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Abstract
Background
The inefficient utilization of plant residues leads to serious environmental pollution and loss of plant nutrition. Nevertheless, the herbal residues including valuable mugwort have been rarely explored. Ensiling has been considered as a promising technique to reuse plant residues. Thus, this study investigated the effect of mugwort residues (M) and Lactiplantibacillus pentosus (LAB) on the fermentation quality, bacterial diversity, and metabolites of alfalfa silage after 60 days of ensiling.

Results
The results showed that compared with control, adding LAB, M and their combination significantly decreased pH (P < 0.05). Among all treatments, LAB + M had the lowest pH, butyric acid and ammonia nitrogen (NH3-N) concentrations (P < 0.05). Besides, lactic acid concentration of LAB + M treatment was increased nearly by 3 times compared with control. A shift on the bacterial profile was clearly observed, of which Lactiplantibacillus pentosus abundance increased to beyond 90% of total bacteria in LAB + M and all additives decreased Enterobacter hormaechei abundance than control (P < 0.05). Meanwhile, metabolite analysis indicated that mugwort residues addition enhanced the metabolites of apiin and apigenin 8-C-[xylosyl-(1- > 2)-galactoside] relevant to flavonoids (P < 0.05).

Conclusion
The addition of mugwort residues combined with Lactiplantibacillus pentosus significantly improved fermentation quality with the high relative abundance of Lactiplantibacillus pentosus. Moreover, mugwort residues addition could contribute to the upregulation of specific metabolites such as flavonoids, which would provide a new insight for facilitating fermentation with herbal residues.
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Introduction
Large amounts of plant residues are produced worldwide from agriculture and the herb industry [1]. Most of them have not been efficiently utilized, causing serious problems, such as air pollution, ground water pollution, and global warming [2–4]. Nowadays, millions of tons of herbal residues are produced per annum in China alone [5]. However, these resources are inexpensive and still rich in nutrition, there has been growing interest in recycling them [6, 7].
Mugwort (Artemisia argyi L.), belonging to perennial plant, is well known as traditional Chinese herb medicine used for treating diseases such as diarrhea, hemostasis and inflammation [8]. Mugwort are supposed to be the treasure trove of bioactive constituents including volatile oils, flavonoids, triterpenes, and polysaccharide [9, 10]. Some reports found that the mugwort extracts (alkaloids, amino acids, flavonoids, phenol, quinines, tannins and terpenoids) had inhibitory effects on proliferation of undesirable microorganisms (such as Escherichia coli, Salmonella typhi, Enterobacter aerogenes, Proteus vulgaris, Pseudomonas aeruginosa and Shigella flexneri) in the fermented products and intestinal tract [11–13]. More specifically, volatile oil substances have strong inhibitory effects on Staphylococcus aureus, Escherichia coli, Aspergillus niger, Penicillium, and flavonoids and polysaccharides have scavenging effects on superoxide anion free radicals and hydroxyl free radicals [11]. Their antibacterial mechanism might be due to the bioactive substances in mugwort leading to the cell content flowing out, subsequently damaging their physiological and biochemical indexes [9]. Even after extracting specific ingredients, large amounts of stalk or by-products are produced. More importantly, mugwort residues still contain relatively abundant bioactive substances. It will be of great interest to utilize the antimicrobial property of mugwort residues. However, most of mugwort residues are still wasteful. Therefore, developing a cost-effective and sustainable method is urgent for better utilization of mugwort residues.
Ensiling has been considered as a promising technique to reuse plant residues [5, 6]. Among the forage resource of silage, alfalfa (Medicago sativa L.) has been widely considered as an important protein forage around the world [14]. However, the high moisture made it difficult to ensile and easy to spoil [15]. Fermentation is a microbial-driven process, and the silage quality mainly depends on species and activities of microbial community involved in ensiling process [5, 16]. Previous research has proved that astragalus and hawthorn residues could enhance the fermentation performance through restraining the proliferation of protein-degrading bacteria including Enterobacter and Clostridium during ensiling process of alfalfa [6]. Besides, our studies indicated that lactic acid bacteria inoculants could improve the fermentation quality by modifying the microbial community of silage [17, 18]. Hence, the combined addition of mugwort residues and lactic acid bacteria might yield an effect in silage quality.
This study hypothesized that adding mugwort residues and lactic acid bacteria could improve silage quality via modulating ensiling microbiota. The fermentation products and bacterial community were assessed after ensiling. Additionally, the metabolites were also analyzed to elucidate the potential mechanism of silage fermentation. The results will provide a promising way for reusing plant residues rich in bioactive substances.

