymes that attack the 
lignocellulosic matrix of vegetable materials, mainly represented by fungi and soil bacteria [8]. One 
of the best-characterized bacterial species known to produce degradative enzymes is Bacillus subtilis. 
Its attractiveness not only derives from its propensity to secrete massive amounts of enzymes directly 
into the growth medium (up to 20-25 g/L), but also from the ease of cultivation, and its recognized 
safety in human and animal nutrition [9,10]. Dwelling mainly in the upper layers of soil and in the 
plant rhizosphere, B. subtilis genome has evolutionarily accumulated a large set of degradative 
enzymes [11]. This species, listed in the Qualified Presumption of Safety (QPS) recommended 
microorganisms intentionally added to food or feed [12], was shown to colonize the gastrointestinal 
tract of mammals and poultry, in the form of vegetative cells (spores) or by forming biofilms, thereby 
acting as probiotic [13–15]. In particular, B. subtilis spores added to dairy cattle feed consistently 
exerted a positive influence on ruminal fermentation, growth, lactation performance, and milk 
composition [16–23].  

Remarkably, the bacterial characteristics that play a key role on the beneficial effect exerted by 
B. subtilis-based probiotics still await elucidation.  

In this work, we sought to determine whether cellulases and xylanases, crucial enzymes for fiber 
degradation, are important players in fermentation of feeds in the ruminal environment. 

From a common laboratory strain of B. subtilis, we recently derived an isogenic strain in which 
the production of endogenous cellulase and xylanase was optimized [24,25], while the synthesis of 
additional hydrolytic enzymes, such as amylase, pullulanase and proteases, remained unaltered. 
Several types of common cattle feeds were treated in parallel with the two strains (parent vs 
optimized strain) to evaluate whether in vitro degradability of the vegetable fibers and gas 
production, fundamental parameters in feed quality [26], could be improved by the enhanced 
cellulolytic and xylanolytic activities. 

Moreover, to preserve the affordability of forage treatment, B. subtilis was conveniently grown 
in a salt medium in which the carbon source derived from minimally processed rice straw, which is 
a low-cost, annually renewable, agricultural waste and the third most abundant world biomass, not 
in competition with the food or feed industry [27]. Besides, fresh cultures of B. subtilis were directly 
applied to forages, without the need of complex and expensive purification steps. 

The comparison of feed quality after treatment with the two isogenic strains enabled us to 
unambiguously establish that cellulases and xylanases play a significant role in the properties of B. 
subtilis on dairy cows feed fermentation and might represent a valuable characteristic for animal 
probiotics. 

2. Results 

2.1. 

 B. subtilis feed additive preparation 

An inexpensive procedure for the production of affordable B. subtilis-based feed additives was 
set up, through a simplified protocol that could be carried out at the farm site. Rice straw was selected 
as carbon source because it represents an inexpensive and abundant agricultural waste and contains 
significant amounts of water-soluble carbohydrates, i.e., fructose, sucrose and β-1,3-1,4-glucan 
[28,29]. To extract those sugars through an environmentally friendly and simple process, dried rice 
straw was vigorously washed with tap water at room temperature. HPLC analyses of the washing 
liquid (WL) recovered demonstrated the presence of monomeric sugars; to verify whether complex 
sugars were also present in WL, enzymatic hydrolysis of the WL liquid was carried out with 
commercial enzymes (see Material & Methods). As shown in Table 1, the monomeric sugars increased 
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substantially after hydrolysis (300% and 40% for glucose and xylose, respectively), demonstrating 
that complex sugars could also be recovered by rice straw washing. 

Table 1. Monomeric sugars contained in WL before and after enzymatic hydrolysis. 

 Before hydrolysis After hydrolysis 
Carbon 
source 

Glucose1 Xylose1 Glucose1 Xylose1 

WL 
(mg/mL) 

0.542 ± 0.012 0.500 ± 0.000 2.183 ± 0.519 0.700 ± 0.047  

1 glucose, xylose, arabinose, galactose, mannose, and cellobiose were quantified by HPLC. Only those identified 
in the samples are given as mg/mL of WL. Values are the average of two independent experiments with standard 
deviations. 

The non-hydrolyzed WL fraction was thus used as carbon source for the growth of Bacillus 
subtilis in the low-cost medium. Two isogenic laboratory strains were used: PB5700, as wild-type 
strain (WT), and the engineered PB2OPT strain, only differing from the former for the optimized 
secretion of cellulases and xylanases [25]. Both strains were able to grow in shake flask conditions on 
the WL fraction in a comparable manner, without the requirement of preliminary saccharification of 
the medium, reaching a final optical density at 600 nm (OD600) of 2.85 ± 0.14 for the WT and of 3.83 ± 
0.14 for PB2OPT at 24 h.  

