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Abstract

:

The chemical composition of cactus forage becomes a favorable culture medium for accelerated microbial activity when exposed to air, as it contains high content of non-fiber carbohydrates and water. Thus, the aim of this study was to evaluate the bacterial community dynamics of different mixtures, using fresh forage of cactus and buffel grass hay as a function of the period of exposure to air. The experimental design used was a 5 × 5 factorial completely randomized (five levels of cactus forage × five times of exposure to air), with five replications. The peak of Escherichia coli population growth was after 16.06 h of exposure to air, observed in treatments of 90% and 100% cactus forage. There was an increase in microbial richness and uniformity of all treatments after six hours. The most abundant genera were Weissella, Lactobacillus, Bacteroides, Pseudomonas, Sphingobacterium, and Sphingomonas. The diet with 100% cactus forage showed a predominance of Weissella, Lactobacillus, and Leuconostoc. With 20% cactus forage, there was a greater apparent abundance of Pseudomonas, Sphingomonas, and Sphingobacterium. Aerobic exposure of mixtures of cactus forage with buffel grass hay increases the proliferation of microorganisms with pathogenic potential in the diet. Aerobic exposure of mixtures of cactus forage with buffel grass hay increases the proliferation of microorganisms with pathogenic potential in the diet. Therefore, an exposure period of fewer than six hours with 20% cactus forage is recommended to minimize levels of E. coli. Avoiding negative effects of the multiplication of pathogenic microorganisms on animal and human health.
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1. Introduction


Cactus forage is extremely important for animal feed in arid and semi-arid regions. In periods of food shortage, large proportions of this forage are fed to ruminants. Some studies indicate that large amounts of cactus forage in the diet can cause digestive disorders, and its supply to ruminants as the only forage source is not recommended [1,2]. However, other studies have shown that cactus forage can be used as a basis for feeding ruminants without negative effects on the animal [3,4,5].



Several factors can be associated with these nutritional disorders, such as low dry matter content, high non-fiber carbohydrate content, and the presence of oxalate. However, a factor that can also lead to these nutritional disorders is the post-harvest management of cactus forage. Harvest management also influences cactus forage quality for animal nutrition, such as the poor sanitary quality of the food before being offered to the animals, and the time of exposure to air after harvesting [6].



The chemical composition of cactus forage, when cut, becomes a favorable culture medium for accelerated microbial activity when exposed to air, as it contains high content of non-fiber carbohydrates (640–710 g/kg DM), total digestible nutrients (460–620 g/kg DM), mineral matter (120–250 g/kg DM), and moisture (850–900 g/kg DM), in addition to the presence of buffering substances (oxalic, malic, citric, malonic, succinic, and tartaric acids) [7,8,9], which prevent the sudden drop in pH at ensiling, keeping the environment conducive to microbial activity.



There is a great number of microorganisms in fresh plants, whether epiphytic and/or developed in the harvest and post-harvest process, as forage contamination can occur at any point in the production technology applied [10]. Thus, contamination by microorganisms can occur during feeding, with multiplication occurring when the material is exposed to oxygen for many hours [6,11,12].



The interaction of microorganisms with food determines the microbial activity in the fresh forage. Many forages are excellent media for the development of different microorganisms and, if conditions are favorable for microbial growth, will promote chemical and sensory changes in these foods [13].



Thus, the nutritional composition of the diet and time of exposure of fresh foods to air have a significant influence on the incidence of different bacteria in the food and in the gastrointestinal tract of ruminants [5,14,15].



Our hypothesis is that high levels of cactus forage exposed to air can promote the growth of some bacteria which are related to nutritional disorders in sheep and this effect may occur a few hours after air exposure. Thus, the aim of this study was to evaluate the bacterial community dynamics of the different mixtures, using fresh forage of cactus and buffel grass hay as a function of the period of exposure to air.




2. Materials and Methods


2.1. Local Conditions


The experiment was conducted in September 2020 in the Forage Laboratory of the Center for Agricultural Sciences belonging to the Federal University of Paraíba (UFPB), Campus II, located in the municipality of Areia, state of Paraíba, (6°57′46″ S, 35°41′31″ W), and in the Environmental Microbiology Laboratory, National Institute of the Semi-Arid (INSA), located in Campina Grande, state of Paraíba (7°16′36.6″ S, 35°57′58.6″ W).




2.2. Treatments and Experimental Design


The experimental design used was completely randomized, in a 5 × 5 factorial arrangement (five levels of cactus forage × five exposure times), with 5 replications, 25 experimental units. Thus, the treatments were: 20% cactus forage and 80% buffel grass hay, 60% cactus forage and 40% buffel grass hay; 80% cactus forage and 20% buffel grass hay; 90% cactus forage and 10% buffel grass hay; and 100% cactus forage a fresh forage basis. Each experimental treatment was exposed to air for 0, 3, 6, 12, and 24 h.