Materials and methods
Experimental design and sample collection
Alfalfa (Medicago sativa) was planted at a farm located in Tongliao city, Inner Mongolia (44°10′N, 120°53′E), and harvested in early bloom stage on August 17, 2020. The raw alfalfa were manually harvested with a pruning shear (KOMAX, Zhenmei Co., Ltd., Zhejiang, China) at approximately 60–70 cm high. Fresh alfalfa and mugwort residues (supplied by Anyang Institute of Technology, Henan, China) were cut into segments at a length 20 mm with a fodder chopper. After that, 6 kg of chopped fresh forage were packed into plastic bags (22 cm × 32 cm; Cangzhou Hualiang Packaging and Decoration Co. Ltd., Dongguan, China), and every bag was loaded by 500 g. The experimental treatments were designed as the followings: LAB, with lactic acid bacteria (Lactiplantibacillus pentosus, preserved in the laboratory with good ability to ferment high moisture silage) at 1.0 × 106 colony forming units (cfu)/g of fresh matter (FM); M, with 8% mugwort residues (460 g alfalfa + 40 g mugwort residues per bag); LAB + M, LAB mixed with 8% mugwort residues (460 g alfalfa + 40 g mugwort residues per bag); CK, with an equal amount of sterilized water sprayed on fresh alfalfa as control. A total of 12 bags (4 treatments × 3 replicates) were vacuum-sealed and kept at room temperature (about 25 ℃). Bags were sampled to analyze fermentation products, microbial community, and metabolic activity after 60 days of ensiling.

Chemical composition and fermentation characteristics
For chemical quantification analysis, fresh materials were dried at 65 °C for 48 h in a forced-air oven to estimate the dry matter (DM) content. The contents of crude protein (CP), water-soluble carbohydrate (WSC), neutral detergent fiber (NDF), and acid detergent fiber (ADF) were determined by Association of Official Analytical Chemists [19].
For fermentation analysis, each silage sample (40 g) was mixed with 360 mL sterilized water for 1 h. Before determining fermentation products, the liquid was firstly filtered by 0.22 µm filter membrane. The pH values were measured by a pH meter (PHS-3C, INESA Scientific Instrument, Shanghai, China). The NH3-N concentrations were measured with the method of phenol–hypochloric acid colorimetry [20]. High-performance liquid chromatography was employed to detect organic acid concentrations including lactic acid, acetic acid, propionic acid, and butyric acid. The detector wavelength was 210 nm, the eluent was 3 mmol L−1 HClO4 with the flow rate of 10 mL min−1 and temperature of 50 °C. The method of microbial population (lactic acid bacteria, coliform bacteria and yeast) by plate culture were analyzed according to methods from Guo et al. [21].

Bacterial community analysis
To perform single molecule real-time (SMRT) sequencing, the 16S rRNA gene was amplified, and PCR amplification was performed under the conditions according to previous report [21]. PCR amplification with PacBio Sequel platform was sequenced. For processing raw sequencing data, PacBio sequencing data were demultiplexed using mothur (version 1.36.1); low-quality data were filtered via vsearch (version 1.11.1). The high-quality reads were clustered in OTUs at 97% sequence similarity using UCLUST. Further analyses including alpha diversity were calculated in QIIME. PCoA was performed with Vegan (version.3.5.3) using Bray–Curtis dissimilarities. Representative sequences were taxonomically annotated using the BLAST algorithm with SILVA (Release 138) database. The correlation analyses and production of heat map graphics were carried out in R (version. 3.2.5).

