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Abstract

:

(1) Background: Suitable harvest maturity stage selection and microbial inoculation during anaerobic fermentation are effective strategies for improving the quality of triticale (×Triticosecale) silage for ruminant nutrition. (2) Methods: In the present study, the fermentation characteristics, microbial communities, and their correlations were evaluated for triticale silages, as affected by Lactiplantibacillus plantarum (LP) inoculation at the heading, flowering, filling, milk-ripening, and wax-ripening stages. (3) Results: The results indicate that the filling and milk-ripening stages without LP inoculation resulted in lower pH and higher lactic acid than other harvest maturity stages (p < 0.05). Inoculating with LP decreased the pH at each harvest maturity stage, except for the filling stage, and increased the lactic acid concentration at the heading and filling stages (p < 0.05). The bacterial dynamics indicated that the abundances of Lactiplantebacilli and Monascus of the triticale silages without the LP inoculation were different between the harvest maturity stages (p < 0.05), and the abundance of Enterobacters was different between the harvest maturity stages in the triticale silage (p < 0.05). Remarkably, negative correlations were found between the Lactiplantebacillus, Monascus, and pH and positive correlations were found between the Lactiplantebacillus, Monascus, and lactic acid content (p < 0.05). (4) Conclusions: The filling and milk-ripening stages were the most suitable harvest maturity stages for the triticale silage. Inoculation with LP could enhance the fermentation quality, increase the abundances of beneficial microorganisms, and inhibit harmful microorganisms in triticale silage.
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1. Introduction


Triticale (×Triticosecale) is a new species that is artificially synthesized from Triticum and Secale [1] and is favored by an increasing number of breeders for ruminant nutrition [2,3] due to its high biomass and rich nutritional value [4]. It can be planted during the winter and spring fallow seasons after corn harvesting and is grown in many countries as a forage crop [5]. Therefore, the preservation of triticale is urgently needed to effectively improve this source of high-quality forage. Silage is an effective method for preserving forage [6]. However, deteriorated silage seriously affects the growth and development of ruminant animals and poses certain risks to their physical health [7,8]. Therefore, reasonable silage harvest maturity stage and effective additives are needed for high-quality fermented forage.



The appropriate harvest maturity stage is an important factor in obtaining high-quality anaerobic fermented forage, as the crude protein (CP) content gradually decreases and the neutral detergent fiber (αNDF) and acid detergent fiber (ADF) contents increase as the harvest maturity stage progresses [9], which also affect the silage fermentation quality and the digestibility and intake of the forage. Furthermore, there are differences in the microbial community attached to the surface of the forage during different harvest maturity stages, and the ability to produce organic acids under anaerobic conditions varies [10]. Exogenous lactic acid bacteria (LAB) can be added to forage surfaces at certain harvest maturity stages to improve organic acids production in anaerobic environments, thereby rapidly reducing the pH and preserving high-quality forage [6,11].



A thorough understanding of the bacterial and fungal composition and its correlation with fermentation indicators can reveal the main functions of the dominant microorganisms in the anaerobic fermentation process of ensiled forage [6,12]. Consequently, an adequate understanding of the microbial composition of anaerobic fermented forage can help farmers to choose the appropriate harvest maturity stage for ensiling [10]. Beneficial microorganisms can accelerate organic acid production and further improve the fermentation performance of fermented forage [13]. Undesirable microorganisms not only deplete the nutrients of fermented forage but may also generate substances that are harmful to the health of ruminants [7,14]. Lactiplantibacillus plantarum (LP) is a widely used lactic acid bacterium that can improve the production rates of organic acids, rapidly reduce the pH in the initial stages of forage fermentation, and improve the fermentation quality of forage [15]. Nevertheless, Escherichia coli, Clostridium, and yeast may generate harmful substances and compete for carbohydrates with LAB, thus preventing the formation of organic acids and resulting in the inability of the pH to expeditiously decrease in the initial stages of ensiling, and the quality of forage will deteriorate [7,16]. A lower pH can prevent the reproduction of undesirable microorganisms and enhance the aerobic stability [12].



There are types of LAB used in forage ensiling, and LP is one of the effective LAB. It has been reported that Lactobacillus rhamnosus, which is one of the LAB, improved anaerobic fermentation profiles, enriched Lactiplantibacillus spp., and decreased microbial richness with diversity, which led to an increased efficiency of lactic acid fermentation of triticale silage at early heading and heading stages [10]. The effect of LP on the fermentation characteristics and dynamics of microbial communities during triticale anaerobic fermentation at different harvest maturity stages has not been reported. Additionally, fungal community dynamics in triticale silage at different harvest maturity stages have also not been studied. In our study, we investigated the impacts of LP on the fermentation performance and microbial community (both bacterial and fungal) dynamics of triticale silage at five harvest maturity stages. The findings of our study were beneficial for screening the appropriate harvest maturity stages and improving the fermentation profiles by inoculating with LP for high-quality triticale silage. The bacterial and fungal community dynamics and their correlation with fermentation characteristics after anaerobic fermentation were studied in an attempt to elucidate the influence of bacteria and fungi on the fermentation characteristics of triticale silage.




2. Materials and Methods


2.1. Triticale Sowing and Overview


The experimental site was located at the Jiyang Experimental Demonstration Base of the Shandong Academy of Agricultural Sciences (36°59′ N, 116°59′ E), in Jinan, Shandong, China. This region belongs to the warm temperate semihumid and semiarid monsoon zone, with four distinct seasons and simultaneous rainfall and heat. Triticale (Shida No. 1) was planted on 27 October 2021 with no fertilizers or herbicides throughout the cultivation, with a sowing rate of 150 kg/ha and a sowing line spacing of 30 cm.




2.2. Silage Material and Ensiling


The triticale was harvested at the heading, flowering, filling, milk-ripening, and wax-ripening stages. At each harvest maturity stage, approximately 10 kg of the triticale was harvested with a sickle by hand and 5 cm of stubble was left. Subsequently, a chopper (9Z-0.4, Jinniu Machinery Factory Rongyang, Zhengzhou, China) was instantly used to chop the triticale into 1 to 2 cm pieces. Three replicates of the prepared material were kept to evaluate the chemical composition of the triticale before silage. The LP additive was screened from sheepskin-soaking liquid by the team that were responsible for the forage production, processing, and utilization at the China Agricultural University [17]. The LP (1 × 106 cfu/g FW) was dissolved in distilled water (1% of the fresh weight) and sprayed on the prepared triticale. Simultaneously, the same volume of distilled water was sprayed onto the prepared triticale as a control (CK). A total of 750 g of the mixed triticale from the heading, flowering, and filling stages; 650 g of the mixed triticale from the milk-ripening stage; and 530 g of the mixed triticale from the wax-ripening stage were weighed and packed into a 1 L polyethylene bottle. Meanwhile, 7.5 mL of distilled water and diluted liquid from the heading, flowering, and filling stages; 6.5 mL of distilled water and diluted liquid from the milk-ripening stage; and 5.3 mL of distilled water and diluted liquid from the wax-ripening stage were sprayed into a 1 L polyethylene bottle. We used a hammer to strike a wooden stick and place the weighed samples of the prepared triticale into polyethylene bottles layer by layer. The bottles were covered and sealed with plastic wrap, and then the outer cover was placed on the bottles and sealed with transparent tape. A total of 75 bottles (5 harvest maturity stages × 2 additives × 3 duplicates) were prepared in our study. All the filled and sealed silage bottles were stored at room temperature (25 °C) for 45 d until opening.




