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Maize (Zea mays L) is one of the most widely cultivated crops used as energy feeds. The aim of this study was to evaluate the effects of two lactic acid bacteria additives on the fermentation quality and bacterial community of high moisture ear corn (HMEC) silage at different moisture levels. The study utilized corn kernels and cobs harvested at the stage of complete ripeness as the primary material. The cob was crushed and divided into three treatment groups: an untreated control group (CK), a group treated with a mixture of Lactobacillus plantarum and Lactobacillus brucei (TQ), or a group treated with a mixture of Lactococcus lactis and Lactobacillus brucei (KT). Moisture contents were adjusted to 37.5% (L), 42.5% (M) or 47.5% (H) and then silaged for 180 days. Compared to CK, TQ, and KT elevated the dry matter, crude protein, starch, lactic and acetic acid content of HMEC and reduced the pH, neutral detergent fiber, acid detergent fiber and ammonia nitrogen content (p < 0.05). Even though both additives improved the bacterial community structure after fermentation, KT experienced the greater enhancement. At a phylum and genus level, KT had the higher relative abundance of Firmicutes and Lactobacillus, respectively. Compared with the group of 37.5% (L) moisture content, the 42.5% (M) and 47.5% moisture content (H) group increased lactic acid, acetic acid and ammonia nitrogen concentrations and reduced the pH value (p < 0.05). In conclusion, the addition of TQ and KT at the appropriate moisture content might be helpful for producing high-quality HMEC. Among the three moisture contents, 42.5% (M) moisture content provides the best silage qualities.
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1 Introduction

Maize is a widely cultivated crop for silage production due to its high biological yield and high starch concentration. As a result, it has become a primary feed source for ruminants globally (Keshri et al., 2018; Hao et al., 2020; Zhang et al., 2020). In intensive farming, about 60–70% of the energy in livestock and poultry diets is provided by maize, and about 60% of maize energy comes from starch (Qi et al., 2002). However, the starch-protein matrix structure in maize makes it challenging for rumen microorganisms to utilize, ultimately reducing the digestibility of starch in ruminants (Huntington et al., 2006). When large amounts of maize are added to the diet, starch digestibility is generally low, resulting in a waste of feed resources. High moisture corn (HMC) is widely used as it can disrupt this structure and increase digestibility (Ferraretto et al., 2014; Purwin et al., 2022). Various factors affect the production of HMC, including the moisture content of the raw material, fermentation time, and the use of additives. Improper HMC silage can lead to significant resource wastage. As a result, it is crucial to develop appropriate silage methods for HMC.

HMC is prone to oxidative deterioration because of its low moisture content and high starch content when compared to other silages (Kung et al., 2007). Kung et al. (2007) showed that using microbial inoculants could effectively enhance the fermentation quality of HMC. According to Taylor and Kung (2002), Lactobacillus plantarum bioinoculants, which produce only lactic acid, could reduce the pH of silage and improve DM recovery. However, the use of homofermentative lactic acid bacteria (LAB) has limited effects on enhancing the aerobic stability of HMC, since lactic acid and low pH are not sufficient to inhibit the growth of yeast (Wardynski et al., 1993). To improve the aerobic stability of HMC, heteromorphic fermentative LAB such as Lactobacillus brucei can be used (Taylor and Kung, 2002; Kung et al., 2007). Lactobacillus brucei can break down lactic acid into acetic acid with antifungal properties, which improves the stability of silage under anaerobic conditions (Oude Elferink et al., 2001). However, it is not as effective as Lactobacillus plantarum in reducing pH during the initial stages of fermentation. This can lead to the growth of harmful bacteria during the aerobic phase of fermentation (Torriani et al., 1992). The growth and reproduction of LAB depend on appropriate moisture levels (Troller and Stinson, 1981). Excessive moisture in raw materials can promote the growth of Clostridium, while insufficient moisture can inhibit the growth of LAB (Zheng et al., 2018). Consequently, unsuitable additives and moisture content can have a detrimental effect on HMEC silage.

To enhance high moisture ear corn (HMEC) fermentation, extending the storage period could be beneficial. According to Ferraretto et al. (2014), pH level of HMC decreases with storage periods. Additionally, prolonged silage periods exceeding 120 days contribute to the breakdown of the protein matrix surrounding starch granules, which increases starch digestibility in the rumen (Hoffman et al., 2011). Previous studies have focused on analyzing changes in microbial communities and metabolites in maize silage used for ruminant feed during short-term fermentation periods of less than 60 days (Wu et al., 2020). However, there is a lack of understanding regarding changes in microbial communities and fermentation parameters in medium- and long-term fermented maize silage that is used to supply ruminants throughout the year, highlighting the need for further research in this area.

The objective of this study were to investigate the impacts of different moisture levels and different mixed LAB additives on bacterial communities and fermentation parameters in HMEC after 180 days of storage. This research aimed to contribute to the development of quality control techniques for long-term storage of HMEC.



2 Materials and methods


2.1 Silage preparation

The material used in the experiment was maize Rip 909 grown harvested in Shanxi Academy of Agricultural Sciences (Temperate continental monsoon climate: 37°82′N, 112°58′E, elevation 372 m, annual mean temperature 4.3–9.2°C, and average annual precipitation 345–588 mm) at complete ripeness stage (initial moisture of 32–35%). Combine corn kernels and cobs were cut into 1–3 cm with a gate cutter, divided into three aliquots, and adjusted with proper amount of ultrapure water. The halogen moisture tester (SF-60 Houwang Electronic Technology, China) was used to accurately and quickly measure the moisture content. Three different moisture contents (L: 37.5%; M: 42.5%; H: 47.5%) were obtained. The inoculant treatments were (1) no additive control (CK); (2) Lactobacillus plantarum and Lactobacillus brucei at an application rate of 1 × 106 cfu/g of fresh matter each (TQ, silage additive from NDS science and technology development Co., Ltd., China; activity: 1.0 × 1011 cfu/g); (3) Lactococcus lactis and Lactobacillus brucei at an application rate of 1 × 106 cfu/g of fresh matter each (KT, silage additive from Danish Chr. Hansen Holding., Denmark, activity: 1.0 × 1011 cfu/g). The ground corn kernels and cobs were then put in fermentation bag with breather valve (20 × 30 cm; Deli Group, China) and sealed using a vacuum sealer (Deli 14,886, Deli Group, China). Three replications were performed for each treatment, and each bag of samples was approximately 1,000 g. In total 27 silage samples (3 replicates × 3 additive treatments × 3 moisture treatments) were made and kept at room temperature (21–25°C).