Metabolite analysis
Two milliliters of extract including internal standard (1000:2) was added to 100 mg of sample, then vortex 30 s. After that, the mixed sample was crushed with porcelain beads for 10 min at 45 Hz and was ultrasound for 10 min (ice-water bath), then was stored at − 20 °C for 1 h. The sample was centrifuged at 4 °C, 12000 rpm for 15 min. Then carefully removed 500 μL of supernatant into EP tube and dried the extract in a vacuum concentrator. Added 160 μL of extract (acetonitrile to water ratio was 1:1) to the dried sample, then vortex for 30 s and sonicate in an ice-water bath for 10 min. Then put samples at 4 °C, 12000 rpm for 15 min, carefully removed 120 μL of supernatant into a 2-mL injection bottle. Then 10 μL of each sample was mixed into QC samples for on-board detection. UHPLC–QTOF-MS non-target metabolomic detection method was used [22].
Raw data got from with MassLynx V4.2 were processed by Progenesis QI software, and identified on account of the online METLIN database of Progenesis QI software. Meanwhile, theoretical fragments were identified, and the mass deviations were all within 100 ppm. Statistical analysis used KEGG database and HMDB database for annotating metabolites. Principal component analysis was carried out using Simca. A metabolic model was established by PLS-DA, and metabolites with VIP > 1 and P < 0.05 and fold change (FC) > 1 between the two groups were considered as significantly differential metabolites. Evenn was employed to build a Venn diagram of significantly differential metabolites in different comparison groups. Metabolite markers were identified with analyzing the S-plot plots generated by Simca software (Umetrics SIMCA, 14.1.0.2047).

Statistical analysis
Statistical analysis of fermentation characteristics was carried out in the Statistical Package for the Social Sciences (SPSS version 24.0, SPSS Inc., Chicago, IL, USA) by Duncan's multiple range method to determine the significant difference between means per treatment. One-way analysis of variance was employed to study the impact of treatment. The significance was employed at P < 0.05 probability level.


Results
The characteristics of raw material
The characteristics of raw materials are listed in Additional file 1: Table S1. The contents of DM, NDF and ADF of alfalfa were 199.00 g/kg, 331.88 g/kg DM and 176.56 g/kg DM, respectively. The WSC contents in both alfalfa and mugwort residues were in the range of 30 to 40 g/kg DM. The CP content in alfalfa (237.02 g/kg DM) was higher compared to mugwort residues (120.64 g/kg DM) (P < 0.05).

Fermentation characteristics
As shown in Table 1, the treatment had significant effects on pH, concentrations of lactic acid, acetic acid, butyric acid, NH3-N and counts of coliform bacteria and yeast (P < 0.01). Compared with CK, the treated silages showed lower pH (P < 0.05). M treatment had higher lactic acid concentration, lower butyric acid concentration and undetected yeast than CK and LAB treatment (P < 0.01). Among all treatments, the highest lactic acid concentration and the lowest pH, butyric acid concentration, NH3-N concentration and coliform bacteria count were observed in LAB + M (P < 0.05).Table 1The fermentation characteristics and microbial population by plate culture of alfalfa silage


	Items
	Treatments
	SEM
	P-value

	CK
	LAB
	M
	LAB + M

	DM (g/kg)
	202.20
	215.60
	208.90
	201.50
	7.80
	0.35

	pH
	5.89a
	5.44b
	5.48b
	5.13c
	0.09
	 < 0.01

	Lactic acid (g/kg DM)
	8.50c
	14.65c
	15.91b
	24.36a
	3.35
	 < 0.01

	Acetic acid (g/kg DM)
	16.92a
	8.72b
	15.67a
	13.03b
	3.67
	 < 0.01

	Propionic acid (g/kg DM)
	8.77
	5.48
	5.79
	8.53
	1.12
	0.68

	Butyric acid (g/kg DM)
	4.09a
	3.96a
	2.33b
	0.39c
	0.51
	 < 0.01

	NH3-N (g/kg TN)
	69.24a
	70.34a
	61.00a
	44.40b
	3.50
	 < 0.01

	Lactic acid bacteria (lg cfu/g FM)
	7.96
	8.05
	8.23
	8.21
	0.05
	0.32

	Coliform bacteria (lg cfu/g FM)
	6.32a
	5.62ab
	5.00b
	3.91c
	0.30
	 < 0.01

	Yeast (lg cfu/g FM)
	2.23a
	1.16b
	NDc
	NDc
	0.43
	 < 0.01


DM dry matter, NH3-N ammonia nitrogen, TN total nitrogen, CK control, LAB treatment with Lactiplantibacillus pentosus, M treatment with mugwort residues, LAB + M treatment with Lactiplantibacillus pentosus and mugwort residues, ND not detected; a–c means with different letters within a line are significantly different (P < 0.05)