2.3. Fermentation Profile and Chemical Composition


On the opening day, 6 bottles (3 replicates × 2 additives) were opened, and 20 g of each sample was weighed into 180 mL of distilled water, homogenized with a blender for 60 s, and consecutively filtered with 4 layers of nylon gauze and qualitative filter paper. Immediately after, a pH meter (Five Easy Plus FE28, Mettler Toledo Co., Ltd., Shanghai, China) was used to measure the silage pH. The content of ammonia nitrogen (NH3-N) was measured with the method of Broderick and Kang [18]. High-performance liquid chromatography (HPLC) was used to test the contents of lactic acid (LA), acetic acid (AA), propionic acid (PA), and butyric acid (BA) [19].



The dry matter (DM) of the triticale was produced with an oven (GZX-9140MBE, Shanghai Boxun Co., Ltd., Shanghai, China) at 65 °C for 48 h. The dried triticale samples were then passed through a 1 mm sieve for chemical composition analysis. According to AOAC [20] standards, the crude protein (CP) content was detected with an automatic Kjeldahl nitrogen apparatus (Kjeltec 2300 AutoAnalyzer, FOSS Analytical AB, Hoganas, Sweden). A fiber analyzer (A2000I, Ankom Technology, Macedon, NY, USA) was used to detect the contents of αNDF and ADF [21]. The αNDF analysis used sodium sulfite and thermostable α-amylase. The anthrone method was used to detect the water-soluble carbohydrate (WSC) content [22].




2.4. Microbial Community Composition


All the silage samples were analyzed by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). The microbial genomic DNA extraction of the triticale silage samples was carried out according to the manufacturer’s instructions. Then, 1.0% agarose gel electrophoresis and a NanoDrop® ND-2000 spectrophotometer (Thermo Scientific Inc., Waltham, MA, USA) were used to test the quality and concentration of the DNA, and the DNA was saved at −80 °C until the next procedure. The primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) [23] were amplified at the hypervariable region V3-V4 of the bacterial 16S rRNA gene by an ABI GeneAmp® 9700 PCR thermocycler (ABI, Foster City, CA, USA). The fungal ITS gene primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′) were amplified in the in vivo transcriptional spacer 1 (ITS1) region of ribose. The PCR mixture was amplified and extracted according to the previous method [23]. On an Illumina MiSeq PE300 platform/NovaSeq PE250 platform (Illumina, San Diego, CA, USA), the purified amplicons were combined in equimolar amounts and pair-end sequenced according to standard protocols by the biological company. The data processing was undertaken according to the previous method [10].




2.5. Statistical Analyses


All statistical analyses were implemented using SAS 9.4 software (SAS Institute Inc., Cary, NC, USA), and the results are given as mean values. The ANOVA procedure was used to test the effects of the additive for each harvest maturity stage or harvest maturity stage for each additive. The model used was


Y = μ + Si + eij or Y = μ + Ai + eij,








where Y is the response variable, μ is the overall mean, Si is the effect of harvest maturity stage, Ai is the effect of additive, and εij is the residual error. Duncan’s multiple range test was used for the post hoc mean comparisons.



The effects of the additive treatments, harvest maturity stages, and their interactions on each parameter were tested with the GLM procedure in SAS. The model used was


Yijk = μ + Si + Aj + (S × A)ij + eijk,








where Yijk is the dependent variable representing the response for the harvest maturity stage i observed in additive j, μ is the mean, Si is the harvest maturity stage effect, Aj is the additive effect, (S × A)ij is the interaction effect, and eijk is the residual error. Significance was considered at p ≤ 0.05. The microbial data analysis was conducted on the Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) Cloud platform (https://cloud.majorbio.com) and can be accessed on 11 September 2024.





3. Results


3.1. Chemical Compositions of Triticale before Ensiling


The chemical compositions of the triticale before ensiling at different harvest maturity stages are shown in Table 1. As the harvest maturity stage progressed, the DM content before ensiling the triticale tended to gradually increase and the CP content tended to gradually lower (p < 0.001). The αNDF and ADF contents first became lower and then became greater but not significantly, while the WSC content first tended to increase and then tended to decrease (p < 0.001).




3.2. Fermentation Characteristics of Triticale after Ensiling


The impacts of the different harvest maturity stages and LP on the fermentation characteristics of the triticale silage are shown in Table 2. The harvest maturity stage and additive exhibited effects on the pH and LA, AA, PA, BA, and NH3-N contents, while the harvest maturity stage and additive showed interactive effects on the pH and AA content (p < 0.05). As the harvest maturity stage progressed, the pH of the CK group gradually lowered, and the pH of the wax-ripening stage was undesirable, the pH of which was significantly greater than that of the other harvest maturity stages. However, the pH of the LP group decreased to less than 4.2 during the wax-ripening stage. The pH of the LP group was lower than that of the CK group (p < 0.01), except for the filling stage. The LA contents in the filling and milk-ripening stages were greater than those in the other harvest maturity stages (p < 0.01). The AA content in the CK group during the filling stage was greater than those in the flowering, milk-ripening, and wax-ripening stages, while the AA contents in the LP group during the heading and filling stages were greater than those in the other harvest maturity stages (p < 0.01). The PA contents in the CK and LP groups during the milk-ripening stage was greater than those in the other harvest maturity stages (p < 0.01). Notably, in the CK group, only a small amount of BA was detected during the flowering stage, while in the LP group, a small amount of BA was detected during all the harvest maturity stages. The possible reason for this was that the inoculation with LP increased the richness of the LAB, which produced more LA than did the CK group and provided more substrates for the Clostridium, which resulted in the production of a small amount of BA. The NH3-N content gradually increased with the delay in the harvest maturity stage, regardless of whether the silages were inoculated with the LP or not, and the NH3-N content in the wax-ripening stage was greater than those in the other harvest maturity stages (p < 0.01).