2.2 Chemical composition and fermentation characteristics analysis

After 180 d fermentation, 200 g samples from each group of HMEC were put in an oven and dried at 65°C for 48 h for determination of dry matter (DM). Total nitrogen (TN) and ash contents were determined according to Association of Official Agricultural Chemists [AOAC] (2012). Crude protein (CP) content was calculated by multiplying TN by 6.25. Neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL) contents were determined with the method of Van Soest et al. (1991). The water-soluble carbohydrate content (WSC) were determined by the phenol-sulfuric acid method of Dubois et al. (1956). Starch content was determined with an enzymatic method (Owens et al., 2002).

20 g HMEC was added to 180 mL of ultrapure water, crushed with juicer for 1 min, and the supernatant was filtered through four layers of gauze and then filtered through qualitative filter paper into a 250 mL sterilized triangular flask (Desta et al., 2016). 100 mL of the filtrate was placed in a 250 mL beaker and the pH was measured with a pH meter (pH-100A, Tianchuang Instruments, China). Another 15 mL of the filtrate was placed in a 25 mL centrifuge tube and stored at −20°C. Lactic acid and NH3-N were determined using the method of Kleinschmit and Kung (2006). The volatile fatty acids were determined by gas chromatography (Agilent 6,890 N, Agilent Instruments, United States) with an injection volume of 1 μL and a capillary column (30.00 m × 0.32 mm × 0.25 μm) with a flow rate of 1.5 mL/min and a carrier gas of nitrogen (N2) at a column pressure of 81.36 kPa, and the column temperature was started at 150°C, held for 1 min, then increased to 220°C at 6°C/min, held for 15 min, the injection port was in split mode with a split ratio of 5:1.



2.3 Microbial community analysis

10 g of HMEC was placed in 40 mL of ultrapure water and shaken at 120 rpm for 120 min. Filtered using three layers of sterile medical gauze and then centrifuged using a low temperature centrifuge 10,000–12,000 r/min at 4°C for 15 min. The DNA extraction was performed using the TIANamp Bacteria DNA Kit (DP302-02, Tiangen, Beijing, China). The PCR was used to amplify the V3–V4 region of the bacterial 16S rRNA gene, with the forward primer 341F (CCTACGGGNGGCWGCAG) and the reverse primer 806R (GGACTACHVGGGTATCTAAT). The PCR products were purified and quantified, and then sequenced at the Shanghai Majorbio Company using Illumina platform (Hiseq2500 PE250). The raw data obtained after Miseq sequencing were spliced by pair-end double-end sequence splicing Flash software (version 1.2.11). According to the overlap relationship the sequences were quality-controlled and screened using Fastp software (version 0.19.6), and the samples were identified based on the barcode and primers at both ends of the sequences, and the sequence orientation was adjusted accordingly. Then valid tags were clustered into operational taxonomic Operational taxonomic units (OTU) based on 97% similarity by Uparse (version 11). Representative sequences of clades and genera were classified by comparison with the Silva database using the plain Bayesian assignment algorithm of RDP Classifier (version 2.13). Based on the operational classification unit (OTU) results, alpha diversity analysis (including Shannon index, Simpson index) was calculated using Mothur (version 1.30.2), and beta diversity including principal coordinate analysis (PCoA) was calculated using Qiime (1.9.1) for beta diversity distance matrix. Sequence data are stored in the NCBI sequence read archive, and the biological project registration number PRJNA989108.



2.4 Statistical analysis

The data measured were collated using Excel 2019 software, and statistical analyses were performed using multivariate analysis of variance (ANOVA) of variance with the SPSS program version 20.0 (SPSS Corporation, Chicago, Illinois, United States). The significance of differences of means between groups was tested by Duncan’s test. When p < 0.05, the difference was significant.




3 Results and discussion


3.1 Characteristics of fresh HMEC of before ensiling

The chemical composition of the fresh HMEC before ensiling are shown in Table 1. The contents of several important indicators such as DM, CP, NDF, Starch and WSC in HMEC were 66.63%/FM, 9.54%/DM, 22.87%/DM, 67.73%/DM, and 2.99%/DM, respectively.



TABLE 1 Chemical composition of the fresh HMEC before ensiling.
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3.2 Effects of additives and moisture on the nutrient composition of HMEC

The effects of additives and moisture on the chemical composition of HMEC silage are shown in Table 2. When additives were the main effect, the DM, CP and starch contents were significantly higher in the TQ and KT than those in the CK (p < 0.05), and the NDF, ADF and WSC contents were significantly lower than those in the CK (p < 0.05). When feed moisture content was the main effect, the DM content of each treatment group significantly decreased with increasing moisture content (p < 0.05). The CP content of low moisture groups was significantly higher than that in medium moisture and high moisture treatment groups (p < 0.05). The WSC content of CK-H was significantly lower than those in CK-M and CK-L (p < 0.05). The ADF and starch contents in the TQ-L and KT-L were significantly lower than those in their medium moisture and high moisture treatment groups (p < 0.05). The interaction of additives with the moisture content had a significant effect on DM, CP, Starch and WSC contents (p < 0.05).



TABLE 2 Effects of different additives and moisture on nutrient contents of HMEC.
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3.3 Effects of additives and moisture on the quality of HMEC fermentation

The effects of additives and moisture on the fermentation quality of HMEC are shown in Table 3. When additives were the main effect, the pH and NH3-N of TQ and KT were significantly lower than those of CK (p < 0.05), and the lactic acid and acetic acid content were significantly higher than those of CK (p < 0.05). When moisture was the main effect, the pH of each group decreased significantly (p < 0.05) and NH3-N content increased significantly (p < 0.05) with increasing moisture content. Acetic acid and NH3-N content of KT-L were significantly lower than that of KT-M and KT-H (p < 0.05). The lactic acid content of the TQ-M was significantly lower than that of TQ-L and TQ-H (p < 0.05). And the lactic acid content of the KT-L was significantly lower than that of the other two moisture treatment groups of KT (p < 0.05). The interaction of additives with the moisture content had significant effects on pH, Lactic acid, Acetic acid and NH3-N contents (p < 0.05).