Variation of the bacterial diversity
The Shannon index and principal co-ordinates analysis (PCoA) analysis of bacterial community are listed in Fig. 1. As shown in Fig. 1a, all treated silages reduced the Shannon indices of bacterial community compared with CK (P < 0.05). The lower Shannon indices were noticed in LAB and LAB + M treatments than M treatment (P < 0.05). The variance of bacterial community was observed by PCoA on the OTU level is shown in Fig. 1b. The component 1 and component 2 could explain 74.71% and 10.14% of the total variance, respectively. The different treated samples were well-separated from CK, suggesting the bacterial community was greatly influenced by the mugwort residues and Lactiplantibacillus pentosus addition.[image: ]
Fig. 1The Shannon index (a) and PCoA (b) analysis of bacterial community. CK control, LAB treatment with Lactiplantibacillus pentosus, M treatment with mugwort residues, LAB + M treatment with Lactiplantibacillus pentosus and mugwort residues


Major bacteria across all samples at the species level are listed in Fig. 2. Overall, Lactiplantibacillus pentosus (29.62–94.07%) and Enterobacter hormaechei (3.86–36.36%) became the predominant species in all silages, followed by Enterococcus mundtii and Loigolactobacillus coryniformis with 0.04–9.07% and 0.24–1.95%, respectively. Compared with CK, all additives decreased Enterobacter hormaechei abundance (P < 0.05), and LAB and LAB + M treatments showed higher Lactiplantibacillus pentosus abundance and lower Enterococcus mundtii abundance (P < 0.05). Besides, M addition enhanced Enterococcus mundtii abundance and Loigolactobacillus coryniformis abundance compared with CK (P < 0.05).[image: ]
Fig. 2Relative abundance of identified species. CK control, LAB treatment with Lactiplantibacillus pentosus, M treatment with mugwort residues, LAB + M treatment with Lactiplantibacillus pentosus and mugwort residues



Correction networks
The correlation networks among species are shown in Fig. 3a. Lactiplantibacillus pentosus was negatively correlated with Enterobacter hormaechei, Enterococcus faecalis, Ligilactobacillus acidipiscis, Enterococcus mundtii and Enterococcus flavescens. Spearman correlation heatmap of dominant species and fermentation parameters is shown in Fig. 3b. Only Lactiplantibacillus pentosus had a significantly positive relationship with lactic acid and negative relationships with NH3-N, acetic acid, butyric acid, and coliform bacteria (P < 0.05). Enterobacter hormaechei, Enterococcus flavescens and Enterococcus faecalis were negatively correlated with lactic acid and positively correlated with acetic acid, butyric acid, and coliform bacteria (P < 0.05). Besides, Enterococcus flavescens and Enterococcus faecalis were positively correlated with NH3-N (P < 0.05).[image: ]
Fig. 3Correlation analysis among species (a) and Spearman correlation heatmap of dominant species and fermentation parameters (b). The value of P < 0.05 is marked with “*”, 0.001 < P ≤ 0.01 is marked with “**”