Cactus forage of the Palmepa-PB1 variety (Nopalea cochenillifera Salm Dyck), in fresh form, was chopped in a stationary forage machine to particles of approximately 2 cm2. After weighing cactus forage and hay, forages, approximately 200 g, were manually and without compression homogenized and placed in aluminum (length: 27 cm; width: 18 cm; height: 3.5 cm) trays according to the treatment and repetition. Samples were then placed in a bacteriological incubator at a controlled temperature of 30 °C for 24 h air exposure. The temperature of 30 °C was chosen because it represents the average temperature in the summer season in the semi-arid region of the state of Paraíba, Brazil.



Cactus forage came from the experimental area of the Paraíba Company for Research, Rural Extension and Land Regularization–EMPAER in Alagoinha (south latitude 6°57′00″; longitude 35°32′42″, west of Greenwich, and at an altitude of around 133 m), state of Paraíba, Brazil. Cactus forage was planted with a density of 100,000 plants ha−1 spaced in a single row with 1.5 m between rows and 15 plants per linear meter in August 2018 with the respective basal fertilization level: manure cattle (30 tons/hectare) and ash (resulting from wood combustion) (16 tons/hectare). At the beginning of the rainy season in 2020, in March, the cactus forage crop was fertilized with an additional 10 tons of cattle manure ha−1. The cactus forage was cut in the second year of establishment, in the vegetative phase, from the second cladode, leaving the primary cladode.



Buffel grass (Cenchrus ciliaris L.) hay was harvested manually at the flowering stage, then ground to 2 cm particles using a stationary chopper. The buffel grass pasture was located on private property in the municipality of São José dos Cordeiros, state of Paraíba, Brazil (latitude: 07°38′88″ S; longitude: 36°79′13″). The municipality is part of the micro-region of Western Cariri and has a semi-arid climate. The chemical composition of cactus forage and buffel grass hay is listed in Table 1.




2.3. Chemical Analysis


The chemical analysis was carried out in the Food Laboratory of the National Institute of the Semi-Arid (INSA), located in the municipality of Campina Grande, state of Paraíba, and in the Forage Laboratory, belonging to the CCA-UFPB, Areia.



Samples for chemical analysis of cactus forage and hay were dried in a forced ventilation oven at 55 °C for 72 h (Method INCT-CA G-001/1), and later ground in a Wiley knife mill (Wiley Mill, Arthur H. Thomas, PA, USA) with a 1 mm mesh sieve.



Composition analyses for dry matter (DM; Method 934.01), mineral matter (MM; Method 942.05), crude protein (CP; Method 954.01), ether extract (EE; Method 920.39), and lignin (Method 973.18) were carried out according to the Association of Official Analytical Chemists—AOAC (2016) [16].



Neutral detergent fiber (aNDFom) was determined using the ANKOM fiber analyzer (ANKOM200 Fiber Analyzer—ANKOM Technology Corporation, Fairport, NY, USA) with heat-stable α-amylase and sodium sulfite and correcting ash residue. Non-fiber carbohydrates (NFCs) were calculated by the equation NFC = 100 − (%CP + %EE + %Ash + %FDN), proposed by Sniffen et al. [17].



The forage buffering capacity (BC) was determined according to the methodology proposed by Playne and McDonald [18]. To determine the water-soluble carbohydrates (WSCs), the concentrated sulfuric acid method was used, as described by Dubois et al. [19], with adaptations from Corsato et al. [20].



For the determination of ammonia nitrogen (NH3-N) and pH in the samples, the methodology described by Bolsen et al. [21] was used.



During evaluation, the internal and surface temperatures of each experimental unit were measured using two digital immersion thermometers (Digital Thermometer PLUS Waterproof Skewer Type with Alarm −50 + 300 °C Division 1 °C Incoterm 9791.16.2.01). For surface temperature, the thermometer was placed horizontally on the surface of the forage mass (approximately 200 g), waiting for a few seconds for temperature stabilization. For checking the internal temperature, the thermometer was placed inside the sample mass, waiting for a few seconds for temperature stabilization.




2.4. Microbial Populations


Escherichia coli (E. coli) populations were quantified in plant material samples. After homogenization, 25 g of sample was taken manually with a sterile glove to avoid contamination at times 0, 3, 6, 12, and 24 h from all cactus forage levels. Samples were mixed with 225 mL of peptone water (a ratio of 16.1 g of the medium in 1 L of distilled water) and placed in Stomacher digital homogenizer (SL-299) for 1 mi. Afterward, the material was stored in a cooler with ice and sent to the Environmental Microbiology Laboratory at INSA for analysis.



Then, 1 mL of mixture was collected, and 9 mL of peptone water was added, following the technique of serial dilution up to 10−7, in duplicate. For each dilution, the spread-plate technique was used, where 100 μL aliquots were deposited on the surface of the culture medium, contained in Petri dishes, and spread with a Drigalski loop. Eosin Methylene Blue Agar (EMB Levine) was used, which inhibits the growth of Gram-positive bacteria and determines whether the bacterium is a lactose fermenter or not, where E. coli colonies are easily identifiable because they present metallic green color



After this step, plates were incubated in a bacteriological incubator (11 L, model 15 × 29 × 25CM(A-L-P) SSB-11L) at 35 °C (±0.5) for 24 h. Plates considered susceptible to the population were those with values between 30 and 300 colony-forming units (CFU) in a Petri dish.