Cellulases and xylanases, released from both strains in the growth medium, were quantified at 
the end of the incubation. As expected, secretion of both enzymes by the optimized strain was much 
higher (Figure 1). Cellulase activity in the supernatant of PB2OPT was 142-fold higher than for 
PB5700 (92.8 ± 1.6 mU/mL vs 0.7 ± 0.2 mU/mL, respectively). Xylanase activity was also significantly 
higher in PB2OPT, albeit by only 5.4-fold (18.7 ± 2.2 mU/mL vs 3.5 ± 0.4 mU/mL). 

 
Figure 1. Cellulase and xylanase activities. Cellulase and xylanase activities, expressed in mU per mL 
of culture media, recorded in the culture supernatant of PB5700 and PB2OPT strains grown on WL 
medium. Values are the average of at least five independent experiments; error bars (included, 
although barely visible) represent the standard error of the means. 

Through the simple process described, a low-cost medium was successfully obtained that 
supported the 24-h growth of the two strains to be used for feed treatments. 

 Feed treatment and fiber degradability 

Each bacterial culture was directly applied to common feed ingredients for dairy cows, such as 
meadow hay, alfalfa hay, corn silage and total mixed ration (TMR), and incubated with feeds in a 
simulated in vitro rumen environment. Two different sources of each feed type were subjected to 
identical treatments. Raw cultures of the two B. subtilis strains, which included bacteria and the 
growth medium in which degradative enzymes had accumulated, were used without any 
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preliminary enzyme or bacterial purification steps, to preserve the economic affordability of the 
treatment. Sterile WL growth medium was used as control treatment.  

The degradability of the Neutral Detergent Fiber content of each feed (NDFd) was analyzed in 
all the conditions described (two strains and control treatment, with 8 feeds). NDFd is a parameter 
that defines the percentage of fiber that can be degraded by ruminal microorganisms, which is in turn 
positively associated with forage quality [26,30]. Analyzing the pool of feed ingredients as a whole, 
a significant increment in NDFd was observed for both strains with respect to the control and also 
between each other (p<0.001) (Table 2). In the samples treated with the WT B. subtilis strain, NDFd 
attained to 45.6%, showing a 5% increase compared to the control (43.4% NDFd). Ddegradability 
showed a remarkable 10% increment (47.8%) with respect to the control when the treatment was 
carried out with the PB2OPT strain, which secretes higher amounts of degradative enzymes. The 
degradative enzymes present in the whole cultures at the beginning of the treatment as well as those 
secreted over time during the treatment may contribute to the described NDFd trend in which 
PB2OPT-treated feeds showed the highest degradability index. 

NDFd data also revealed a significant interaction between Treatment x Feed (p=0.028). 
Particularly, the NDF content of maize silages (on average around 48% in our heterogeneous 
samples) was significantly more sensitive to enzymatic digestion and the degradation efficiency 
correlated with the amount of degradative enzymes released by the strains 
(PB2OPT>PB5700>control) (Figure 2); alfalfa hay showed a significant increment in NDFd only in the 
presence of the optimized strain, although a gradual trend was appreciable, whereas for meadow hay 
both strains equally contributed to the increase in NDFd as compared to the control (Figure 2). 
Unsurprisingly, no effect of the bacterial treatment was observed on TMR forage, characterized by a 
lower NDF content (on average 34% in our samples). 

 
Figure 2. Fiber degradability of forages. Fiber degradability expressed as NDFd (%) in the different 
types of feed ingredients upon treatments: bars represent average values of the treatments with 
negative control without bacteria (light blue bars); PB5700 parent strain (blue bars), and 
cellulase/xylanase-overexpression PB2OPT strain (orange bars). Mean values with different lettering 
are statistically different. 

Indeed, the sensitivity to the treatment was inversely related to the intrinsic degradability of the 
fiber, represented by the NDFd of the untreated control samples, which is in turn associated with the 
chemical composition of the substrates. Maize silage, which had the most recalcitrant fiber to ruminal 
activity among the substrates tested (in terms of digestion rate), benefited the most from the support 
of bacterial enzymes. 