Metabolomic profiles of silage
Untargeted metabolomic analysis led to the identification of a total of 1590 metabolites including different classes, viz carboxylic acids and derivatives, fatty acyls, and phenolics in this study (Additional file 2: Table S2). As shown in Fig. 4, there were 59 metabolites significantly different between M treatment and LAB + M treatment (P < 0.05). Besides, 36, 38, and 35 significantly different metabolites detected in CK_vs_M, CK_vs_LAB + M, and LAB_vs_LAB + M, respectively (P < 0.05). The numbers of significantly differential metabolites unique to CK_vs_M, LAB_vs_LAB + M, and M_vs_LAB + M were all around 14, and CK_vs_LAB + M had only 6 significantly differential metabolites. The four comparison groups had 1 identical significantly differential metabolite. Similarly, Fig. 5 shows that the principal component analysis of metabolites provided clear separation between different treatments, in which the metabolites were clustered into four quadrants. The discrepancy patterns of significantly changing metabolites between group are shown in Fig. 6. Metabolites farther away from the center might be the maker constituents between groups, and then annotated when they were significantly different metabolites between groups. Compared with CK, 3 metabolites in the M treatment were significantly higher (P < 0.05), such as Phe Cys Met, apiin and apigenin 8-C-[xylosyl-(1- > 2)-galactoside], and 3 metabolites were significantly lower (P < 0.05), such as PC(18:1(11Z)/16:1(9Z)), PE(21:0/20:5(5Z,8Z,11Z,14Z,17Z)) and PC(16:0/22:5(7Z,10Z,13Z,16Z,19Z))[U]. Compared with M treatment, 4 metabolites in the LAB + M treatment were significantly higher (P < 0.05), such as 6,10,14-trimethyl-5,9,13-pentadecatrien-2-one, cis-9,10-epoxystearic acid, farnesyl acetone and DG(16:0/17:2(9Z,12Z)/0:0)[iso2], and 5 metabolites were significantly lower (P < 0.05), such as 6-hydroxysphingosine, glycocholic acid, Phe Cys Met, apigenin 8-C-[xylosyl-(1- > 2)-galactoside] and soraphen O. Compared with LAB treatment, 3 metabolites in the LAB + M treatment were significantly higher (P < 0.05), such as 2-methylbenzoic acid, apiin and harderoporphyrin, and 4 metabolites were significantly lower (P < 0.05), such as Phe Cys Met, Tyr Met Ala, soraphen O and soyasaponin bg.[image: ]
Fig. 4The Venn analysis of the metabolites in different treated silages. CK control, LAB treatment with Lactiplantibacillus pentosus, M treatment with mugwort residues, LAB + M treatment with Lactiplantibacillus pentosus and mugwort residues

[image: ]
Fig. 5Principal coordinates analysis of metabolites in different treated silages. CK control, LAB treatment with Lactiplantibacillus pentosus, M treatment with mugwort residues, LAB + M treatment with Lactiplantibacillus pentosus and mugwort residues

[image: ]
Fig. 6S-plot of metabolites between different treatments. CK control, LAB treatment with Lactiplantibacillus pentosus, M treatment with mugwort residues, LAB + M treatment with Lactiplantibacillus pentosus and mugwort residues




Discussion
Although mugwort residues are abundant, efficient utilization remains a significant challenge. Anaerobic fermentation has recently emerged as a viable strategy to mitigate plant byproduct waste [5, 23]. Hence, ensiling presents a promising solution to reuse mugwort residues. In this study, it is hypothesized that alfalfa silage quality could be improved via modulating microbiota and metabolites with mugwort residues and Lactiplantibacillus pentosus addition. This investigation offers new prospects for exploiting herbal residues efficiently.
The characteristics of raw material
Before ensiling, the low contents of NDF and ADF of alfalfa might be influenced by environmental factors such as climate, genetic factors and harvest time [24]. The CP content in mugwort residues was similar with prior study [25], while that was relatively higher in alfalfa [26]. The DM content of fresh alfalfa observed in this study was lower than previous reports [18, 27], probably due to the early harvest time, which might propagate harmful bacteria during ensiling [19]. The WSC content of raw material is crucial for determining the silage fermentation [16]. However, the insufficient contents of WSC both in alfalfa and mugwort residues might not ensure acceptable silage quality in this study. Therefore, based on the low DM and WSC contents, the addition of high-efficiency fermentation lactic acid bacteria was necessary to expedite the fermentation process and enhance the quality of the silage.