TABLE 3 Effects of different additives and moisture on fermentation parameters of HMEC.
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3.4 Effects of different treatments on the diversity of bacterial communities in HMEC

Table 4 shows the alpha-diversity of bacterial communities in HMEC with different treatments. In total, 1,252,078 valid sequences of 16S rRNA were obtained from 27 samples in this study and clustered into 963 OTU. Shannon and Simpson indices showed that when additives were the main effect, community richness was significantly higher in the TQ group than that in the CK group (p < 0.05). Species richness was significantly lower in remaining moisture treatment groups in KT than that those in the CK group, except in the low moisture treatment group (p < 0.05); when moisture was the main effect, species richness in the CK-L and KT-L was significantly lower than the remaining two moisture treatments in CK and KT (p < 0.05), while species richness in the TQ-H was significantly lower than the remaining two moisture treatments in this group (p < 0.05). The interaction of additives with the moisture content significantly effected on Shannon and Simpson index (p < 0.05). The coverage of all groups in this experiment was above 99%, indicating that the sequencing results represented the true picture of microorganisms in the samples. The results of β-diversity analysis of HMEC for each treatment group are shown in Figure 1, and from the principal component analysis (PCA), it can be seen that PCo1 and PCo2 were 47.87 and 16.43%, respectively. Meanwhile, the bacterial communities of the two additive treatment groups were separated from each other and from the treatment groups without additives, and the bacterial communities of each moisture treatment group were also significantly separated except for the KT-H and KT-M.



TABLE 4 Alpha diversity of bacterial communities in HMEC with different treatments.
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FIGURE 1
 Principal component analysis (PCA) of bacterial community of HMEC under different treatment conditions. CK, control; TQ, Lactobacillus plantarum and Lactobacillus brucei; KT, Lactococcus lactis and Lactobacillus brucei; L, 37.5% moisture contents; M, 42.5% moisture contents; H, 47.5% moisture contents.




3.5 Effects of different treatments on the relative abundance of bacteria in HMEC

The relative abundance of bacterial community of HMEC with different treatments is shown in Figure 2. From the community bar diagram, it can be seen that after 180 days of silage, Phylum Firmicutes, Proteobacteria, and Actinomycetes were the top three bacterial phyla attached to HMEC in each treatment group. The relative abundance of the Phylum Firmicutes increased significantly with increasing moisture content in all treatment groups, except for the TQ-M and CK-H treatment groups (Figure 2A). The relative abundance of the Phylum Firmicutes was high in CK-H, KT-M, and KT-H, all exceeding 90%, and lowest in the TQ-M group (37.79%). The relative abundance of Proteobacteria was highest in TQ-M (52.30%). The relative abundance of Proteobacteria in TQ group was significantly higher than that in KT and CK groups, while the relative abundance of Phylum Firmicutes was significantly lower than that in KT group. Figure 2B shows the abundance of bacterial communities at different genus levels. Lactobacillus (62.28%), Rhodococcus (14.06%), and Erwinia (4.29%) were the top three dominant genera in CK-L; Lactobacillus (63.85%), Rummeliibacillus (23.32%), and Oceanobacillus (4.9%) were the top three dominant genera in CK-M; Lactobacillus (55.10%), Rhodococcus (21.52%), and Erwinia (12.5%) were the top three dominant genera of CK-H. When the additives are added, the relative abundance of Lactobacillus in KT increased comparing with CK. The relative abundance of HMEC Lactobacillus for the three moisture species ranked as KT-H > KT-M > KT-L. In TQ the relative abundance of Lactobacillus in the partial moisture treatment group was reduced relative to CK. The relative abundance of TQ-L (3.01%) and TQ-M (34.1%) Lactobacillus was decreased compared to both CK-L (68.3%) and CK-M (63.9%). The relative abundance of TQ-H Lactobacillus (73.82%) was higher than that of CK-H (55.1%). The dominant genus for TQ-L changed to Leuconostoc (53.81%) and for TQ-M to Serratia (42.27%).

[image: Figure 2]

FIGURE 2
 Relative abundance of bacterial community by phylum (A) and genus (B) for HMEC. CK, control; TQ, Lactobacillus plantarum and Lactobacillus brucei; KT, Lactococcus lactis and Lactobacillus brucei; L, 37.5% moisture contents; M, 42.5% moisture contents; H, 47.5% moisture contents.


The LEfSe method was used to assess differences in microbial communities between TQ and KT (Figure 3; LDA threshold of 4). In the CK group, four bacterial species were significantly enriched, with Bacillales (LDA score, 4.60) having the highest LDA score. In the TQ group, eight bacterial species were significantly enriched, with the highest LDA score for Probeobacteria (LDA score, 5.14). In the KT group, four bacterial species were significantly enriched, with Lactobacillus (LDA score, 5.38) having the highest LDA score. These results suggest that HMEC silage supplemented with different additives differed somewhat in the abundance of species in specific communities.

[image: Figure 3]

FIGURE 3
 Distribution and evolutionary branching of LDA values of different species in HMEC treated with different additives. (A) Diagram of the evolutionary branching of different species. The dots radiating from the inner to outer circles represent the level of classification from phylum to genus. Each dot on the different taxonomic levels represents a group at each level, and the diameter of the circle reflects the relative abundance of the group. The species with insignificant differences were yellow dots. Red dots represent microbial groups that play an important role in the CK (control), blue dots represent microbial groups that play an important role in the TQ (Lactobacillus plantarum and Lactobacillus brucei), and green dots represent microbial groups that play an important role in the KT (Lactococcus lactis and Lactobacillus brucei). (B) Distribution of LDA values of different species. The LDA discriminant histogram counts the microbial taxa with significant effects in each group, and the longer the length of the histogram, the greater the effect of species abundance on the differential effect.




3.6 Association between microbial communities and chemical indicators

Heat maps synthesized based on Spearman correlations (genus level; Figure 4) show the associations between the top 10 species and fermentation parameters at the total abundance of microbial community taxonomic level. In this study, Lactobacillus was negatively correlated with pH (R = −0.476), and positively correlated with lactic acid (R = 0.521) and acetic acid (R = 0.559). The Leuconostoc was positively correlated with DM content (R = 0.603) and negatively correlated with NH3-N content (R = −0.544). The DM content was positively correlated with Acinetobacter (R = 0.45) and Serratia (R = 0.403).

[image: Figure 4]

FIGURE 4
 Spearman correlation heat map of bacterial genus abundance and chemical indicators. DM, dry matter; WSC, water-soluble carbohydrate; AN, ammonia nitrogen; LA, lactic acid; AA, acetic acid.





4 Discussion


4.1 Effects of different treatments on the nutrient composition of HMEC

DM is essential for the efficient use of fermented feeds. Research demonstrated that a higher DM content could effectively hinder the growth and reproduction of harmful bacteria such as Clostridium and Escherichia coli, as well as reduce the breakdown of nutrients by these bacteria (Cai and Kumai, 1994; Yitbarek and Tamir, 2014). The present experiment found that the DM content in the TQ and KT groups, which were treated with different additives, was significantly higher than DM in the CK. This is due to the use of mixed LAB additives, which allow beneficial bacteria such as LAB to grow and multiply rapidly and produce large amounts of lactic acid, inhibiting the growth and multiplication of harmful bacteria, and reducing DM consumption.