3.3. Bacterial Changes in Triticale after Ensiling


A total of 1,308,955–560,926,484 optimized sequences were obtained, with an average sequence length of 428 bp, and the observed richness of the OTUs was a 97% sequence similarity. The alpha diversities of the bacteria in the triticale silages at different harvest maturity stages are shown in Table 3. The coverage values of all the samples were greater than 0.99, which suggests that the sequencing depth was sufficient to reveal the complete bacterial diversity of the samples. The harvest maturity stage had an impact on the Sobs, Simpson, and Chao indices; the additive had an impact on the Shannon and Simpson indices; and the harvest maturity stage and additive had an interactive effect on the Simpson index (p < 0.05). The bacteria Shannon indices and Simpson indices of the triticale inoculated with LP or not differed during the different harvest maturity stages (p < 0.01). The Shannon indices during the milk and wax-ripening stages were greater than those during the heading and filling stages in the CK group, and those during the heading and flowering stages were greater than those during the filling stage in the LP group (p < 0.05). The Shannon index of the CK group was greater than that of the LP group during the flowering stage. The Simpson indices at the heading and filling stages were greater than those at the other harvest maturity stages in the CK group, and those at the heading and flowering stages were lower than those at the other harvest maturity stages in the LP group (p < 0.05). The Simpson indices of the CK group were lower than those of the LP group during the flowering, milk-ripening, and wax-ripening stages. The Ace index of the LP group during the flowering stage was lower than those during the other harvest maturity stages (p < 0.05).



The PCoA of the bacterial diversity of the triticale silages at different harvest maturity stages is shown in Figure 1A. The PCoA proclaimed that component 1 and component 2 explained 62.44% and 19.35% of the total data variance, respectively. The separation distances of the CK group during the flowering, milk-ripening, and wax-ripening stages were greater than those of the other harvest maturity stages, which indicates that the species composition differed significantly between these three harvest maturity stages.



At the OTU level, the numbers of common and unique bacterial species after the ensiling of triticale at different harvest maturity stages are shown in Figure 2A. There were 28 common bacterial communities in all the silages. During the heading stage, the CK and LP groups were unique to 7 and 9 species, the flowering stage was unique to 4 and 5 species, the filling stage was unique to 65 and 38 species, the milk-ripening stage was unique to 59 and 28 species, and the wax-ripening stage was unique to 42 and 13 species.



In total, 21 bacterial phyla, 41 classes, 105 orders, 186 families, 398 genera, and 540 species were found in all the triticale silage samples. Among these phyla, Firmicutes and Proteobacteria had relatively high abundances, and among the genera, Lactiplantibacillus and Enterobacter had relatively high abundances.



At the phylum level, the main species of the triticale silage at different harvest maturity stages were Firmicutes and Proteobacteria (Figure 3A). The abundances of Firmicutes, Proteobacteria, and Cyanobacteria were significantly different in the CK group during the different harvest maturity stages (Figure 4A–C). The abundance of Firmicutes in the CK group tended to first increase and then decrease with the postponement of the harvest maturity stage (p < 0.05). The richnesses of Firmicutes at the heading, flowering, and filling stages were greater than 83%, and the richness at the flowering stage reached 92% (Supplementary Table S1). The richnesses of Firmicutes at the milk-ripening and wax-ripening stages decreased to 56% and 43%, respectively (Figure 4A, Supplementary Table S1). However, the abundance of Firmicutes after the addition of LP was greater than 90% and there was no significant difference (Supplementary Table S1). In addition, the richnesses of Proteobacteria increased to 42% and 54% during the milk-ripening and wax-ripening stages, respectively (Figure 4B, Supplementary Table S1).



At the genus level, the most abundant bacterial flora were Lactiplantiscillus and Enterobacter (Figure 3B). Except for the wax-ripening stage (accounting for 31%), the abundance of Lactiplantebacilli in the CK treatment exceeded 50% at all other harvest maturity stages (Figure 4D, Supplementary Table S2). However, the abundance of Lactipllantibacillus in the LP treatment group was greater than 82% (Supplementary Table S3). The abundances of Enterobacters and unclassified_f__Enterobacteriaceae were greater in the CK treatment than in the LP treatment and decreased after the LP treatment, but with no significant difference (Supplementary Table S4). During the flowering stage, the richness of Leuconostoc was relatively high and decreased after the addition of LP, but with no significant difference (Supplementary Table S4). During the heading and flowering stages, the richness of Levilactobacillus accounted for approximately 3.6% (Figure 4F). However, after the addition of LP during the heading stage, its richness decreased, while it increased during the flowering stage (Figure 5C). The abundance of Levilactobacillus in the LP group was higher during the flowering stage, and the abundances of the Leuconostoc and Latilactobacillus decreased (Supplementary Table S4). There was no difference in the bacteria genera between the CK and LP groups at each harvest maturity stage (Supplementary Table S4).



The Spearman correlation between the bacteria at the genus level and fermentation characteristics is shown in Figure 6A. Lactiplantibacillus was positively correlated with the LA and AA and negatively correlated with the pH. This indicates that Lactiplantibacillus was beneficial for producing more organic acids, which reduced the pH of the silage. Enterobacter and unclassified_f_Enterobacteriaceae were positively correlated with the pH; the Enterobacter was negatively correlated with the LA, PA, and BA; and unclassified_f_Enterobacteriaceae was negatively correlated with both the LA and PA. The abundance of the Enterococcus was positively correlated with the pH and negatively correlated with the BA. Leuconostoc was negatively correlated with the AA content, which was different from the findings that Leuconostoc was positively correlated with the LA content and negatively correlated with the pH. Levilactobacillus was negatively correlated with the LA content. Furthermore, Levilactobacillus, Lentilactobacillus, and Latilactobacillus were all negatively correlated with the AN content. Weissella was positively correlated with the pH, and negatively correlated with the LA, AA, PA, and BA contents.




3.4. Fungal Changes in Triticale after Ensiling


A total of 1,813,750–41,365,1791 optimized sequences were obtained, with an average sequence length of 228 bp and OTUs with a 97% sequence similarity. The alpha diversity of the fungal diversity of the triticale silages at different harvest maturity stages is shown in Table 4. The coverage values of all the samples were greater than 0.99, which suggests that the sequencing depth was sufficient to reveal the complete fungal diversity of the samples. The harvest maturity stage had an impact on the Shannon and Simpson indices, while the additives had an impact on the Sobs, Shannon, Simpson, and Chao indices. The harvest maturity stage and additives had an interactive effect on the Shannon indices (p < 0.05). The Shannon indices of the CK group at the heading and flowering stages were greater than those at the milk-ripening stage (p < 0.05), and the Shannon indices at the filling and milk-ripening stages were lower than those at the other harvest maturity stages in the LP group (p < 0.01). And the Shannon index of the LP group was lower than that of the CK group during the milk-ripening stage (p < 0.01). The Simpson indices of the LP group during the filling and milk-ripening stages were significantly greater than those of the other harvest maturity stages. And the Simpson index of the LP group was higher than that of the CK group during the filling stage (p < 0.05).