Although the increment given by the PB2OPT treatment compared to the WT is apparently not 
dramatic, accounting for 5% of NDFd, it is worth recalling that 1% increase in forage NDFd is 
associated with a 0.17 kg/d increase in DMI and 0.23 kg/d of milk produced [3,4]. This result 
demonstrates that B. subtilis cellulases and xylanases effectively contribute to increase fiber 
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degradation in the rumen and can thus be responsible, at least in part, for the 14% increase in DMI 
and 6.94% higher milk production observed upon supplementation of Bacillus subtilis to lactating 
cows [20].  

Table 2. Effects of the inclusion of the two strains of B. subtilis on fiber degradability, gas production, 
and fermentation parameters. 

  Treatment1 SE2 p-value3 

 Control PB5700 PB2OPT  T Feed 
T x 

Feed 
NDFd4 (%) 43.4a 45.6b 47.8c 1.30 <0.001 <0.001 0.028 
GP5 0-24 h (mL g DM) 83.3a 89.6b 91.1b 5.07 0.019 <0.001 0.099 
GP 24-48 h (mL/g DM) 29.3a 32.2b 32.8b 1.56 0.016 <0.001 0.757 
GP 0-48 h (mL/g DM) 113a 122b 124b 5.25 0.010 <0.001 0.217 
pH 6.26 6.29 6.28 0.161 0.239 <0.001 0.392 
N-NH36 (mg/dL) 49.1 47.9 47.6 7.59 0.556 0.005 0.938 
Total VFA7 (mmol/L) 92.4 97.4 94.4 13.1 0.455 0.255 0.342 
VFA (% of total VFA)        

  Acetic acid (%) 56.7 57.3 57.9 0.839 0.151 <0.001 0.922 
  Propionic acid (%) 21.4 20.2 20.1 2.74 0.063 0.051 0.528 
  Butyric acid (%) 17.0 17.5 16.7 1.48 0.490 <0.001 0.459 
  Valeric acid (%) 4.86 5.05 5.20 0.570 0.551 0.301 0.545 

1 1 Treatment: Control: no inclusion of B. subtilis; PB5700: inclusion of B. subtilis wild-type; PB2OPT inclusion of 
B. subtilis engineered strain. 2 SE: Standard Error. 3 p-value of T: treatment; feed: 8 different feeds (2 different 
meadow hays, 2 different alfalfa hays, 2 different corn silages, and 2 different total mixed ration for lactating 
cows); T X Feed: interaction between T and Feed. 4 NDFd: Degradability of Neutral Detergent Fiber expressed 
as percentage of the total fiber content. 5 GP: Gas Production. 6 N-NH3: ammonia nitrogen concentration. 7 VFA: 
volatile fatty acids. abc Mean values in the same row with different lettering are statistically different. 

2.2. Gas Production and ruminal fermentative profile 

Gas production (GP), an indirect measurement of rumen microbial fermentation, is often used 
to complement NDFd analyses in the evaluation of the nutritive value of feeds, as it positively 
correlates with the degradability and nutritional value of the forage [31].  

The gas produced from in vitro ruminal fermentation of the experimental feeds upon B. subtilis 
treatment demonstrated that both strains were able to improve GP compared to the control (Table 2): 
regardless of the strain, gas was released more effectively in the presence of B. subtilis. Although 
differences among the two strains just showed a trend, the treatment with the PB2OPT strain 
produced the highest gas volume both at 24 and 48 h of incubation. These data confirmed that B. 
subtilis enzymes, as a whole, improved the degradability of the feeds. Indeed, B. subtilis secretes a 
large number of degradative enzymes in addition to cellulases and xylanases (e.g., proteases, 
amylases, pullulanases, pectinases and others) which do not differ between the two strains. 
Therefore, the limited difference observed between the two strains could be ascribed to the fact that 
the enzymatic mixture produced by the WT strain is already sufficient to increase the degradation of 
the feeds within the 48-h incubation.  

Moreover, as observed for the NFDd, also in GP the effectiveness of the enzymatic pool is linked 
to the different chemical composition of the individual substrates, as shown by the interaction 
between Treatment x Feed (p<0.10). The analyses of single feed ingredients indicated that for meadow 
hays, the feed with the highest fiber content, PB2OPT was more effective than the WT strain in 
improving GP (GP 48 h/g DM was, respectively, 95.3, 113 and 125 mL for control, PB5700 and 
PB2OPT), underlying the significance of cellulase and xylanase activities for this type of substrate. 
The data presented in Table 2 also show that GP was higher during the first 24 h of incubation rather 
than in the following 24 h; this effect was most likely due to rapid fermentation of the easily 
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degradable fractions, such as simple sugars and non-structural carbohydrates (such as starch). 
Remarkably, the positive effect of the B. subtilis treatments on GP, which was immediately 
appreciable (p<0.001 for GP at 24 h), was maintained until the end of the incubation (p<0.001 for GP 
at 48 h).  