Fermentation characteristics
The detection of fermentation characteristics can provide valuable insight into silage quality. In general, pH is considered as the key factor for evaluating fermentation degree. In this study, the treated silages exhibited lower pH than the CK, indicating that the addition of M and LAB might be feasible ways to improve the quality of alfalfa silage. However, the various treated silages performed differently in terms of ensiling effects on alfalfa. As we know, the pH decrease was mainly determined by organic acid accumulation especially lactic acid during ensiling process [28]. In this study, the M treatment showed higher lactic acid concentration compared to LAB treatment (P < 0.01). That result was similar with the previous report, in which the herbal residues such as Myristica fragrans H., Citri reticulata Pericarpium, Angelica sinensis O., Citrus aurantium L., Atractylodes lancea T., Astragalus membranaceus F., Codonopsis pilosula F., and Anemarrhenae rhizoma improved silage quality through enhancing lactic acid concentration [5]. Although the exact reason could not be classified, the different impact of bioactive substance of mugwort residues such as flavonoids on microbial function, such as promoting the growth of lactic acid bacteria and lactic acid production, might be one of the possible reasons [8]. Among all silages, LAB + M treatment had the lowest pH and the highest lactic acid concentration, indicating that the compound additive facilitated the fermentation processing of alfalfa. The occurrence of butyric acid usually indicates protein loss [29]. The experimental results revealed that adding M reduced butyric acid concentration compared with LAB treatment (P < 0.01). Furthermore, the combination of M and LAB exhibited lower butyric acid concentration than either of M or LAB addition alone (P < 0.01). It was possible that the bioactive constituents of mugwort residues had a synergistic effect on the inhibition of butyric acid along with LAB addition. The concentration of NH3-N in silage can be an indicator for reflecting the status of protein degradation, and is influenced by the undesirable microorganisms activities [29]. Compared with the CK, the NH3-N concentration of the LAB + M treatment was significantly lower (P < 0.01), which was in accord with the decline of coliform bacteria count, suggesting that the addition of M and LAB could effectively reduce protein degradation.

Variation of the bacterial diversity
Microbes play a crucial role in ensiling process and can be employed as evaluation indicator of fermentation quality. In this study, the addition of LAB and M resulted in a reduction of Shannon indices compared to CK, indicating decreased bacterial diversity [21]. Specifically, the lowest bacterial diversity was noticed in LAB + M treatments in all silages. This decline in bacterial diversity could result from the bioactive substances in M or antibacterial compounds such as hydrogen peroxide and organic acids produced by LAB that inhibiting the growth of the undesirable bacteria not tolerant to them [30]. Therefore, further exploration of the bacterial community is necessary to fully understand the mechanisms of regulation by these additives.
Lactiplantibacillus pentosus is a facultative heterofermentative microbe, and its fermentation pathway shifts from homofermentation to heterofermentation only in the absence of glucose [30, 31]. In the present study, Lactiplantibacillus pentosus addition enhanced the relative abundance of this microbe (LAB and LAB + M) compared to CK. This finding was consistent with the results reported by [32], who found that Lactiplantibacillus pentosus inoculum could increase substantially and dominated in silages. However, it was the combination of Lactiplantibacillus pentosus and mugwort residues (LAB + M) that could contribute to a considerable increase in lactic acid concentration than CK, which might be due to their positive synergistic effect. Published study had found that the presence of Enterobacter could increase ammonia and biogenic amines concentrations in silage through the deamination and decarboxylation, resulting in nutrition loss [33]. In the present study, the relative abundance of Enterobacter hormaechei followed the series CK > M > LAB > LAB + M at the end of ensiling day. Therefore, the decrease of Enterobacter hormaechei abundance might contribute to the reduced concentrations of butyric acid and NH3-N.
Enterococcus mundtii belongs to non-motile, yellow-pigmented enterococcus, and they are likely to be involved in homolactic glucose metabolism [34]. Enterococcus mundtii were often detected in oat silage, corn stover silage, paddy rice silage and Leymus chinensis silage [35–38]. More importantly, previous research found that Enterococcus mundtii could produce bacteriocins that were supposed to contribute to preserving fermented plant products [39]. However, Enterococcus mundtii were less effective in enhancing silage utilization by promoting forage digestibility and reducing ruminal CH4 emission than Lactiplantibacillus plantarum [40]. From the above information, the exact function of Enterococcus mundtii is still not inconclusive.
Loigolactobacillus coryniformis has been identified in various types of silages, such as Elymus nutans, Italian ryegrass and tomato pomace silages [41–44]. During ensiling process, Loigolactobacillus coryniformis can efficiently ferment glycerol to 3-hydroxypropionaldehyde, which serves as an antimicrobial compound [45]. Loigolactobacillus coryniformis is valuable for ensiling as it can inhibit butyric fermentation, reduce mold contamination, and improve silage quality [46, 47]. Therefore, the much-increased abundances of Loigolactobacillus coryniformis resulting from the addition of mugwort residues (M) might contribute to the lower butyric acid concentration and enhanced fermentation quality in this study.