2.5. Analysis of the Bacterial Community of Silages by 16s rRNA Marker Gene Sequencing (Metataxonomics) Using High-Throughput Sequencing


Metataxonomic analysis of bacterial communities was carried out at the Laboratory of Animal Products, belonging to the Animal Science Department of the CCA/UFPB. Analyses were carried out in three of the five treatments: the lowest cactus level (20% cactus forage and 80% buffel grass hay), intermediate level (60% cactus forage and 40% buffel grass hay), and the highest level (100% cactus forage). In addition, the three air exposure times were analyzed for bacterial communities: 0 (initial time), 6 (intermediate time), and 24 h (final time).



DNA of the samples was extracted using the commercial kit (Power Soil DNA Isolation kit, MoBio, Carlsbad, CA, USA), as recommended by the manufacturer. The V3–V4 region of the 16S rRNA gene was amplified by PCR (95 °C for 3 min, followed by 25 cycles at 95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, and a final extension at 72 for 5 min) using 16S Amplicon PCR Forward Primer = 3′ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG ′ and 16S Amplicon PCR Reverse Primer = 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC 3′. PCR reactions were run in triplicate, in a final volume of 25 µL containing 12.5 µL of 2× KAPA HiFi Hotstart ReadyMix, 5 µL of each primer, and 2.5 ng template DNA. Purified PCR products were quantified by fluorometry using Qubit 3.0 (Life Invitrogen).



The library was prepared using the adapters from the “Nextera XT Sample Prep Kit” (Illumina, CA, USA). Subsequently, DNA fragments were purified with Agencourt AMPure XP reagent (Beckman). After purification, the library was validated on the Fragment Analyzer (Agilent Technologies). Paired-end sequencing was performed on Miseq using the V2 kit for 2 × 250 bp (Illumina, CA, USA), according to the manufacturer’s recommendations.



Raw, demultiplexed, and paired sequences were processed by the QIIME 2 v.19.7 platform [22], where they were joined, selected by the maximum and minimum sizes (200–500 bp), Phred score minimum of 20, and de-replicated through VSEARCH [23]. Chimeric sequences were removed using UCHIME [24]. Clustering was performed using the de novo method, with 99% similarity between the centroid groups, in which it was possible to obtain the operational taxonomic unit (OTU).



The number of sequences per sample was normalized to 14,900 reads, in order to obtain the alpha (uniformity wealth) and beta (principal component analysis) ecological diversities, aligned by mafft [25], which were then used for the construction of the phylogenetic tree by FastTree2 [26]. Visualizations of the taxonomic composition, mainly relative abundance and alpha diversity, were performed by the phyloseq v.1.8.2 package [27] of the R v.3.5.7 program. The taxonomic classification was assigned using the naïve Bayes method on the trained database of SILVA v. 132 with 99% for the V3–V4 region [28].



Alpha diversity was evaluated by estimating the ecological indices of richness and evenness of the communities; Chao1 and Shannon were used, respectively. For beta diversity, we proceeded through the graphical view of the principal coordinate analysis (PcoA), being the unweighted qualitative metric of choice for constructing the basal distance matrix for the analysis, generated from UniFrac [29].




2.6. Statistical Analysis


E. coli population was log-transformed and presented as colony-forming units/g natural matter. Values obtained were tested by analysis of variance, along with the other variables (ANOVA), and the degrees of freedom were split from linear and polynomial regression for cactus forage levels and exposure time to air, at a significance level of 5% in the SAS® statistical software.



Alpha diversity indices were evaluated using the paired Kruskal–Wallis test, while the dissimilarity between treatments was checked by the permutational multivariate analysis of variance (PERMANOVA).





3. Results


There was an interaction between the levels of cactus forage and the time of exposure to air (p < 0.001) for internal temperature, surface temperature, pH, and E. coli count (Table 2).



The internal temperature (Figure 1A) reached its maximum peak at 32 °C, after 12 h of aerobic exposure. According to the slope of the curve, the aerobic exposure time resulted in a greater influence on the internal temperature than the cactus forage levels. In Figure 1A, a higher temperature was observed at the concentration of 46.66% cactus forage. At the highest levels of cactus forage (80 and 100%), lower internal temperatures were found. The maximum surface temperature was 31 °C (Figure 1B) after 11 h of aerobic exposure, when there was 41.21% cactus forage. There was a quadratic effect of both cactus forage levels and air exposure time on pH values.



The maximum pH (6.95) was observed at a concentration of 35.72% cactus forage and air exposure time of 3.14 h (Figure 2).



For E. coli population, there was an interaction effect between cactus forage levels and air exposure time (p < 0.001). The growth pool of this bacterium peaked at 16.06 h of exposure to air (Figure 3).



For chemical composition, there was an interaction of cactus forage levels and time of exposure to air for DM (p < 0.001), CP (p < 0.001), BC (p < 0.001), WSC (p < 0.001), and ammonia nitrogen (p < 0.001) (Table 3).