Concerning the fermentative profile, N-NH3 concentration was only affected by the feed 
(p<0.001) and not by the treatment: it was higher for alfalfa and TMR samples (on average 50.5 mg/dL) 
than for meadow and corn silage samples (45.9 mg/dL) due to their higher Crude Protein content. 
Similarly, acetic acid production was also mainly affected by the feed (p<0.001), showing a lower 
concentration in TMR and corn silage samples (on average 55.3% vs 59.3% in alfalfa and meadow). 
There was a trend towards a lower propionic acid content (% total VFA) (p=0.063) in the samples 
treated with either PB5700 or PB2OPT (on average 20.2%) as compared to the untreated control 
(21.4%). The slightly lower propionic acid release in those samples, although not significant, can be 
related to a higher fiber degradability; the proportion and type of volatile fatty acids produced 
depend on the substrate metabolized and in this regard fiber fermentation usually promotes a higher 
acetic production and lower propionate formation. 

3. Discussion 

The application of Bacillus spp. to forages included in ruminant diets as probiotics was shown 
to have a positive impact on animal productivity both in vivo and in vitro [20,21,23,32]. The novelty 
of our work was the demonstration that the cellulases and xylanases secreted by this microorganism 
are important determinants in the increase in NDFd and GP observed in vitro.  

The possibility to draw such conclusion was made possible by the availability of two isogenic 
strains just differing for the production of these two specific enzymes. The comparison of their 
relative efficacy as feed treatments allowed to confidently ascribe to these two enzymes a relevant 
role in supporting the ruminal flora in the recovery of nutrients from fibrous material, excluding any 
confounding effect.  

We also designed a convenient, sustainable and simplified production process through which 
Bacillus subtilis feed additives can be obtained, based on raw cultures grown on an abundant 
agricultural waste biomass such as rice straw. Based on the acquired data, the raw cultures of Bacillus 
subtilis obtained with this simplified procedure can be adopted to increase the degradability of 
different types of feeds. 

New strains, each engineered for the over-expression of a different set of enzymes, e.g., 
proteases, amylases, pullulanases, pectinases and/or others, might allow to verify whether each of 
them plays a role in the feed degradability and, in the long run, might pave the way for developing 
the ideal strain to be used as feed additive.  

Following the designed procedure, Bacillus subtilis-based feed additives could be produced on 
site, and possibly be integrated into local biorefineries, creating a virtuous circular-economy process. 

4. Materials and Methods 

4.1. Bacillus subtilis strains 

Bacillus subtilis strains used in this study are the wild-type (WT) PB5700 strain and its engineered 
version PB5703 (PB2OPT). PB5700 is a spontaneous swrA+ derivative of the JH642 strain (GenBank 
accession no. CM000489.1) in which the auxotrophies caused by the trpC2 pheA1 mutations have been 
cured as described [33]. PB2OPT was derived from PB5700 by genetic optimization without the 
introduction of any exogenous DNA sequence and is similar to strain OS58 [25]. A patent application 
is under preparation for this strain; for this reason, additional details on the engineered strain are 
herein undisclosed.  

4.2. Bacterial medium preparation and its characterization 

Open-air dried rice straw (Oryza sativa L.) was collected from two local farmers in the Pavia area 
(northwestern part of Italy) and stored in burlap sacks. Upon use, straw was minced using a kitchen 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 10 November 2023                   doi:10.20944/preprints202311.0700.v1

https://doi.org/10.20944/preprints202311.0700.v1


 7 

 

blender (Moulinex AY45 Easy Power Blender) and dried to constant weight in a 60 °C oven. One liter 
tap water was added to 25 grams of straw and the suspension was vigorously stirred at room 
temperature for 2 hours with a magnetic stirrer. Straw was removed through a 1 mm mesh-strainer 
covered with two sheets of gauze. The washing liquid (WL) was collected and subjected to low-
pressure sterilization (5 psi/~0.35 bar), to avoid sugar caramelization, for 20 minutes and then stored 
at -20 °C.  