The PCoA results of the fungal diversity of the triticale silages at different harvest maturity stages is shown in Figure 1B. The PCoA revealed that component 1 and component 2 explained 45.61% and 15.16% of the total data variance, respectively. There was perfect separation and differences in the distribution and structure of the fungal population between each harvest maturity stage and treatment. This indicated that the fungal communities of the different harvest maturity stages and treatments were distinct. The CK and LP sample points during the heading and flowering stages were relatively close, mostly in the third quadrant, which indicates a similar fungal composition. The wax-ripening stage samples were all in the second quadrant, and the distance was relatively close. The filling and milk-ripening stage sample points were separated in the first and second quadrants, which indicates a relatively rich fungal community.



At the OTU level, the number of common and unique fungal species after the ensiling of triticale at different harvest maturity stages are shown in Figure 2B. There were 28 common fungal communities in all the silages. During the heading stage, the CK and LP groups were unique to 93 and 52 species, respectively; the flowering stage was unique to 53 and 24 species; the filling stage was unique to 37 and 8 species; the milk-ripening stage was unique to 20 and 11 species; and the wax-ripening stage was unique to 245 and 28 species.



In total, 11 fungal phyla, 38 classes, 90 orders, 204 families, 393 genera, and 641 species were found in all the triticale silage samples. Among these phyla, Ascomycota and Basidiomycota had relatively high abundances, and among the genera, Monascus, Cladosporium, and Filobasidium had relatively high abundances.



At the phylum level, the main species in the triticale silage at different harvest maturity stages were Ascomycota and Basidiomycota (Figure 7A). The abundances of Ascomycota and Basidiomycota in the CK group showed no significant difference during the different harvest maturity stages (Figure 8, Supplementary Table S5). After the addition of LP, the abundances of Ascomycota were significant difference during different harvest maturity stages, where the wax-ripening stage was significantly lower than the heading, filling, and milk-ripening stages (Figure 9A, Supplementary Table S5). The abundance of Basidiomycota in the LP group showed a significant difference during the different harvest maturity stages, where the wax-ripening stage was significantly higher than the heading, filling, and milk-ripening stages (Figure 9B; Supplementary Table S5).



At the genus level, the most abundant fungal flora were Monascus, Cladosporium, Filobasidium, Vishniacozyma, and Tetrapisispora (Figure 7B). The most common fungal communities during the heading and wax-ripening stage, as well as those in the CK group during the flowering stage, were Cladosporium and Alternaria, which represented more than 14% and 12%, respectively (Supplementary Tables S6 and S7). During the filling and milking stages, as well as in the LP group during the flowering stage, the fungal genus with the greatest abundance was Monascus, which exceeded 27% (Supplementary Tables S6 and S7). The abundance of Monascus in the milk-ripening stage was significantly higher than in the heading, flowering, and wax-ripening stages in the CK group (Figure 8A). In addition, the abundance of Monascus in the milk-ripening stage was significantly higher than in the heading and wax-ripening stages in the LP group and the abundance of Monascus in the filling stage was significantly higher than in the heading and wax-ripening stages in the LP group (Figure 9C). Additionally, after inoculating with the LP, the abundance of Monascus increased, but no significant difference was found between the CK and LP groups during all the harvest maturity stages (Supplementary Table S8). During the wax-ripening stage, Cladosporium and Filobasidium were the fungal genera with the greatest abundances and they displayed significant differences during the harvest maturity stages, no matter whether they were with or without LP (Figure 8B,C and Figure 9D,F). There was no difference in the fungi genera between the CK and LP groups at each harvest maturity stage (Supplementary Table S8).



The Spearman correlation between the fungi at the genus level and the fermentation characteristics is shown in Figure 6B. It was found that the pH was negatively correlated with Monascus and Tetrapisispora and positively correlated with Cladosporium, Alternaria, Penicillium, and Sporidiobolus. In addition, the LA and PA contents were negatively correlated with Cladosporium, Alternaria, Cystofilobasidium, Penicillium, Sporidiobolus, and Epicoccum and positively correlated with Monascus and Tetrapisispora. This suggests that Monascus and Tetrapisispora may play a positive role in the acid production of silage fermentation, while Cladosporium, Alternaria, Penicillium, and Sporidiobolus were not conducive to producing organic acid during the fermentation process of silage.





4. Discussion


In our study, the DM content of the triticale increased and the CP content gradually decreased before ensiling as the harvest maturity stage progressed; this finding is similar to a previous result [10]. Evidence shows that as the harvest maturity stage is delayed, the αNDF and ADF contents of forage gradually increase [24]. Nevertheless, the αNDF and ADF contents of triticale before ensiling decreased first and then increased as the harvest maturity stage progressed in our study, while the WSC content first increased and then decreased. This difference was possibly because as the harvest maturity stage progressed, the increase in the WSCs and starch contents in the triticale resulted in a gradual decrease in the αNDF and ADF contents. Then, as the maturity of the triticale progressed and the degree of lignification increased, the contents of the αNDF and ADF tended to increase again. Therefore, the triticale showed lower αNDF and ADF contents and higher WSC content during the filling and milking stages, which indicates that the triticale exhibited greater nutritional value between these two maturity stages and was conducive to successful silage fermentation.



The fermentation characteristics showed a similar trend with the chemical composition content of the triticale before ensiling. It is widely believed that a pH higher than 4.2 is undesirable for silage [25]. In our study, the pH of the triticale silage was lower than 4.2 at all harvest maturity stages, except for the CK group during the wax-ripening stage (4.81). In addition, the silage LA content was lower and the NH3-N content was higher in the CK group during the wax-ripening stage. It is considered that a silage pH higher than 4.2 is not a good silage for ruminants. However, after the addition of LP, the pH of the triticale silage was lowered to 4.2 at the wax-ripening stage. It is considered that the addition of LP resulted in a rapid growth of the LAB, which led to a well-conserved silage [26]. The interactive analysis showed that the pH of the LP group was significantly lower than that of the CK group. This indicates that the addition of LP was necessary during the wax-ripening stage to improve the fermentation characteristics of the triticale. It was found in the interactive analysis that the LA content in the LP group was significantly greater than that in the CK group in our study, which indicates that inoculating with LP was beneficial for lactic acid fermentation to produce more LA, which was more conducive to producing successful triticale silage. This was similar to a previous finding where L. rhamnosus could increase the LA content [10,27]. Notably, we found that a small amount of BA was detected only during the flowering stage in the CK group, while a small amount of BA was detected at all harvest maturity stages in the LP group. This was different from a finding where the LAB addition could reduce the BA content [10]. The possible reason was that compared with the CK group, the LP inoculation increased the abundance of Lactiplantebacilli, which produced more LA; meanwhile, this provided more substrates for the Clostridium, which resulted in the production of a small amount of BA. The NH3-N content gradually increased as the harvest maturity stage progressed, possibly because as the maturity of the triticale progressed, the moisture content decreased, which was not conducive to the rapid reproduction of the LAB, reduction in the pH, and production of organic acids to inhibit protein hydrolysis, which resulted in the amount of protein hydrolysis being increased. Meanwhile, the CP content gradually decreased as the maturity progressed, which therefore resulted in a gradual decrease in the content of NH3-N. The NH3-N content of the CK group was greater than that of the LP group during the heading and flowering stages, which was possibly because LP inoculation during the two harvest maturity stages resulted in rapid LA accumulation and formed an acidic environment that could effectively inhibit the proteolysis caused by proteinases and/or proteolytic microorganisms [27,28].