There was a linear decreasing effect over time of exposure to air for all cactus forage levels for DM. With 20% cactus forage, there was a greater loss of DM (28.77%), while with 100% cactus forage, there were lower losses of DM (4.82%). For crude protein values, there was a quadratic effect, with a decline in the CP concentration up to 8.43 h. NH3-N increased up to 12 h of exposure to air for the 80 and 90% cactus forage levels (Table 3). For CHO values, a decreasing linear effect was found when cactus forage concentration was increased throughout the exposure to air (Table 3). For buffering capacity, there was a linear for ancreasing effect for the 90 and 100% cactusfor aage levels as a function of the time of exposure to air (Table 3).



The spatial distribution of cactus forage levels by principal coordinate analysis (PCoA) showed that distinct and well-segregated groups were formed for different cactus forage levels (Figure 4). The level of 100% cactus forage showed greater dissimilarity of bacteria compared to 60% and 20% cactus forage (Figure 4).



After six hours, there was an increase in microbial richness and evenness at all levels (Figure 5). At time zero, the highest level of cactus forage (100%) had low values of alpha diversity (Simpson, Chao1), unlike mixtures with 60% and 20% cactus forage, where there was high microbial diversity in the first hours of exposure.



The taxonomic diversity of bacterial communities was characterized by the abundance of two phyla, the most abundant: Bacteroidetes and Firmicutes (Figure 6). There was a decrease in the proportion of Bacteroidetes and an increase in Firmicutes in the 100% cactus forage diet after 6 h of exposure to air, with Firmicutes remaining abundant until 24 h.



As for the family level, seven families were identified, in which Leuconostocaceae, Sphingomonadaceae, and Sphingobacteriaceae were the most abundant (Figure 7). At 100% cactus forage level, higher proportions of Leuconostocaceae and Lactobacillaceae were found, especially after six hours, where there was a reduction of Acetobacteraceae, Sphingobacteriaceae, Weeksellaceae, and Sphingomonadaceae. When there was 20% cactus forage, there was a greater abundance of Sphingomonadaceae, Sphingobacteriaceae, Spirosomaceae, and Leuconostocaceae.



The most abundant genera were Weissella, Lactobacillus, Bacteroides, Pseudomonas, Sphingobacterium, and Sphingomonas (Figure 8). In the diet with 100% and 60% cactus forage after 6 h, a greater predominance of Weissella was observed, while with 20% cactus forage, an apparent abundance of Weissella, Sphingomonas, and Pseudomonas was verified.




4. Discussion


The results indicated an increase in internal temperature at almost all levels of cactus forage within 12 h. According to Paulino et al. [6], the process of producing internal heat in chopped cactus forage is similar to the process occurring in silages, with high availability of residual sugars, where the exposure of the material to air and the presence of a large amount of substrate and moisture are ideal conditions for the proliferation of microorganisms, which generate heat, thus increasing the internal temperature.



At all levels of cactus forage, the low pH indicated acidity (pH > 4.5) [30]. The high pH associated with the greater penetration of oxygen into the mass may explain the greater microbial activity at the lower levels of cactus forage (20% cactus forage). The higher microbial activity with an increasing level of cactus forage is due to higher substrate (carbohydrates) and water availability. E. coli is a Gram-negative and very versatile bacterium that multiplies very quickly in different substrates and environments, being able to quickly multiply at temperatures between 10 °C and 45 °C and pH between 4.4 and 9.5 [30]. The ambient temperature used was 30 °C, and the pH observed in the cactus forage levels was low, which favors its growth, especially in the lower and intermediate levels of cactus forage.



At 20% cactus forage, there was no growth of E. coli at times 0 and 3 h after exposure to air. This lack of population may be related to the lower moisture content of the hay, which makes the medium initially less favorable for bacterial growth. However, from 6 h exposure to air, there was a greater growth of E. coli population at lower levels of cactus forage, a fact that was previously explained by the high pH and presence of air in the medium.



Some pathogenic microorganisms can occur in the plant epidermis and internalize in the plant after processing [31]. According to Zárate-Castrejón et al. [11], some bacteria can produce biofilms that allow them to adhere and survive in the wax of cactus forage cladodes and remain until harvest and offer to the animals.



The internalization of bacteria into plant tissues can occur through penetration into roots, seeds, and fruits, and through management, irrigation, and fertilization, which are vehicles for these microorganisms, which can migrate and survive in the edible aerial tissues of plants [32,33]. Thus, when chopping cactus forage to supply the animals, there is a faster access of contaminating microorganisms to plant nutrients, and with this, they can multiply at a higher speed, due to access to larger amounts of substrate for growth.



Regarding the chemical composition, within up to 8.43 h of exposure to air, there was a reduction in CP, but after 12 h, there was an increase in the concentration. Some bacteria are able to degrade proteins, promoting their reduction in the food, which justifies the decrease in CP in the first 6 h of exposure to air [34].