In silage, good fermentation quality is always accompanied by good nutrient preservation. In this study, it was found that the addition of LAB could improve the CP content of HMEC to some extent. It is speculated that LAB may have improved the nutritional value of HMEC by reducing the degradation of protein during silage or inhibiting the decomposition of spoilage microorganisms, thus reducing the NH3-N content of total nitrogen and indirectly increasing the CP content. This is consistent with the study of Li et al. (2012), who found that after 150 d of fermentation in maize inoculated with a complex LAB preparation, the NH3-N content was significantly lower and the CP content was significantly higher compared to the control.

The lower NDF and ADF content in the TQ and KT compared to the CK may be due to their higher organic acid production, which hydrolyzes more structural carbohydrates (Jiang et al., 2020). In general, the acid hydrolysis of structural carbohydrates is accompanied by the release of WSC (Desta et al., 2016). However, in this experiment, the WSC content in the TQ and KT was lower than that in the CK, which was due to the fact that a large amount of WSC was converted to organic acid, ethanol and carbon dioxide by LAB after the addition of LAB additives, which led to a decrease in the WSC content (Muck et al., 2018; Wang S. et al., 2018). This is in agreement with the findings of Kleinschmit and Kung (2006).



4.2 Effects of different treatments on HMEC fermentation parameters

The pH, lactic acid, and NH3-N are the most important indicators of silage fermentation quality (Hashemzadeh-Cigari et al., 2014). A suitable pH not only inhibits the growth of undesirable microorganisms, but also reduces the content of volatile fatty acids in the silage, keeps the organic acid content in the appropriate fermentation range, and reduces the decomposition of nutrients in the forage, resulting in better preservation of the forage. In this experiment, except for the medium moisture treatment group TQ, the pH of all the moisture treatment groups was significantly lower than the CK, and the lactic acid content was significantly higher than the CK. Homofermentative LAB can ferment WSC to lactic acid rapidly in the early silage stage, so that the pH drops rapidly, creating conditions for the subsequent initiation of Lactobacillus brucei (Torriani et al., 1992; Borreani et al., 2018). Therefore, the use of mixed fermentative LAB increases the lactic acid content of HMEC during the fermentation process. The increase in pH and the decrease in lactic acid content in TQ-H may due to Leucococcus as the dominant genus in the bacterial community. Cai et al. (1998) found that usually Leucococcus was not as capable of acid production as Lactobacillus and did not cause as significant a pH decrease as Lactobacillus. Subsequently, with the increase of moisture, the content of LAB in the medium moisture treatment group of TQ was significantly higher due to the more active growth of LAB at higher moisture content (Ferraretto et al., 2018), but at this time, the number of Leucococcus decreased substantially with the increase of moisture, due to the good antibacterial effect of the Leucococcus, it can inhibit the growth and reproduction of Escherichia coli such as Serratia, and the reduction of its number causes Escherichia coli such as Serratia to compete with LAB and Leucococcus for nutrients,thus increasing the number of Serratia and inhibiting the growth of Lactobacillus and Leucococcus (Heron et al., 2010; Liu et al., 2022). This resulted in an increase in pH and the lactic acid content decreased in the moisture treatment group in TQ.

Acetic acid is a promoter of aerobic stability during fermentation and an effective inhibitor of fungi (Le Lay et al., 2016). The addition of additives in this experiment significantly increased the content of acetic acid because both additives contain Lactobacillus brucei, which is a heterotypic fermenting LAB, and its metabolites include lactic acid and acetic acid. The acetic acid content of the KT group was higher than that of the TQ group due to the rapid growth and reproduction of Lactococcus lactis in the KT at the early stage of fermentation, which makes the pH drop rapidly and inhibits other microorganisms reproduction (Zhao et al., 2021) and allowed Lactobacillus brucei to start earlier. The decrease in NH3-N content in the treated group could be attributed to the inoculation of the LAB additive that inhibited the growth of Clostridium and the trypsin activity of Mycobacterium (Oliveira et al., 2017).



4.3 Effects of different treatments on the diversity of bacterial communities in HMEC

The fermentation process encompasses a complex symbiotic system involving numerous microorganisms. Microbial structural composition and diversity affect fermentation quality and nutrient composition. It is generally considered that the microbial diversity of raw materials should be drastically reduced after silage and replaced by LAB (Jiang et al., 2020). In this experiment, the species diversity of the KT treatment group was significantly lower than that of the CK and TQ groups as shown by the Shannon and Simpson indices, which might be because the additives in the KT treatment group contained Lactococcus lactis, and the acid production rate of Lactococcus lactis was greater than that of Lactobacillus plantarum at the early stage of fermentation under low oxygen conditions. Lactococcus lactis could make the initial pH of silage drop rapidly. With the rapid formation of the acidic anaerobic state, Lactococcus lactis became the dominant flora and further acid production lowered the pH to below 4.2, thus inhibiting the reproduction of spoilage microorganisms in the aerobic stage and reducing the bacterial diversity in the silage (Zhao et al., 2021).

The results of PCA can be used to distinguish bacterial communities in different treatment groups. HMEC from each treatment in this experiment were individually aggregated within a narrow range, indicating good reproducibility of the samples and significant separation and differences in the distribution and composition of the microbial community across treatments. This result suggested that different total classes of additives as well as different moisture could significantly affect the microbial composition of HMEC, which is in agreement with the results of Xu et al. (2022) about the effect of moisture and additives on the microbial composition of the community in silage.



4.4 Effects of different treatments on the relative abundance of bacteria in HMEC

Silage is formed by microbial communities in an extremely complex environment, and bacteria play an important role in the whole fermentation process (Yi et al., 2019). It has been shown that the Phylum Firmicutes can produce acid and secrete a variety of enzymes in an anaerobic environment, and that anaerobic and low pH environments help to promote the growth and reproduction of thick-walled bacteria (Wang Y. et al., 2018; Ali et al., 2020). In the present experiment, the relative abundance of Phylum Firmicutes was also significantly higher with the increase of moisture in the KT group, possibly due to the rapid fermentation of Lactococcus lactis which lowered the pH of HMEC and provided strong conditions for the growth and propagation of Phylum Firmicutes (Lin et al., 1992; Cai and Kumai, 1994). The Phylum Firmicutes gate can break down macromolecules such as cellulose and starch (Romero et al., 2017). Therefore, it is inferred that the changes in cellulose composition in the KT-treated group in this experiment were related to the high abundance of the Phylum Firmicutes. The decrease in abundance of the Phylum Firmicutes and the increase in abundance of the Anamorphic phylum in the water-treated group in TQ may be due to the lack of tolerance to low pH in the strains of the TQ additive, leading to the growth of other harmful bacteria.