In our study, the interactive analysis of the bacterial alpha diversity showed that the Shannon index of the LP group was significantly lower than that of the CK group. The decrease in the Shannon and Simpson indices indicates that the diversity of the bacteria decreased, which may have been due to the addition of the LP, which caused rapidly forming anaerobic and acidic environments and a rapid decrease in the pH of the triticale silage, which resulted in a large increase in the quantity of Lactiplantebacilli and the diversity of aerobic epiphytic bacteria decreased [29]. It has been reported that the addition of L. rhamnosus was shown to reduce the Simpson index; this finding was opposite to our study [10].



It has been reported that most of the dominant bacterial populations involved in silage belong to Firmicutes [16]. In our study, the abundance of Firmicutes in the CK group first increased and then decreased with the postponement of the harvest maturity stages. This indicates that as the harvest maturity stage progressed, the beneficial bacteria on the surface of the triticale for silage tended to decrease. Moreover, the abundance of Firmicutes after the addition of LP was greater than 90%, which indicates that inoculating with LP significantly increased the abundance of beneficial bacteria and decreased the abundance of undesirable bacteria. This is similar to our earlier reported result that Lactiplantibacillus is the dominant bacteria in silage [6]. We found that except for the CK group during the wax-ripening stage, Lactiplantebacilli was the dominant bacteria genera, where the abundance of Lactiplantebacilli exceeded 50%, and in the LP group, the abundance was greater than 82%. It has been reported that grass and maize silage inoculated with LAB showed reductions in E. coli and Enterobacteria with increased LAB levels [30]. The abundances of Enterobacters and unclassified_f__Enterobacteriaceae were significantly lower in the LP treatment than in the CK treatment in our study. This indicates that successful silage includes the dominant Lactipllantibacillus and the disappearance of Enterobacters [31]. It has been reported that Leuconostoc is one of the most dominant bacteria in silages [32]. In our study, we found that the abundance of Leuconostoc was higher during the flowering stage, which decreased significantly after the addition of LP. It has been reported that Levilactobacillus was a minor taxon in high- and low-moisture whole-corn silage, where it accounted for 0.31% and 0.14%, respectively [33]. We found that the abundance of Levilactobacillus in the CK group was approximately 3.6% during the heading and flowering stages, and its abundance decreased after the addition of LP during the heading stage, while the abundance increased during the flowering stage. The possible reason for this was that after the addition of the LP, the abundance of Lactipllantibacillus was dominant during the heading stage and inhibited the proliferation of Levilactobacillus and Enterobacters [34]. Nevertheless, the addition of LP resulted in an increased abundance of Levilactobacillus during the flowering stage, which inhibited the reproduction of Leuconostoc and Latilactobacillus. It was found that the control group showed a lower abundance of Leuconostoc than the fructose group in alfalfa silage [35]. Interestingly, we found that the abundance of Leuconostoc was greater in the CK group during the flowering stage of the triticale silage, and lower after the addition of the LP. This indicates that adding fructose may increase the abundance of Leuconostoc in silage, while adding LP may reduce its abundance.



It has been reported that Lactiplantibacillus is beneficial for producing more organic acids, thereby reducing the pH of silage. In our study, we found that Lactiplantibacillus was positively correlated with the LA and AA and negatively correlated with the pH. This finding was similar to a previous study that showed that the LA concentration was positively correlated with Lactiplantibacillus [36]. We found that the abundance of Enterobacter, unclassified_f_Enterobacteriaceae, and Enterococcus were positively correlated with the pH, and the abundance of Enterobacter and unclassified_f_Enterobacteriaceae were negatively correlated with the LA and PA contents. This indicates that Enterobacter, unclassified_f_Enterobacteriaceae, and Enterococcus were undesirable in the silage fermentation [37]. It was found that the abundance of Leuconostoc was positively correlated with the LA content and negatively correlated with the pH [6]. However, we found that the abundance of Leuconostoc was negatively correlated with the AA content, which was different from a previous finding. Furthermore, we found that the abundances of Levilactobacillus, Lentilactobacillus, and Latilactobacillus were negatively correlated with the NH3-N content. This suggests that these bacterial genera may inhibit protein degradation in silage, thereby improving the fermentation performance, but this needs further research. In our study, the abundance of Weissella was positively correlated with pH and negatively correlated with the LA, AA, PA, and BA contents, which indicates that Weissella may have been unfavorable for the triticale silage. This finding was inconsistent with the finding that the abundance of Weissella was negatively correlated with pH [6]. This may have been due to the different roles played by the same bacteria in the fermentation process of different forage silages.



A PCoA demonstrates the similarity or difference in the composition of a population [32]. In our study, the PCoA results showed better separation and differences in the distribution and structure of the fungal population between each harvest maturity stage and treatment. This indicates that the fungal communities of different harvest maturity stages and treatments were distinct. Furthermore, we found that the abundance of Monascus exceeded 27% during the filling and milking stages, as well as in the LP group during the flowering stage. It has been reported that Monascus fuliginosus was the dominant fungus in the oat silage treated with the PA, which accounted for 25%; this indicates that Monascus was the dominant genera after aerobic exposure and its aerobic stability deteriorated [12]. Another study showed that Monascus ruber was the most common fungus in grass and maize silage, where it accounted for 37% and 29%, respectively [7]. In addition, it has also been reported that Monascus purpureus was one of the predominant fungal genera in high- and low-moisture whole-corn silage, where it accounted for 26.38% and 19.02%, respectively [33]. This indicates that Monascus is a commonly occurring fungus in forage silage, but there is no unified research on its specific function and needs further research. Simultaneously, we found that the abundance of Filobasidium was greater in the LP group than in the CK group during the wax-ripening stage. This indicates that inoculating with the LP was beneficial for the reproduction of Filobassidium, though it may have been detrimental to the aerobic stability of the silages. It has been reported that the abundance of Filobasidium in oat silage supplemented with sodium benzoate was 25%, but no function was found [12]; this needs further research.