The content of NH3-N is related to proteolysis resulting from the growth of proteolytic microorganisms, such as enterobacteria [35]. These microorganisms degrade glucose, lactic acid, proteins and free amino acids, generating ammonia nitrogen [36], increasing over time.



After 12 h of exposure to air, there was an increase in CP values, presumably this increase is due to the consumption of other nutrients, especially carbohydrates, and can also be linked to an increase in ammonia content. Carbohydrates are used as substrate by aerobic bacteria due to the release of substrates and maintenance of a high pH, as discussed above, which explains a more pronounced reduction of carbohydrates in mixtures with higher proportions of cactus forage [37].



An Increase in buffering capacity over time was found for the highest proportions of cactus forage. This increase is related to the presence of buffering substances (oxalic, malic, citric, malonic, succinic, tartaric acids, and water as buffering substances that prevent lowering pH), in addition to the release of ammonia nitrogen by proteolytic activity, as previously discussed [7,38].



Regarding the cactus forage levels’ effect on the chemical composition, higher NFC and lower NDF contents are probably because of the chemical composition of cactus compared with buffel grass hay, since the cactus forage presents more NFC and less NDF than buffel grass hay. In relation to the EE reduction over time, probably some microorganisms could metabolize EE, such as E. coli, Lactobacillus plantarum, Weissella, and Pseudomanas [39,40].



When adding cactus forage to the diet, the microbial community was modified, and the time of exposure to air promoted large modifications. The characteristics inherent to the foods have a strong influence on the microbial type and diversity capable of developing in the medium, for example, a pH close to neutrality, and a high concentration of carbohydrates, which was the case with intermediate levels of cactus forage, favor the growth of a high diversity of bacteria, including E. coli [41].



Regarding the characterization of bacterial groups at the phylum level, with 20% cactus forage, there was a greater predominance of Proteobacteria and Bacteroidetes. Proteobacteria comprise a phylum of Gram-negative bacteria and include a wide variety of pathogens, such as Escherichia, Salmonella, Vibrio, and Helicobacter [42]. E. coli, a species of this phylum, can be divided into two large groups: commensal and pathogenic. The latter have specific virulence and pathogenicity mechanisms, being able to cause serious infections and diseases, including intestinal ones, thus the presence of this microorganism is undesirable in the diet [43].



The level of 60% cactus forage provided an instability in the abundance of phyla over time, when compared to the other levels. Microorganisms have a high adaptive capacity, with specialized groups for growth, according to water availability, pH, chemical composition, redox potential, and temperature [5]. Moreover, they are able to interact with each other in a positive or antagonistic way, through the production of metabolic and signaling molecules, thus influencing the microbiological diversity of forages [44,45].



The competition of different microorganisms for nutrients can favor or inhibit some species or groups of microorganisms. Lactic acid bacteria can produce lactic acid, or even bacteriocins, which inhibit or eliminate certain pathogenic microorganisms from food [30], which possibly occurred in this study, since six hours after exposure to air, there was a predominance of Weissella. Pereira et al. [46] also investigated the microbial diversity of fresh cactus forage and reported a greater predominance of bacteria of the genus Weissella in the plant. Some Weissella species have shown high technological and probiotic potential [47,48].



Prior to the present research, it was expected that the inclusion of buffel grass hay would control the growth of Gram-negative bacteria, promoting greater preservation of the processed cactus forage, simulating a trough situation. However, changes in the pH of the medium, as well as the presence of oxygen, increased microbial diversity and made the environment susceptible to the growth of Gram-negative bacteria, as well as an increase in the population of E. coli.



This is very relevant because, under farm conditions, cactus forage is always supplied along with other forage, often using hay and dry concentrate feed, which can further favor the growth of opportunistic pathogenic microorganisms in the animal feed and may cause gastrointestinal disorders.



Thus, based on the results of this study, even under laboratory conditions, in which there is a high sanitary control, there was a growth of microorganisms with pathogenic potential, thus requiring greater care with sanitary quality in the handling of feed containing cactus forage in farm environments. Moreover, it is necessary to shorten the time of exposure of the feed in the trough, by more frequently removing leftovers from the trough and/or greater fractionation of the feed for the animal throughout the day, avoiding the pool of undesirable microorganisms, or even pathogens, in the feed, which can cause nutritional disorders to animals, compromising their health and performance.



Nevertheless, the presence of epiphytic microorganisms was also verified in cactus forage with potential to be used as additives in silages or in the form of probiotics in animal feed, emphasizing the abundance of the genus Weissella. Further studies should be performed considering the food safety of cactus forage in diets for ruminants, as well as the isolation and use of beneficial microorganisms that naturally colonize this plant.