Correction networks
Previous research has shown that Lactiplantibacillus pentosus inoculation could efficiently improve the fermentation quality and nutrient preservation of alfalfa silage [32, 48]. This could explain the analysis of Spearman correlation, in which Lactiplantibacillus pentosus might be the major species leading to the increase of lactic acid concentration and the decrease of butyric acid concentration. The higher concentration of lactic acid can effectively inhibit the growth of harmful microorganism and protein decomposition that caused NH3-N production [49]. Therefore, Lactiplantibacillus pentosus also showed negative correlation with coliform bacteria and NH3-N. It was worth noting that Ligilactobacillus acidipiscis had a negative relationship with Lactiplantibacillus pentosus in this study. Considering great discrepancy in their relative abundance, it was likely that Lactiplantibacillus pentosus had a competitive edge over Ligilactobacillus acidipiscis for sugar substance over during ensiling process. Enterobacter is an important competitor of lactic acid bacteria for available substrate in silage, and it can ferment lactic acid to acetic acid and other products, thus subsequently causing nutrition loss [29]. Hence, Enterobacter hormaechei was negatively correlated with lactic acid and positively correlated with acetic acid. Enterococcus flavescens and Enterococcus faecalis showed negative correlation with lactic acid and positive correlation with butyric acid, NH3-N and coliform bacteria, which implied that the presence of these species may reduce the quality of silage, so these species would be specifically studied in the future.

Metabolomic profiles of silage
To obtain a more comprehensive understanding of the metabolites in silage, an untargeted metabolomic approach was employed to profile the metabolites and differences among treatments. The flavonoids, such as apiin and apigenin 8-C-[xylosyl-(1- > 2)-galactoside], showed significant up regulation in M treatment than CK (P < 0.05). Apiin is one of the main forms of apigenin that belongs to flavonoids and apigenin was effectively anti-inflammatory, antineoplastic and has antioxidant scavenging ability [50–52]. Previous report found that apigetrin and apiin isolated from Sedum caeruleum could against a range of microorganisms, including Escherichia coli, Staphylococcus aureus, Pseudomonas, Klebsiella and other harmful bacteria [53]. Therefore, mugwort residues addition might enhance the metabolites of apiin and apigenin 8-C-[xylosyl-(1- > 2)-galactoside] relevant to flavonoids in silages by altering bacterial community in this study. Besides, it should be noted that apigenin 8-C-[xylosyl-(1- > 2)-galactoside] showed a decreased trend in LAB + M treatment. The reason for the decrease in flavonoids was not clear but might be attributed to the lower pH value. Interestingly, regarding LAB_vs_LAB + M, 2-methylbenzoic acid and apiin in LAB + M treatment showed increased regulation, in which 2-methylbenzoic acid is involved in biosynthesis of secondary metabolites. These results indicated that combined LAB + M addition might enhance the metabolic pathway of secondary metabolites such as flavonoids than LAB inoculation.
These findings verified our hypothesis that the addition of mugwort residues combined with Lactiplantibacillus pentosus significantly could improve alfalfa silage quality via modulating ensiling microbiota and metabolites.


Conclusions
In summary, this study demonstrated that a significant improvement in the fermentation quality of alfalfa silage through the addition of mugwort residues in combination with Lactiplantibacillus pentosus. This improvement was supported by higher concentrations of lactic acid, lower concentrations of butyric acid and NH3-N, as well as a higher relative abundance of Lactiplantibacillus pentosus. Besides, the differences in metabolic profiles between groups were also observed, and mugwort residues addition could contribute to the upregulation of specific metabolites such as flavonoids.
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