We found that the abundances of Monascus and Tetrapisispora were negatively correlated with the pH and positively correlated with the LA and PA contents. This suggests that Monascus and Tetrapisispora may play a positive role in the production during the fermentation process of triticale silage. This was similar to a report that there was a positive correlation with the LA content of Monascus fuliginosus [12]. It has been reported that during fermentation, Monascus can produce various secondary metabolites, such as pigments, lovastatin/monacolin K, polysaccharides, γ-aminobutyric acid (GABA), ergosterol, and citrinin [38]. Monacolin K is a natural statin that acts as an inhibitor of the enzyme 3-hydroxy-3-methyl-glutaryl coenzyme A reductase (HMG-CoA reductase), which prevents the formation of mevalonate from HMG-CoA during cholesterol biosynthesis [39]. However, citrinin is a mycotoxin of food safety concern that can be produced by some Monascus spp., such as Monascus purpureus, during fermentation [40]. The studies revealed aerobic deterioration by the combined activities of Monascus and Candida species in whole-plant corn silages [29]. However, the function of Monascus in the fermentation process of silage is unclear. Therefore, further research on the function of Monascus in silage fermentation is needed. Additionally, Tetrapisispora is an ascomycetous yeast species, the function of which in the fermentation process of silage is not yet clear and further research is needed.




5. Conclusions


The filling to milk-ripening stages were the most suitable harvest maturity stages for the triticale silage, which was characterized by greater lactic acid contents and high abundances of Lactiplantebacillus and Monascus. Adding the LP significantly decreased the pH and produced more lactic acid, which increased the abundance of Lactiplantebacillus and inhibited Enterobacter proliferation during the triticale anaerobic fermentation. Lactiplantebacilli and Monascus were negatively correlated with the pH and positively correlated with the lactic acid content. The silages from the filling to milk-ripening stages were good enough even without the use of a microbial additive containing Lactiplantebacillus. This should be considered by forage processors and breeders to reduce the production cost of silages.
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Figure 1. PCoA (principal co-ordinates) results based on OTU levels of the bacteria (A) and fungi (B) in the triticale silage (n = 3). PC1, principal co-ordinate 1; PC2, principal co-ordinate 2; CK, group with same volume of distilled water added; LP, group with Lactiplantibacillus plantarum added; H, heading stage; F, flowering stage; F1, filling stage; M, milk-ripening stage; W, wax-ripening stage. 
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Figure 2. Petal chart of common and unique bacteria (A) and fungi (B) populations in the triticale silage at different harvest maturity stages. Different colors represent different treatments, with petals representing the number of species unique to the corresponding treatment and the center representing the number of species common to all treatments. CK, group with the same volume of distilled water added; LP, group with Lactiplantibacillus plantarum added; H, heading stage; F, flowering stage; F1, filling stage; M, milk-ripening stage; W, wax-ripening stage. 
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Figure 3. Relative abundances of the bacterial community proportions at the phylum (A) and genus (B) levels and in the triticale silage at different harvesting stages. HCK, control (CK) in the heading period; HLP, Lactiplantibacillus plantarum (LP) added in the heading period; FCK, CK in the flowering period; FLP, LP added in the flowering period; F1CK, CK in the filling period; F1LP, LP added in the filling period; MCK, CK in the milk-ripening period; MLP, LP added in the milk-ripening period; WCK, CK in the wax-ripening period; WLP, LP added in the wax-ripening period. 
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Figure 4. The differential bacterial species of the triticale silage at the phylum and genus (among the top 10 bacterial genera) levels during the different harvest maturity stages of the CK group. * means 0.01 < p ≤ 0.05, ** means 0.001 < p ≤ 0.01, *** means p ≤ 0.001. 
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Figure 5. The different bacterial species of the triticale silage at the genus (among the top 10 bacterial genera) level during the different harvest maturity stages of the LP group. * means 0.01 < p ≤ 0.05, ** means 0.001 < p ≤ 0.01, *** means p ≤ 0.001. 
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Figure 6. Spearman correlation heatmaps for the fermentation characteristics with the top 10 enriched bacteria (A) and fungi (B) at the genus level. Positive correlations are shown in purple and negative correlations are shown in orange. * means 0.01 < p ≤ 0.05, ** means 0.001 < p ≤ 0.01, *** means p ≤ 0.001. 
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Figure 7. Relative abundances of fungal community proportions at the phylum (A) and genus (B) levels and in triticale silage at different harvesting stages. HCK, control (CK) in the heading period; HLP, Lactiplantibacillus plantarum (LP) added in the heading period; FCK, CK in the flowering period; FLP, LP added in the flowering period; F1CK, CK in the filling period; F1LP, LP added in the filling period; MCK, CK in the milk-ripening period; MLP, LP added in the milk-ripening period; WCK, CK in the wax-ripening period; WLP, LP added in the wax-ripening period. 
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Figure 8. The different fungal species of the triticale silage at the phylum (no different fungal species were found) and genus (among the top 10 bacterial genera) level during the different harvest maturity stages of the CK group. * means 0.01 < p ≤ 0.05, ** means 0.001 < p ≤ 0.01, *** means p ≤ 0.001. 
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Figure 9. The different fungal species of the triticale silage at the phylum and genus (among the top 10 bacterial genera) levels during the different harvest maturity stages of the LP group. * means 0.01 < p ≤ 0.05, ** means 0.001 < p ≤ 0.01, *** means p ≤ 0.001. 
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Table 1. Chemical compositions of triticale before ensiling at different harvest maturity stages.
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Harvest Maturity Stages

	
DM

	
CP

	
αNDF

	
ADF

	
WSC




	
%

	
%DM






	
Heading

	
20.59 d

	
11.88 a

	
63.45

	
36.80

	
1.70 c




	
Flowering

	
20.93 d

	
12.40 a

	
59.45

	
34.42

	
2.33 bc




	
Filling

	
33.64 c

	
7.91 b

	
55.40

	
32.85

	
6.52 a




	
Milk ripening

	
39.15 b

	
6.74 bc

	
56.41

	
33.81

	
3.46 b




	
Wax ripening

	
59.96 a

	
5.13 c

	
60.61

	
37.06

	
2.05 bc




	
SEM

	
3.869

	
0.793

	
1.039

	
0.655

	
0.501




	
p-value

	
<0.001

	
<0.001

	
0.079

	
0.163

	
<0.001








Note: DM, dry matter; CP, crude protein; αNDF, neutral detergent fiber; ADF, acid detergent fiber; WSC, water-soluble carbohydrate. SEM, standard error of the means. a–d in the same column indicate significant differences between the different harvest maturity stages on the same chemical composition (p < 0.05).