5. Conclusions


Aerobic exposure of mixtures of cactus forage with buffel grass hay increases the proliferation of microorganisms with pathogenic potential in the diet. Therefore, an exposure period of fewer than six hours with 20% cactus forage is recommended to minimize levels of E. coli. Avoiding negative effects of the multiplication of pathogenic microorganisms on animal and human health.
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Figure 1. Internal temperature (A) and surface temperature (B) as a function of cactus forage levels and time of exposure to air. 
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Figure 2. Potential of hydrogen (pH) as a function of cactus forage levels and time of exposure to air. 
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Figure 3. Escherichia coli population as a function of cactus forage levels and time of exposure to air. 
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Figure 4. Beta diversity represented by a 3D PCoA graph showing the degree of dissimilarity based on the unweighted UniFrac distance matrix. C100 = 100% cactus forage; C60 = 60% cactus forage and 40% buffel grass hay; C20 = 20% cactus forage and 80% buffel grass hay; 0H = 0 h; 6H = 6 h and 24H = 24 h of exposure to air. 
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Figure 5. Box plots representing alpha diversity through the Simpson (A) and Chao 1 (B) uniformity index. T1 = 100% cactus forage; C100 = 100% cactus forage; C60 = 60% cactus forage and 40% buffel grass hay; C20 = 20% cactus forage and 80% buffel grass hay; 0H = 0 h; 6H = 6 h and 24H = 24 h of exposure to air. 
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Figure 6. Relative abundance of the main bacterial phyla of cactus forage and buffel grass hay levels at different times of exposure to air. C100 = 100% cactus forage; C60 = 60% cactus forage and 40% buffel grass hay; C20 = 20% cactus forage and 80% buffel grass hay; 0H = 0 h; 6H = 6 h and 24H = 24 h of exposure to air. 
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Figure 7. Relative abundance of the main bacterial families of cactus forage and buffel grass hay levels at different times of exposure to air. C100 = 100% cactus forage; C60 = 60% cactus forage and 40% buffel grass hay; C20 = 20% cactus forage and 80% buffel grass hay; 0H = 0 h; 6H = 6 h and 24H = 24 h of exposure to air. 
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Figure 8. Relative abundance of the main bacterial genera of cactus forage and buffel grass hay levels at different times of exposure to air. T1 = 100% cactus forage; T4 = 60% cactus forage and 40% buffel grass hay; T5 = 20% cactus forage and 80% buffel grass hay; 0H = 0 h; 6H = 6 h and 24H = 24 h of exposure to air. 
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Table 1. Chemical composition of cactus forage and buffel grass hay.
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	Feeds, g/kg DM
	Cactus Forage
	Buffel Grass Hay





	Dry matter 1
	66.41
	867.44



	Organic matter
	918.59
	929.52



	Crude protein
	78.33
	49.41



	Ether extract
	15.68
	10.76



	aNDFom-NDF 2
	382.82
	821.23



	Lignin (sa) 3
	18.42
	48.62



	NFC 4
	441.77
	48.11







1 g/kg as natural matter; 2 neutral detergent fiber assayed with a heat-stable amylase and expressed exclusive of residual ash; 3 lignin determined by solubilization of cellulose with sulfuric acid; 4 non-fiber carbohydrates.
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Table 2. Mean values of internal temperature (IT), surface temperature (ST), potential of hydrogen (pH), and Escherichia coli population as a function of cactus forage levels and time of exposure to air.
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Item

	
Cactus Forage Levels %

	
Time, Hours

	
Overall Average (C)

	
p-Value 1

	
p-Value 2




	
0

	
3

	
6

	
12

	
24

	
C

	
T

	
C × T

	
T




	
L

	
Q






	
IT, °C

	
20

	
28.60

	
30.98

	
26.68

	
28.88

	
27.22

	
30.47

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
0.397




	

	
60

	
26.58

	
29.28

	
31.82

	
28.64

	
28.84

	
29.03

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
0.044




	

	
80

	
25.00

	
30.50

	
29.44

	
32.64

	
29.04

	
29.32

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	

	
90

	
25.02

	
27.96

	
27.00

	
29.44

	
28.84

	
27.65

	
<0.001

	
<0.001

	
<0.001

	
0.036

	
0.001




	

	
100

	
24.76

	
27.54

	
27.40

	
28.74

	
27.22

	
27.13

	
<0.001

	
<0.001

	
<0.001

	
0.679

	
0.163




	

	
Overall Average (T)

	
25.99

	
29.25

	
28.47

	
31.67

	
28.23

	

	

	

	

	

	




	
ST, °C

	
20

	
28.16

	
30.60

	
29.46

	
27.76

	
27.98

	
28.79

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
0.682




	

	
60

	
26.38

	
27.52

	
31.04

	
28.32

	
27.56

	
28.16

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
0.848




	

	
80

	
24.52

	
29.52

	
28.88

	
31.76

	
27.54

	
28.44

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	

	
90

	
24.58

	
27.28

	
26.88

	
29.12

	
28.08

	
27.19

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
0.001




	

	
100

	
24.30

	
26.60

	
27.00

	
28.56

	
26.76

	
26.64

	
<0.001

	
<0.001

	
<0.001

	
0.121

	
0.493




	

	
Overall Average (T)

	
25.59

	
28.30

	
28.65

	
29.10

	
27.58

	

	

	

	

	

	




	
pH

	
20

	
7.17

	
7.38

	
6.94

	
6.31

	
6.39

	
6.84

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
0.923




	