In addition, we investigated the variation of bacterial communities in HMEC at the genus level. Lactobacilli are known to play a key role in increasing lactic acid and lowering pH, and high abundance of Lactobacillus has become a symbol of high quality silage (Mu et al., 2020). In the present study, we found that the relative abundance of Lactobacillus increased significantly with increasing moisture in the TQ and KT treatment groups. This may be due to the fact that with increasing moisture, the metabolism of Lactobacillus accelerated, rapidly lowering the pH of the silage, preventing the growth of undesirable microorganisms and creating an ideal environment for Lactobacillus to flourish. However, there was a significant decrease in the abundance of Leucococcus and a significant increase in the abundance of Serratia in the in TQ-H. It is inferred that this may be because the moisture content of the TQ-L group inhibited the growth of Lactobacillus and made Leucococcus the dominant genus. Subsequently, with the increase of moisture, the growth of Leucococcus was inhibited and the pH increased slightly, and the inhibition of Escherichia coli such as Serratia marcescens was weakened, and it competed with Lactobacillus and Leucococcus marcescens for nutrients, resulting in Escherichia coli such as Serratia marcescens becoming the dominant genus (Heron et al., 2010; Weyker et al., 2016). Hou et al. (2022) studied the changes in microbial communities during silage fermentation in native forages on the Inner Mongolian plateau, and their results also indicated that the abundance of Leucococcus significantly decreased with the increase in forage moisture.



4.5 Relationship between fermentation parameters and bacterial communities

Studies have shown an interaction between bacterial communities and fermentation parameters (McAllister et al., 2018). Spearman correlation heat map in this experiment showed the correlation of pH, LA, AA, NH3-N, and WSC with bacterial community. The abundance of Lactobacillus was positively correlated with lactic acid content and acetic acid content and negatively correlated with pH, which is consistent with the findings of Mu et al. (2020). This is mainly due to the fact that lactic acid produced by the metabolism of LAB can rapidly lower the pH of HMEC and that rapid acidification plays a key role in inhibiting the biological activity of harmful bacteria and preserving feed nutrients (Lv et al., 2020). The negative correlation between acetic acid content and abundance of harmful bacteria such as Pseudomonas aeruginosa may be due to the inhibitory effect of acetic acid on harmful bacteria such as Pseudomonas aeruginosa. A similar finding was made by Feng et al. (2022) who showed that acetic acid could inhibit the growth of Pseudomonas aeruginosa by altering its membrane permeability, membrane potential and reduction potential. A positive correlation between DM content and abundance of pseudomonas is also consistent with our results showing that the higher water content inhibited the growth of pseudomonas. The negative correlation between DM abundance and NH3-N content may be due to the good antibacterial effect of DM, which inhibits the hydrolysis of proteins by harmful bacteria such as E. coli (Liu et al., 2022).




5 Conclusion

Combining the nutrient content, silage quality and bacterial diversity of HMEC, it can be concluded that both water content and additives had significant effects on the silage quality of HMEC. Both TQ and KT additives enhanced the fermentation quality of HMEC and increased the abundance of Lactobacillus TQ additive was more suitable for high moisture HMEC. The number of LAB increased with higher moisture for both additives. When the raw material moisture was 42.5% and above, the abundance of Lactobacillus exceeded 90% in the KT group. Considering that the higher the moisture was, the more serious the hydrolysis of protein and other nutrients could be, the moisture could be limited at about 42.5% with KT additive, which could better preserve the nutrients of HMEC.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

JL and KG designed the trial protocol and completed the article. JL, ZL, SS, and XZ performed the experiments. JL, WZ, XrZ, JB, and ZY completed the collation and statistical analysis of the trial data. KG completed the writing and grammatical corrections to the article. All authors contributed to the article and approved the submitted version.



Funding

This work was conducted with financial support from the Beijing innovation team of Livestock Industry System (BAIC05-2023).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Ali, N., Wang, S., Zhao, J., Dong, Z., Li, J., Nazar, M., et al. (2020). Microbial diversity and fermentation profile of red clover silage inoculated with reconstituted indigenous and exogenous epiphytic microbiota. Bioresour. Technol. 314:123606. doi: 10.1016/j.biortech.2020.123606 

 Association of Official Agricultural Chemists [AOAC] (2012). Official methods of analysis of the AOAC International, 19th Edn. Washington, MD: AOAC International.

 Borreani, G., Tabacco, E., Schmidt, R. J., Holmes, B. J., and Muck, R. E. (2018). Silage review: factors affecting dry matter and quality losses in silages. J. Dairy Sci. 101, 3952–3979. doi: 10.3168/jds.2017-13837 

 Cai, Y., Benno, Y., Ogawa, M., Ohmomo, S., Kumai, S., and Nakase, T. (1998). Influence of lactobacillus spp. from an inoculant and of weissella and leuconostoc spp. from forage crops on silage fermentation. Appl. Environ. Microbiol. 64, 2982–2987. doi: 10.1128/AEM.64.8.2982-2987 

 Cai, Y., and Kumai, S. (1994). The proportion of lactate isomers in farm silage and the influence of inoculation with lactic acid bacteria on the proportion of l-lactate in silage. Nihon Chikusan Gakkaiho. 65, 788–795. doi: 10.2508/chikusan.65.788

 Desta, S. T., Yuan, X. J., Li, J. F., and Shao, T. (2016). Ensiling characteristics, structural and nonstructural carbohydrate composition and enzymatic digestibility of Napier grass ensiled with additives. Bioresour. Technol. 221, 447–454. doi: 10.1016/j.biortech.2016.09.068

 Dubois, M., Gilles, K. A., Hamilton, J. K., Rebers, P. A., and Smith, F., (1956). Colorimetric method for determination of sugars and related substances. Anal. Chem. 28, 350–356.