 





Table 2. Fermentation characteristics of triticale silage treated with or without LP after 45 d of ensiling at different harvest maturity stages.






Table 2. Fermentation characteristics of triticale silage treated with or without LP after 45 d of ensiling at different harvest maturity stages.





	
Items

	
Additives

	
Harvest Maturity Stages

	
SEM

	
p-Value

	
Interaction




	
Heading

	
Flowering

	
Filling

	
Milk Ripening

	
Wax Ripening

	
S

	
A1

	
S*A1






	
pH

	
CK

	
4.17 bA

	
3.99 cA

	
3.89 cd

	
3.79 dA

	
4.81 aA

	
0.098

	
<0.001

	
<0.001

	
<0.001

	
<0.001




	

	
LP

	
3.88 bB

	
3.75 cB

	
3.84 b

	
3.71 cB

	
4.04 aB

	
0.031

	
<0.001

	

	

	




	

	
SEM

	
0.069

	
0.057

	
0.013

	
0.018

	
0.175

	

	

	

	

	




	

	
p-value

	
0.012

	
0.011

	
0.138

	
0.034

	
0.013

	

	

	

	

	




	
LA

	
CK

	
1.62 bB

	
1.50 b

	
2.99 a

	
2.61 a

	
0.47 c

	
0.247

	
<0.001

	
<0.001

	
<0.001

	
0.134




	
%DM

	
LP

	
2.16 bA

	
1.52 b

	
3.74 a

	
3.16 a

	
1.69 b

	
0.255

	
0.002

	

	

	




	

	
SEM

	
0.141

	
0.085

	
0.254

	
0.238

	
0.317

	

	

	

	

	




	

	
p-value

	
0.026

	
0.825

	
0.034

	
0.097

	
0.111

	

	

	

	

	




	
AA

	
CK

	
0.73 abB

	
0.50 cd

	
0.77 aB

	
0.57 bc

	
0.36 d

	
0.044

	
0.001

	
<0.001

	
<0.001

	
0.002




	
%DM

	
LP

	
1.38 aA

	
0.44 b

	
1.30 aA

	
0.79 b

	
0.52 b

	
0.113

	
0.001

	

	

	




	

	
SEM

	
0.152

	
0.041

	
0.134

	
0.082

	
0.076

	

	

	

	

	




	

	
p-value

	
0.008

	
0.604

	
0.014

	
0.131

	
0.482

	

	

	

	

	




	
PA

	
CK

	
0.48 cB

	
0.52 b

	
0.51 bB

	
1.22 a

	
0.26 c

	
0.091

	
<0.001

	
<0.001

	
0.006

	
0.357




	
%DM

	
LP

	
0.82 bA

	
0.44 b

	
0.83 bA

	
1.45 a

	
0.64 b

	
0.109

	
0.015

	

	

	




	

	
SEM

	
0.088

	
0.025

	
0.081

	
0.146

	
0.126

	

	

	

	

	




	

	
p-value

	
0.048

	
0.257

	
0.036

	
0.481

	
0.246

	

	

	

	

	




	
BA

	
CK

	
0.00

	
0.02

	
0.00

	
0.00

	
0.00

	
0.002

	
0.053

	
0.003

	
0.032

	
0.971




	
%DM

	
LP

	
0.01

	
0.02

	
0.01

	
0.01

	
0.01

	
0.002

	
0.156

	

	

	




	

	
SEM

	
0.001

	
0.004

	
0.001

	
0.001

	
0.001

	

	

	

	

	




	

	
p-value

	
0.184

	
0.423

	
0.184

	
0.423

	
0.184

	

	

	

	

	




	
NH3-N

	
CK

	
2.69 eA

	
3.01 dA

	
3.93 c

	
4.17 b

	
5.52 a

	
0.267

	
<0.001

	
<0.001

	
0.005

	
0.449




	
%TN

	
LP

	
2.43 cB

	
2.66 cB

	
3.66 b

	
4.17 b

	
4.97 a

	
0.262

	
<0.001

	

	

	




	

	
SEM

	
0.060

	
0.088

	
0.093

	
0.036

	
0.218

	

	

	

	

	




	

	
p-value

	
0.009

	
0.015

	
0.091

	
1.000

	
0.231

	

	

	

	

	








Note: LA, lactic acid; AA, acetic acid; PA, propionic acid; BA, butyric acid; NH3-N, ammonia nitrogen; DM, dry matter; TN, total nitrogen. CK, group with the same volume of distilled water added; LP, group with Lactiplantibacillus plantarum added. SEM, standard error of the means. a–e in the same row indicate significant differences between the different harvest maturities (p < 0.05). A–B in the same column indicate significant differences between two additive treatments (p < 0.05). S, harvest maturity stages; A1, additives; S*A1 denotes the interaction between the harvest maturity stages and additives.













 





Table 3. Bacterial alpha diversity of triticale silages at different harvest maturity stages.






Table 3. Bacterial alpha diversity of triticale silages at different harvest maturity stages.





	
Items

	
Additives

	
Harvesting Stages

	
SEM

	
p-Value

	
Interaction




	
Heading

	
Flowering

	
Filling

	
Milk Ripening

	
Wax Ripening

	
S

	
A1

	
S*A1






	
Sobs

	
CK

	
70.00

	
66.33

	
167.67

	
121.67

	
120.67

	
12.941

	
0.057

	
0.004

	
0.326

	
0.500




	

	
LP

	
80.67

	
73.33

	
118.33

	
110.67

	
105.67

	
6.394

	
0.098

	

	

	




	

	
SEM

	
3.896

	
2.197

	
16.878

	
10.248

	
18.265

	

	

	

	

	




	

	
p-value

	
0.162

	
0.277

	
0.242

	
0.471

	
0.809

	

	

	

	

	




	
Shannon

	
CK

	
0.78 b

	
1.38 abA

	
0.82 b

	
1.45 a

	
1.54 a

	
0.119

	
0.049

	
0.073

	
<0.001

	
0.086




	

	
LP

	
0.73 a

	
0.74 aB

	
0.36 b

	
0.49 ab

	
0.53 ab

	
0.059

	
0.036

	

	

	




	

	
SEM

	
0.173

	
0.148

	
0.116

	
0.234

	
0.259

	

	

	

	

	




	

	
p-value

	
0.910

	
0.026

	
0.070

	
0.069

	
0.120

	

	

	

	

	




	
Simpson

	
CK

	
0.60 a

	
0.36 bB

	
0.69 a

	
0.38 bB

	
0.33 bB

	
0.045

	
0.006

	
0.002

	
<0.001

	
0.017




	