To quantify the sugars extracted, 300 µL of WL were brought to a final volume of 500 µL with 
50 mM Na-Acetate buffer pH 5 and incubated at 50 °C for 64 h with shaking, either alone or in the 
presence of 22 µL- enzymes cocktail constituted by 1U Cellulase (product no 22178, Millipore-Sigma), 
1U Beta-glucosidase (product no 49290, Millipore-Sigma), 1U Xylanase (product no X2629, Millipore-
Sigma) and 0.013 U Cellobiohydrolase I (product no E6412, Millipore-Sigma). A mock reaction was 
carried out with the enzymatic cocktail in the absence of substrate. After incubation, samples were 
centrifuged at 16.873 × g at room temperature for 5 min, filtered through sterile 0.2 µm 
polyethersulfone (PES) filters and stored at -20 °C until HPLC analysis. Twenty-five microliter 
samples were injected through an automatic injector and analyzed in an LC-2000 HPLC system 
(Jasco) equipped with a Supelco C-610H 30 cm x 7.8 mm column (59320-U, Sigma Aldrich) and a RID 
10A detector (Shimadzu). For chromatography, 0.1% H3PO4 was used as mobile phase with 0.5 
mL/min flow rate. Column temperature was kept at 30 °C. Chromatograms were analyzed by the 
ChromNAV 2.0 software (Jasco). The column was previously calibrated with standard solutions of 
glucose, xylose, galactose, mannose, arabinose and cellobiose, serially diluted in mobile phase to 
prepare calibration curves based on at least three replicates for each sugar. The lower limit of 
quantification for all sugars was 0.3 g/L. Xylose, galactose, and mannose showed the same retention 
time and the same concentration-peak area calibration lines, thereby enabling the precise 
quantification of their sum. However, since the rice straw content in galactose and mannose is 
negligible compared with the one of xylose, we assumed that the concentration of co-eluted xylose, 
galactose and mannose detected was only due to xylose [34,35]. No chromatogram peaks 
corresponding to arabinose or cellobiose were detected. Background sugars present in the enzymatic 
cocktail were subtracted from each sample. For control samples with values below the limit of 
quantification (LOQ) of the calibration curve (0.3 mg/mL), the LOQ/2 value (i.e., 0.15 mg/mL) was 
used as background [36]. Sugar quantification values are the mean of two independent experiments. 

4.3. Bacillus subtilis cultures 

The growth medium was prepared by adding to WL the following components: 7 g/L K2HPO4; 
2 g/L KH2PO4; 0.5 g/L Na citrate; 0.1 g/L MgSO4; 1 g (NH4)2SO4; 1 g/L asparagine. PB5700 and PB2OPT 
spores were revitalized over-night on LB plates. Few single colonies were inoculated in 3 mL of 
Antibiotic Medium 3 (BD-Difco, New Jersey, U.S) and grown at 37 °C with orbital shaking until 
culture density was appreciable by visual inspection. Pre-cultures were used to inoculate 20 mL of 
fresh Antibiotic Medium 3 containing with 5 mg/mL glucose which was grown at 37 °C over-night. 
Fermentation was carried out in flasks for 24 hours in the WL-based medium at 37 °C with 150 rpm 
agitation, starting with an optical density at 600 nm (OD600) of 0.2. Each fermentation was 
independently repeated at least three times. 

4.4. Cellulase and xylanase activity assays 

At the end of 24-h fermentations, cellulase (endo-1,4-β-glucanase; EC 3.2.1.4) and endo-xylanase 
(endo-1,4-β-xylanase; EC 3.2.1.8) activities were assayed in the culture supernatants, after 
acidification, using the CellG5 and XylX6 kits (Megazyme, Wicklow, Ireland) as previously described 
[37]. 

4.5. In vitro analyses  

The effect of the enzymes produced by PB5700 and PB2OPT on the degradability of feeds was 
analyzed using two different in vitro incubation methods aimed to evaluate ruminal degradability of 
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neutral detergent fiber (NDFd) and gas production (GP). For both methods, ruminal fluid was 
collected from three rumen-cannulated cows (non-lactating Holstein–Friesian). The cows were fed a 
total mixed ration (TMR) composed by 66% hay and 34% concentrate twice daily to achieve a dry 
matter intake (DMI) of 8 kg/d. Rumen liquor was collected two hours after the morning feeding, 
immediately strained through four layers of cheesecloth into a pre-warmed (39 °C) flask, flushed with 
CO2 and used within one hour from sampling. The donor animals were handled as outlined by the 
Directive 2010/63/EU on animal welfare for experimental animals and all animal procedures were 
conducted under the approval of the University of Milan Ethics Committee for animal use and care 
and with the authorization of the Italian Ministry of Health (authorization n. 904/2016-PR).  