	
60

	
6.35

	
6.94

	
7.03

	
7.06

	
6.41

	
6.76

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	

	
80

	
6.28

	
6.92

	
6.96

	
6.43

	
6.16

	
6.55

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	

	
90

	
6.35

	
6.41

	
6.78

	
6.49

	
6.47

	
6.50

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	

	
100

	
5.70

	
5.94

	
5.99

	
5.92

	
5.90

	
5.89

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	

	
Overall Average (T)

	
6.37

	
6.72

	
6.74

	
6.44

	
6.27

	
6.51

	

	

	

	

	




	
Escherichia coli (Log CFU 3/g)




	

	
20

	
0.00

	
0.00

	
9.72

	
8.77

	
8.64

	
5.43

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	

	
60

	
7.47

	
9.28

	
9.65

	
8.91

	
8.99

	
8.86

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	

	
80

	
7.04

	
9.06

	
9.51

	
8.61

	
8.19

	
8.48

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
0.026




	

	
90

	
6.79

	
8.69

	
9.30

	
9.13

	
8.83

	
8.55

	
<0.001

	
<0.001

	
<0.001

	
0.029

	
0.170




	

	
100

	
6.47

	
8.34

	
9.16

	
9.05

	
9.02

	
8.41

	
<0.001

	
<0.001

	
<0.001

	
0.203

	
0.144




	

	
Overall Average (T)

	
5.55

	
7.07

	
9.47

	
8.89

	
8.73

	

	

	

	

	

	








1 C = cactus forage levels; T = time (hours); C × T = interaction of cactus forage levels × time. 2 L = linear effect; Q = quadratic effect. 3 CFU = colony-forming unit. Standard error of mean (SEM): C = 0.13; T = 0.12; pH = 0.01; Escherichia coli = 0.14. Significance level of 5%.
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Table 3. Dry matter (DM), crude protein (CP), soluble carbohydrates (CHOs), ammonia nitrogen (N-NH3), and buffering capacity (BC) as a function of cactus forage levels and time of exposure to air as dry matter (DM).
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Item

	
Cactus Forage Levels %

	
Time, Hours

	
Overall Average (C)

	
p-Value 1

	
p-Value 2




	
0

	
3

	
6

	
12

	
24

	
C

	
T

	
C × T

	
T




	
L

	
Q






	
Dry matter, g/kg

	
20

	
828.9

	
810.4

	
777.7

	
727.6

	
590.4

	
747.0

	
<0.001

	
<0.001

	
<0.001

	
0.000

	
0. 359




	

	
60

	
432.1

	
431.4

	
431.1

	
397.8

	
388.1

	
416.1

	
<0.001

	
<0.001

	
<0.001

	
0.012

	
0.754




	

	
80

	
280.7

	
262.2

	
239.1

	
237.4

	
226.9

	
249.3

	
<0.001

	
<0.001

	
<0.001

	
0.019

	
0.202




	

	
90

	
148.0

	
148.2

	
148.3

	
138.5

	
136.1

	
143.8

	
<0.001

	
<0.001

	
<0.001

	
0.000

	
0.773




	

	
100

	
66.4

	
65.8

	
64. 6

	
63.4

	
63.2

	
64.7

	
<0.001

	
<0.001

	
<0.001

	
0.000

	
0.002




	

	
Overall Average (T)

	
231.8

	
227.0

	
272.8

	
312.9

	
280.9

	

	

	

	

	

	




	
Crude protein, g/kg DM

	
20

	
50.3

	
49.3

	
48.9

	
49.3

	
57.5

	
51.1

	
<0.001

	
<0.001

	
0.000

	
<0.001

	
<0.001




	

	
60

	
57.4

	
55.3

	
53.3

	
53.9

	
54.5

	
54.9

	
<0.001

	
<0.001

	
0.000

	
<0.001

	
<0.001




	

	
80

	
61.1

	
60.6

	
59.0

	
64.2

	
64.3

	
61.8

	
<0.001

	
<0.001

	
0.000

	
<0.001

	
<0.001




	

	
90

	
65.1

	
64.2

	
63.9

	
67.2

	
72.5

	
66.6

	
<0.001

	
<0.001

	
0.000

	
<0.001

	
<0.001




	

	
100

	
78.3

	
76.4

	
75.8

	
77.7

	
79.0

	
77.3

	
<0.001

	
<0.001

	
0.000

	
<0.001

	
<0.001




	

	
Overall Average (T)

	
62.4

	
61.2

	
60.2

	
62.3

	
65.6

	

	

	

	

	

	




	
WSC 3, g/kg DM

	
20

	
1.75

	
1.04

	
1.00

	
0.92

	
0.84

	
1.11

	
<0.001

	
<0.001

	
<0.001

	
0.029

	
0.090




	

	
60

	
1.78

	
1.63

	
1.13

	
0.91

	
0.84

	
1.26

	
<0.001

	
<0.001

	
<0.001

	
0.002

	
0.084




	