	
LP

	
0.72 b

	
0.70 bA

	
0.90 a

	
0.85 aA

	
0.82 aA

	
0.027

	
0.003

	

	

	




	

	
SEM

	
0.055

	
0.079

	
0.054

	
0.107

	
0.116

	

	

	

	

	




	

	
p-value

	
0.347

	
0.028

	
0.090

	
0.030

	
0.044

	

	

	

	

	




	
Ace

	
CK

	
136.39

	
132.00

	
202.37

	
148.52

	
191.03

	
12.601

	
0.357

	
0.077

	
0.091

	
0.557




	

	
LP

	
145.01 a

	
108.30 b

	
142.79 a

	
139.38 a

	
158.45 a

	
5.484

	
0.030

	

	

	




	

	
SEM

	
11.482

	
7.530

	
20.923

	
13.341

	
15.037

	

	

	

	

	




	

	
p-value

	
0.794

	
0.246

	
0.233

	
0.546

	
0.490

	

	

	

	

	




	
Chao

	
CK

	
110.79

	
99.23

	
195.34

	
147.46

	
161.92

	
13.119

	
0.170

	
0.024

	
0.352

	
0.649




	

	
LP

	
120.84

	
102.35

	
145.85

	
139.42

	
143.32

	
6.831

	
0.281

	

	

	




	

	
SEM

	
8.150

	
5.912

	
18.095

	
13.723

	
17.863

	

	

	

	

	




	

	
p-value

	
0.546

	
0.844

	
0.281

	
0.571

	
0.761

	

	

	

	

	




	
Coverage

	
CK

	
0.9993

	
0.9992

	
0.9987

	
0.9992

	
0.9989

	
0.000

	
0.226

	
0.078

	
0.694

	
0.396




	

	
LP

	
0.9991

	
0.9992

	
0.9991

	
0.9991

	
0.9990

	
0.000

	
0.441

	

	

	




	

	
SEM

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	

	

	

	

	




	

	
p-value

	
0.183

	
1.000

	
0.214

	
0.860

	
0.774

	

	

	

	

	








Note: CK, group with the same volume distilled water added; LP, group with Lactiplantibacillus plantarum added. SEM, standard error of the means. a–b in the same row indicate significant differences between the different harvest maturities (p < 0.05). A–B in the same column indicate significant differences between two additive treatments (p < 0.05). S, harvest maturity stages; A1, additives; S*A1 denotes the interaction between the harvest maturity stages and additives.













 





Table 4. Fungal alpha diversity of triticale silages at different harvest maturity stages.






Table 4. Fungal alpha diversity of triticale silages at different harvest maturity stages.





	
Items

	
Additives

	
Harvesting Stages

	
SEM

	
p-Value

	
Interaction




	
Heading

	
Flowering

	
Filling

	
Milk Ripening

	
Wax Ripening

	
S

	
A1

	
S*A1






	
Sobs

	
CK

	
172.33

	
126.33

	
131.00

	
70.67

	
212.00

	
21.586

	
0.369

	
0.133

	
0.026

	
0.711




	

	
LP

	
118.67

	
78.00

	
65.00

	
68.33

	
105.00

	
9.364

	
0.383

	

	

	




	

	
SEM

	
25.599

	
15.435

	
21.323

	
8.531

	
46.417

	

	

	

	

	




	

	
p-value

	
0.375

	
0.243

	
0.161

	
0.926

	
0.336

	

	

	

	

	




	
Shannon

	
CK

	
3.54 a

	
3.53 a

	
2.41 ab

	
1.88 bA

	
2.49 ab

	
0.215

	
0.039

	
<0.001

	
0.001

	
0.009




	

	
LP

	
3.32 a

	
2.59 a

	
0.70 b

	
1.03 bB

	
2.38 a

	
0.282

	
0.001

	

	

	




	

	
SEM

	
0.099

	
0.255

	
0.452

	
0.329

	
0.144

	

	

	

	

	




	

	
p-value

	
0.409

	
0.090

	
0.053

	
0.005

	
0.706

	

	

	

	

	




	
Simpson

	
CK

	
0.07

	
0.06

	
0.24 B

	
0.38

	
0.23

	
0.043

	
0.157

	
<0.001

	
0.012

	
0.089




	

	
LP

	
0.09 b

	
0.17 b

	
0.70 aA

	
0.49 a

	
0.16 b

	
0.077

	
0.007

	

	

	




	

	
SEM

	
0.011

	
0.040

	
0.121

	
0.110

	
0.025

	

	

	

	

	




	

	
p-value

	
0.383

	
0.217

	
0.029

	
0.100

	
0.591

	

	

	

	

	




	
Ace

	
CK

	
179.30

	
145.28

	
139.34

	
77.99

	
217.73

	
21.514

	
0.408

	
0.188

	
0.051

	
0.704




	

	
LP

	
124.43

	
111.12

	
83.83

	
73.43

	
108.09

	
8.875

	
0.476

	

	

	




	

	
SEM

	
25.166

	
10.837

	
20.563

	
8.231

	
47.151

	

	

	

	

	




	

	
p-value

	
0.365

	
0.357

	
0.269

	
0.856

	
0.326

	

	

	

	

	




	
Chao

	
CK

	
184.00

	
133.05

	
140.48

	
74.95

	
219.17

	
22.068

	
0.378

	
0.142

	
0.026

	
0.705




	

	
LP

	
121.50

	
86.83

	
76.29

	
72.72

	
109.58

	
8.864

	
0.458

	

	

	




	

	
SEM

	
27.237

	
13.492

	
21.378

	
8.689

	
47.274

	

	

	

	

	




	

	
p-value

	
0.369

	
0.176

	
0.172

	
0.932

	
0.318

	

	

	

	

	




	
Coverage

	
CK

	
0.9998

	
0.9998

	
0.9997

	
0.9998

	
0.9998

	
0.000

	
0.506

	
0.054

	
0.351

	
0.271




	

	
LP

	
0.9999 a

	
0.9999 a

	
0.9996 b

	
0.9999 a

	
0.9999 a

	
0.000

	
0.028

	

	

	




	

	
SEM

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	

	

	

	

	




	

	
p-value

	
0.194

	
0.774

	
0.436

	
0.860

	
0.173

	

	

	

	

	








Note: CK, group with the same volume of distilled water added; LP, group with Lactiplantibacillus plantarum added. a–b in the same volume indicate significant differences (p < 0.05). A–B in the same column indicate significant differences between two additive treatments (p < 0.05). SEM, standard error of the means. S, harvest maturity stages; A1, additives; S*A1 denotes the interaction between the harvest maturity stages and additives.
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