For both NDFd and GP experiments, three different treatments were analyzed: i) the control 
treatment, constituted by the WL-based growth medium, in the absence of bacteria; ii) the treatment, 
constituted by PB5700 culture; iii) the treatment, constituted by PB2OPT culture. 

The incubations were conducted on 8 different feed ingredients, representing a wide range of 
NDF concentrations: 2 different meadow hays, 2 different alfalfa hays, 2 different corn silages, and 2 
different TMRs for lactating cows. All feeds were dried at 60 °C for 48 h in a forced-air oven and 
ground to pass a 1-mm Fritsch mill (Fritsch Pulverisette, Idar-Oberstein, Germany). All the 
experiments (three treatments x 8 feed ingredients) were independently repeated three times (three 
incubation runs for each method). 

4.5.1. In vitro NDF degradability 

The NDF degradability was determined at 48 h using the Ankom Daisy II incubator (Ankom 
Technology, Macedon, NY, USA) as previously reported [38] modified as follows: each jar, containing 
250 mg of each feed weighted in triplicate in Ankom F57 bags, was inoculated with 665 mL of fresh 
bacterial culture from one of the three experimental treatments (control, PB5700, PB2OPT), 133 mL of 
salt mix solution (90 g/L KH2PO4; 5 g/L NaCl; 5 g/L Urea; 4.5 g/L MgSO4*7H20; 1 g/L CaCl2*2H20), 532 
mL of distilled water, 266 mL of reducing solution (Na2CO3 15 g/L; Na2S*9H2O 1 g/L), and 400 mL of 
rumen fluid. The NDF content of feed ingredients at the end of incubation was determined using the 
Ankom 200 Fiber Analyzer (Ankom Technology, Macedon, NY, USA) following the procedure 
previously reported [39]. 

4.5.2. In vitro gas production 

Gas production (GP) was analyzed for 48 hours by incubating 200 mg of each feed in individual 
120 mL serum bottles for each of the three treatments (control, PB5700, PB2OPT) as previously 
described [40]. Each bottle was inoculated with 30 mL of final solution made of 8.33 mL fresh bacterial 
culture, 1.67 mL of salt mix solution (above-described), 6.7 mL distilled water, 3.33 mL reducing 
solution (above-described) and 10 mL rumen fluid; for the control treatment (un-inoculated culture), 
deionized water replaced the WL fraction as, alone, the sugars contained in the WL, and not 
consumed in the absence of B. subtilis, could be fermented by the rumen bacteria developing a high 
level of gas. For each treatment, 2 blanks (bottles containing just the buffered rumen fluid, prepared 
accordingly to the corresponding treatment, but lacking the substrate feed), were also included, as a 
measure of the gas produced in absence of any feed. Gas production was determined measuring the 
headspace pressure in the incubation vials [41]. The pressure was recorded after 24 and 48 hours of 
incubation using a digital manometer (model 840082, Sper Scientific, Scottsdale, AZ, USA). The 
values of pressure obtained from the in vitro gas production experiment were converted into volume 
(mL) of gas produced at standard temperature (0 °C) and pressure (1 bar) using the ideal gas law. 
The gas production of each treatment was corrected with the respective blank before the statistical 
analyses.  

At the end of the incubation, fermentation was stopped by putting all vials into an ice bath and 
the pH was recorded. The content of each vial was individually transferred into 50 mL Falcon tubes 
and centrifuged at 10,000 g for 15 min. After centrifugation, 5 mL and 30 mL of supernatant were 
sampled for subsequent VFA analysis as previously reported [42]. The NH3 concentration was 
determined with a Raypa NP-1500-MP Kjeldahl distiller (Raypa, Terrassa, Spain). 
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4.6. Calculations and statistical analyses 

Data were statistically analyzed by the PROC MIXED procedure of SAS 9.4 (SAS Institute Inc., 
Cary, NC, USA), with the following model:  

Yijk = µ+ Ti + Fj + Rk + Ti x Fj + εijk 
where Yijk = dependent variable, µ = overall mean, Ti = fixed effect of the treatment (i = 1 to 3), Fj = 
fixed effect of the feed (j = 1 to 8), Rk = random effect of the fermentation run (k = 1 to 3), T x Fij = 
interaction treatment x feed, and εijk is the random error. The least-square means were reported. For 
all statistical analyses, significance was declared at p-value (p) ≤ 0.05 and trends at p ≤ 0.10. 
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