 Feng, L., Xu, M., Zeng, W., Zhang, X., Wang, S., Yao, Z., et al. (2022). Evaluation of the antibacterial, antibiofilm, and anti-virulence effects of acetic acid and the related mechanisms on colistin-resistant pseudomonas aeruginosa. BMC Microbiol. 22:306. doi: 10.1186/s12866-022-02716-6 

 Ferraretto, L. F., Shaver, R. D., and Luck, B. D. (2018). Silage review: recent advances and future technologies for whole-plant and fractionated corn silage harvesting. J. Dairy Sci. 101, 3937–3951. doi: 10.3168/jds.2017-13728 

 Ferraretto, L. F., Taysom, K., Taysom, D. M., Shaver, R. D., and Hoffman, P. C. (2014). Relationships between dry matter content, ensiling, ammonia-nitrogen, and ruminal in vitro starch digestibility in high-moisture corn samples. J. Dairy Sci. 97, 3221–3227. doi: 10.3168/jds.2013-7680 

 Hao, G., Yang, S., Yanhong, Y., Qifan, R., Xia, W., Dandan, L., et al. (2020). Microbial community and fermentation dynamics of corn silage prepared with heat-resistant lactic acid bacteria in a hot environment. Microorganisms 8:50719. doi: 10.3390/microorganisms8050719 

 Hashemzadeh-Cigari, F., Khorvash, M., Ghorbani, G. R., Ghasemi, E., Taghizadeh, A., et al. (2014). Interactive effects of molasses by homofermentative and heterofermentative inoculants on fermentation quality, nitrogen fractionation, nutritive value and aerobic stability of wilted alfalfa (medicago sativa l) silage. J. Anim. Physiol. Anim. Nutr. 98, 290–299. doi: 10.1111/jpn.12079 

 Heron, S. J. E., Wilkinson, J. F., and Duffus, C. M. (2010). Enterobacteria associated with grass and silages. J. Appl. Microbiol. 75, 13–17. doi: 10.1111/j.1365-2672.1993.tb03401.x

 Hoffman, P. C., Esser, N. M., Shaver, R. D., Coblentz, W. K., Scott, M. P., et al. (2011). Influence of ensiling time and inoculation on alteration of the starch-protein matrix in high-moisture corn. J. Dairy Sci. 94, 2465–2474. doi: 10.3168/jds.2010-3562 

 Hou, M., Wang, Z., Sun, L., Jia, Y., Wang, S., and Cai, Y. (2022). Characteristics of lactic acid bacteria, microbial community and fermentation dynamics of native grass silage prepared in inner mongolian plateau. Front. Microbiol. 13:1072140. doi: 10.3389/fmicb.2022.1072140 

 Huntington, G. B., Harmon, D. L., and Richards, C. J. (2006). Sites, rates, and limits of starch digestion and glucose metabolism in growing cattle. J. Anim. Sci. 84, E14–E24. doi: 10.2527/2006.8413_supple14x

 Jiang, F. G., Cheng, H. J., Liu, D., Wei, C., An, W. J., Wang, Y. F., et al. (2020). Treatment of whole-plant corn silage with lactic acid bacteria and organic acid enhances quality by elevating acid content, reducing ph, and inhibiting undesirable microorganisms. Front. Microbiol. 11:593088. doi: 10.3389/fmicb.2020.593088 

 Keshri, J., Chen, Y., Pinto, R., Kroupitski, Y., Weinberg, Z. G., and Sela, S. S. (2018). Microbiome dynamics during ensiling of corn with and without lactobacillus plantarum inoculant. Appl. Microbiol. Biotechnol. 102, 4025–4037. doi: 10.1007/s00253-018-8903-y 

 Kleinschmit, D. H., and Kung, L. J. (2006). A meta-analysis of the effects of lactobacillus buchneri on the fermentation and aerobic stability of corn and grass and small-grain silages. J. Dairy Sci. 89, 4005–4013. doi: 10.3168/jds.S0022-0302(06)72444-4 

 Kung, L. J., Schmidt, R. J., Ebling, T. E., and Hu, W. (2007). The effect of lactobacillus buchneri 40788 on the fermentation and aerobic stability of ground and whole high-moisture corn. J. Dairy Sci. 90, 2309–2314. doi: 10.3168/jds.2006-713 

 Le Lay, C., Coton, E., Le Blay, G., Chobert, J. M., Haertle, T., et al. (2016). Identification and quantification of antifungal compounds produced by lactic acid bacteria and propionibacteria. Int. J. Food Microbiol. 239, 79–85. doi: 10.1016/j.ijfoodmicro.2016.06.020 

 Li, Y., Yu, C., Zhu, W., and Shao, T. (2012). Effect of complex lactic acid bacteria on silage quality and in vitro dry matter digestibility of corn straw. J. Anim. Vet. Adv. 11, 1395–1399. doi: 10.3923/javaa.2012.1395.1399

 Lin, C., Bolsen, K. K., Brent, B. E., and Fung, D. Y. C. (1992). Epiphytic lactic acid bacteria succession during the pre-ensiling and ensiling periods of alfalfa and maize. J. Appl. Microbiol. 73, 375–387. doi: 10.1111/j.1365-2672.1992.tb04992.x

 Liu, S., Lu, S. Y., Qureshi, N., Enshasy, H., and Skory, C. D. (2022). Antibacterial property and metagenomic analysis of milk kefir. Probiot. Antimicrob. Proteins. 14, 1170–1183. doi: 10.1007/s12602-022-09976-8 

 Lv, J., Fang, X., Feng, G., Zhang, G., Zhao, C., Zhang, Y., et al. (2020). Effects of sodium formate and calcium propionate additives on the fermentation quality and microbial community of wet brewers grains after short-term storage. Animals 10:91608. doi: 10.3390/ani10091608 

 McAllister, T. A., Duniere, L., Drouin, P., Xu, S., Wang, Y., Munns, K., et al. (2018). Silage review: using molecular approaches to define the microbial ecology of silage. J. Dairy Sci. 101, 4060–4074. doi: 10.3168/jds.2017-13704 

 Mu, L., Xie, Z., Hu, L., Chen, G., and Zhang, Z. (2020). Cellulase interacts with lactobacillus plantarum to affect chemical composition, bacterial communities, and aerobic stability in mixed silage of high-moisture amaranth and rice straw. Bioresour. Technol. 315:123772. doi: 10.1016/j.biortech.2020.123772 

 Muck, R. E., Nadeau, E., McAllister, T. A., Contreras-Govea, F. E., Santos, M. C., and Kung, L. J. (2018). Silage review: recent advances and future uses of silage additives. J. Dairy Sci. 101, 3980–4000. doi: 10.3168/jds.2017-13839 

 Oliveira, A. S., Weinberg, Z. G., Ogunade, I. M., Cervantes, A. A. P., Arriola, K. G., et al. (2017). Meta-analysis of effects of inoculation with homofermentative and facultative heterofermentative lactic acid bacteria on silage fermentation, aerobic stability, and the performance of dairy cows. J. Dairy Sci. 100, 4587–4603. doi: 10.3168/jds.2016-11815 

 Oude Elferink, S. J. W. H., Krooneman, J., Gottschal, J. C., Spoelstra, S. F., Faber, F., and Driehuis, F. (2001). Anaerobic conversionof lactic acid to acetic acid and 1,2-propanediol by lactobacillus buchneri. Acid and 1,2-propanediol by lactobacillus buchneri. Appl. Environ. 67, 125–132. doi: 10.1128/AEM.67.1.125-132.2001 