	
80

	
2.54

	
1.76

	
0.75

	
0.73

	
0.66

	
1.29

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	

	
90

	
3.16

	
2.55

	
0.57

	
0.48

	
0.38

	
1.43

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	

	
100

	
6.05

	
3.74

	
0.76

	
0.66

	
0.54

	
2.35

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	

	
Overall Average (T)

	
3.06

	
2.14

	
0.84

	
0.74

	
0.65

	

	

	

	

	

	




	
NH3-N 4, %N total

	
20

	
0.010

	
0.010

	
0.010

	
0.016

	
0.010

	
0.011

	
<0.001

	
<0.001

	
<0.001

	
0.381

	
0.267




	

	
60

	
0.010

	
0.010

	
0.029

	
0.020

	
0.013

	
0.016

	
<0.001

	
<0.001

	
<0.001

	
0.725

	
0.000




	

	
80

	
0.023

	
0.006

	
0.016

	
0.029

	
0.020

	
0.019

	
<0.001

	
<0.001

	
<0.001

	
0.057

	
0.891




	

	
90

	
0.026

	
0.013

	
0.010

	
0.053

	
0.020

	
0.024

	
<0.001

	
<0.001

	
<0.001

	
0.039

	
0.000




	

	
100

	
0.066

	
0.020

	
0.026

	
0.013

	
0.060

	
0.037

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	

	
Overall Average (T)

	
0.027

	
0.012

	
0.018

	
0.026

	
0.025

	

	

	

	

	

	




	
BC 5, mg/100 g DM

	
20

	
0.010

	
0.010

	
0.010

	
0.010

	
0.010

	
0.010

	
<0.001

	
<0.001

	
<0.001

	
0.997

	
0.997




	

	
60

	
0.010

	
0.020

	
0.010

	
0.013

	
0.016

	
0.014

	
<0.001

	
<0.001

	
<0.001

	
0.997

	
0.825




	

	
80

	
0.020

	
0.030

	
0.023

	
0.020

	
0.020

	
0.023

	
<0.001

	
<0.001

	
<0.001

	
0.086

	
0.719




	

	
90

	
0.036

	
0.046

	
0.043

	
0.066

	
0.060

	
0.050

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	

	
100

	
0.090

	
0.110

	
0.116

	
0.146

	
0.176

	
0.128

	
<0.001

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	

	
Overall Average (T)

	
0.033

	
0.043

	
0.040

	
0.051

	
0.056

	

	

	

	

	

	








1 C = cactus forage levels; T = time (hours); C × T = interaction of cactus forage levels × time. 2 L = linear effect; Q = quadratic effect. 3 WSC = water-soluble carbohydrates, 4 NH3-N = ammonia nitrogen, in percentage of total nitrogen 5 BC = buffering capacity. Standard error of mean (SEM): DM = 0.68; crude protein = 0.06; CHO = 0.12; N-NH3 = 0.001; TC = 0.001. Significance level of 5%. There was no interaction between cactus forage levels and time of exposure to air for EE, NDF, and NFC. The increase in cactus forage levels promoted a linear decrease in the EE and NDF contents and a linear increase in the NFC content (Table 4). In relation to the time of air exposure, there was a linear reduction in the EE content. There was no effect of time for NDF (p = 0.458) and NFC (p = 0.659), with mean values 659.38 g/kg and 110.68 g/kg, respectively.
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Table 4. Ether extract (EE), neutral detergent fiber (NDF), and non-fiber carbohydrates (NFCs) as a function of cactus forage and time of exposure to air as dry matter (DM).






Table 4. Ether extract (EE), neutral detergent fiber (NDF), and non-fiber carbohydrates (NFCs) as a function of cactus forage and time of exposure to air as dry matter (DM).





	
Item 1, g/kg DM

	
Cactus Forage Levels %

	
Time, Hours

	
SEM 2

	
p-Value 3

	
p-Value 4




	
T




	
20

	
60

	
80

	
90

	
100

	
0

	
3

	
6

	
12

	
24

	
C

	
T

	
C × T

	
L

	
Q






	
EE

	
16.6

	
21.8

	
16.5

	
11.5

	
15.7

	
20.6

	
19.9

	
17.4

	
14.1

	
10.1

	
0.11

	
<0.001

	
<0.001

	
0.762

	
<0.001

	
0.372




	
FDN

	
788.5

	
768.5

	
713.5

	
647.0

	
382.8

	
667.6

	
686.0

	
655.8

	
635.6

	
651.9

	
1.95

	
<0.001

	
0.458

	
0.427

	
0.278

	
0.335




	
NFC

	
54.6

	
44.3

	
74.3

	
106.5

	
273.7

	
102.8

	
92.3

	
113.3

	
132.6

	
112.3

	
19.13

	
<0.001

	
0.659

	
0.5695

	
0.473

	
0.314








1 EE = ether extract; NDF = neutral detergent fiber; NFC = non-fiber carbohydrates; 2 SEM = standard error of mean; 3 C = cactus forage levels; T = time (hours); C × T = interaction of cactus forage levels × time. 4 L = linear effect of time; Q = quadratic effect of time. Significance level of 5%.
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