 Owens, V. N., Albrecht, K. A., and Muck, R. E. (2002). Protein degradation and fermentation characteristics of unwilted red clover and alfalfa silage harvested at various times during the day. Grass Forage Sci. 57, 329–341. doi: 10.1046/j.1365-2494.2002.00333.x

 Purwin, C., Opyd, P. M., Baranowska, M., and Borsuk-Stanulewicz, M. (2022). The effect of diets containing high-moisture corn or triticale grain on animal performance and the fatty acid composition of lamb muscles. Animals 12:223130. doi: 10.3390/ani12223130 

 Qi, G. H., Wu, S. G., Tu, Y., and Diao, Q. Y. (2002). Research on the nutritional value and application of new forage corn. Animal Husbandr. Vet. Med. 34, 141–145. doi: ConferenceArticle/5aa5e5d3c095d72220e3a77d

 Romero, J. J., Zhao, Y., Balseca-Paredes, M. A., Tiezzi, F., Gutierrez-Rodriguez, E., and Castillo, M. S. (2017). Laboratory silo type and inoculation effects on nutritional composition, fermentation, and bacterial and fungal communities of oat silage. J. Dairy Sci. 100, 1812–1828. doi: 10.3168/jds.2016-11642 

 Taylor, C. C., and Kung, L. J. (2002). The effect of lactobacillus buchneri 40788 on the fermentation and aerobic stability of high moisture corn in laboratory silos. J. Dairy Sci. 85, 1526–1532. doi: 10.3168/jds.S0022-0302(02)74222-7 

 Torriani, S., Dellaglio, F., Palummeri, M., Coscia, L., and Baetens, M. (1992). Detection and characterization of epiphytic lactic acid bacteria on growing plants of maize zea mays l. and lucerne medicago sativa l. with relationship with animal feeding. Ann. Microbiol. Enzimol. 39, 793–797. doi: 10.1039/b009327k

 Troller, J. A., and Stinson, J. V. (1981). Moisture requirements for growth and metabolite production by lactic acid bacteria. Appl. Environ. Microbiol. 42, 682–687. doi: 10.1128/aem.42.4.682-687.1981 

 Van Soest, P. J., Robertson, J. B., and Lewis, B. A. (1991). Methods for dietary fiber, neutral detergent fiber, and nonstarch nolysaccharides in relation to animal nutrition. J. Dairy Sci. 74, 3583–3597. doi: 10.3168/jds.S0022-0302(91)78551-2

 Wang, S., Li, J., Dong, Z., Lei, C., Yuan, X., and Tao, S. (2018). The effects of lactic acid bacteria strains isolated from various substrates on the fermentation quality of common vetch (vicia sativa l.) in Tibet. Grass Forage Sci. 73, 639–647. doi: 10.1111/gfs.12363

 Wang, Y., Wang, C., Zhou, W., Yang, F. Y., Chen, X. Y., and Zhang, Q. (2018). Effects of wilting and lactobacillus plantarum addition on the fermentation quality and microbial community of moringa oleifera leaf silage. Front. Microbiol. 9:1817. doi: 10.3389/fmicb.2018.01817 

 Wardynski, F. A., Rust, S. R., and Yokoyama, M. T. (1993). Effect of microbial inoculation of high-moisture corn on fermentation characteristics, aerobic stability, and cattle performance. J. Anim. Sci. 71, 2246–2252. doi: 10.2527/1993.7182246x 

 Weyker, R. E., Glass, K. A., Milkowski, A. L., Seman, D. L., and Sindelar, J. J. (2016). Controlling listeria monocytogenes and leuconostoc mesenteroides in uncured deli-style Turkey breast using a clean label antimicrobial. J. Food Sci. 81, M672–M683. doi: 10.1111/1750-3841.13232 

 Wu, Z., Luo, Y., Bao, J., Luo, Y., and Yu, Z. (2020). Additives affect the distribution of metabolic profile, microbial communities and antibiotic resistance genes in high-moisture sweet corn kernel silage. Bioresour. Technol. 315:123821. doi: 10.1016/j.biortech.2020.123821 

 Xu, J., Zhang, K., Lin, Y., Li, M., Wang, X., Yu, Q., et al. (2022). Effect of cellulase and lactic acid bacteria on the fermentation quality, carbohydrate conversion, and microbial community of ensiling oat with different moisture contents. Front. Microbiol. 13:1013258. doi: 10.3389/fmicb.2022.1013258 

 Yi, D., Zhao, X., Guo, X., Jiang, Y., Wang, C., Lai, X., et al. (2019). Evaluation of carrying capacity and spatial pattern matching on urban-rural construction land in the Poyang Lake urban agglomeration. Chin. J. Appl. Ecol. 30, 627–636. doi: 10.13287/j.1001-9332.201902.004 

 Yitbarek, M. B., and Tamir, B. (2014). Silage additives. Open. J. Appl. Sci. 4, 258–274. doi: 10.4236/ojapps.2014.45026

 Zhang, Y., Liu, Y., Meng, Q., Zhou, Z., and Wu, H. (2020). A mixture of potassium sorbate and sodium benzoate improved fermentation quality of whole-plant corn silage by shifting bacterial communities. J. Appl. Microbiol. 128, 1312–1323. doi: 10.1111/jam.14571 

 Zhao, S., Yang, F., Wang, Y., Fan, X., Feng, C., and Wang, Y. (2021). Dynamics of fermentation parameters and bacterial community in high-moisture alfalfa silage with or without lactic acid bacteria. Microorganisms 9:61225. doi: 10.3390/microorganisms9061225 

 Zheng, M., Niu, D., Zuo, S., Mao, P., Meng, L., and Xu, C. (2018). The effect of cultivar, wilting and storage period on fermentation and the clostridial community of alfalfa silage. Ital. J. Anim. Sci. 17, 336–346. doi: 10.1080/1828051X.2017.1364984



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Effect of additives and moisture on the fermentation quality and bacterial community of high moisture ear corn



		1 Introduction



		2 Materials and methods



		2.1 Silage preparation



		2.2 Chemical composition and fermentation characteristics analysis



		2.3 Microbial community analysis



		2.4 Statistical analysis









		3 Results and discussion



		3.1 Characteristics of fresh HMEC of before ensiling



		3.2 Effects of additives and moisture on the nutrient composition of HMEC



		3.3 Effects of additives and moisture on the quality of HMEC fermentation



		3.4 Effects of different treatments on the diversity of bacterial communities in HMEC



		3.5 Effects of different treatments on the relative abundance of bacteria in HMEC



		3.6 Association between microbial communities and chemical indicators









		4 Discussion



		4.1 Effects of different treatments on the nutrient composition of HMEC



		4.2 Effects of different treatments on HMEC fermentation parameters



		4.3 Effects of different treatments on the diversity of bacterial communities in HMEC



		4.4 Effects of different treatments on the relative abundance of bacteria in HMEC



		4.5 Relationship between fermentation parameters and bacterial communities









		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References



















OPS/images/cover.jpg
' frontiers | Frontiers in Microbiology

Eeff ct of additives and moisture
on the fermentation quality and
bacterial community of high
moisture ear corn












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






OPS/images/fmicb-14-1251946-t001.jpg
Items Fresh HMEC

DM(% FM)* 66.63+0.55
CP(% DM) 954£0.10
NDF(% DM) 2287067
ADF(% DM) 13.13£025
Ash(% DM) 1424003
Starch(% DM) 67.73£0.50
WSC(% DM) 299008

‘FM, fresh matter; DM, dry matter; CP, crude protein; NDF, neutral detergent fiber; ADF,
acid detergent fiber; WSC, water-soluble carbohydrate.





OPS/images/fmicb-14-1251946-t002.jpg
Moisture Treatments®

TQ
L “62.90" 64.67" 6387
DM (% FM)* M 53.70% 6053 58.50% 0324 <0.001 <0001 <0.001
H 50.77% 5450 54,60
L 840" 953 933
CP (% DM) M 7.43% 8.50% 837 0128 <0.001 <0001 <0.001
H 7.23% 8.27% 810%
L 217" 2007 1933
NDF (% DM) M 237" 1970% 17.03% 0291 <0.001 <0001 0.189
203" 1947% 17.40°
L 1153 1037% 8.73%
ADF (% DM) M 1193 107" 9.10% 0.260 <0.001 <0001 0114
H 1233 11.90% 1080
L 140 138 137
Ash (% DM) M 136 139 140 0024 0.943 0.675 0641
H 141 139 140
L 63.93" 67.97" 67.87%
Starch (% DM) M 63.63" 6623 66,50 0376 <0.001 <0001 <0.001
H 6257 65.37% 66434
L 074 016" 021%
WSC (% DM) M 067 014" 015" 0017 <0.001 <0001 0028
H 058" o® 017"

Values in the same row with different uppercase leter superscripts mean significant difference (p<0.05), and values in the same column under the same item with different lowercase letter
superscripts mean significant difference (p<0.05).

'CK, control group; TQ, HMEC with Lactobacillus plantarum and Lactobacillus brucei;
moisture contents; H, 47.5% moisture contents.

W, effect of corn moisture; T, effect of additives; W, effect ofthe interaction between additives and moisture.

EM, fresh matter; DM, dry matter; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; WSC, water-soluble carbohydrate.

T, HMEC with Lactococcus lactis and Lactobacillus brucei; L, 37.5% moisture contents; M, 42.5%






OPS/images/fmicb-14-1251946-g003.jpg
o_Bacillales.

f_Planococcaceae

g__Erwinia

g_ Pantoea
f_Lactobacillaceae
9__Lactobacillus
o_ Lactobacilales
c_ Bacilli
p__Firmicutes.

soomuns—d

7
2

H

25 3
LDA SCORE(log10)

s

ss

mCcK
mTQ
WKT





OPS/images/fmicb-14-1251946-g004.jpg
05
o
Lactobacillus
N
Rummeliibacillus
Rhodococcus:

Leuconostoc

Pseudomonas





OPS/images/fmicb-14-1251946-t003.jpg
Moisture Treatments® P-value®

TQ w
L a42v 4.04™ 3920
pH M 415% 409" 387 0.038 <0.001 <0.001 0003
H 417 385" 380
L L56™ 244% 253
Lactic acid (%
i) M 1.68° 222" 276" 0,034 <0.001 <0.001 <0.001
H 175% 258% 278
L 0.23% 038" 044"
M 014 0.34% 058" 0013 <0.001 0342 <0.001
H 0.12% 045" 0544
L 0.04 005 005
Propionic acid (%
oA M 0.04 005 005 0.005 0.144 0526 0852
0.04 005 005
L ND ND ND
Butyric acid (%
ND ND ND - - - -
DM)
H 001 ND ND
L 13.43% 11.20% 12.07%
NH:-N (% TN) M 19.97% 17.10% 1487 0.388 <0.001 <0.001 <0.001
H 26.40% 2060 17.87%

Values in the same row with different uppercase letter superscripts mean significant difference (<0.05), and values in the same column under the same item with different lowercase letter
superscripts mean significant difference (p<0.05).

'CK, control group; TQ, HMEC with Lactobacillus plantarum and Lactobacillus brucei; K, HMEC with Lactococcus lactis and Lactobacillus brucei; L, 37.5% moisture contents; M, 42.5%
molsture contents; H, 47.5% moisture contens.

W, effect of corn moisture; T, effect of additives; W*T, effect of the interaction between additives and moisture.





OPS/images/fmicb-14-1251946-t004.jpg
Moisture Treatments®

TQ
L 143" BT 153
Shannon M 140" 198" 0.30% 0172 <0001 0.005 0.002
H 179% 170* 0.19%
L 047% 032 038"
Simpson M 038" 0.23% 088™ 0039 <0.001 <0.001 <0001
H 028" 043" 093

Values in the same row with different uppercase letter superscripts mean significant difference (<0.05), and values in the same column under the same item with different lowercase letter
superscripts mean significant difference (p<0.05).

"CK, control group; TQ, HMEC with Lactobacillus plantarum and Lactobacillus brucei; K, HMEC with Lactococcus lactis and Lactobacillus bruceis L, 37.5% moisture contents; M, 42.5%
moisture contents; H, 47.5% moisture contents.

‘W, effect of corn moisture; T, effect of additives; W=T, effect of the interaction between additives and moisture.





OPS/images/fmicb-14-1251946-g001.jpg
PC2(16.43%)

0.8

0.6

1
=
!

"
N
h

-0.24

-0.4 T
03 -02 -01

0.1

02 03 04
PC1(47.87%)

0.5

0.6

0.7

0.8





OPS/images/fmicb-14-1251946-g002.jpg
I I Bonars
o5
04

H
5
H
H
H
:
g
H

B Sporosacina
norank {_norank_o_Chioopast
W Sonogovacierm
[y —
Excherchia sngeta
oank {_upaciorceso

o
& e & & & &
" . = = I - - Lactobacilus.
= o
il =
=
HE - . oy
H W Rummelibacitis
H B cotnien
g
£
E
E
8
:
<

[P ———
Woers






