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As the global population increases and the economy grows rapidly, the demand for livestock products such as meat, egg and milk continue to increase. The shortage of feed in livestock production is a worldwide problem restricting the development of the animal industry. Natural woody plants are widely distributed and have a huge biomass yield. The fresh leaves and branches of some woody plants are rich in nutrients such as proteins, amino acids, vitamins and minerals and can be used to produce storage feed such as silage for livestock. Therefore, the development and utilization of natural woody plants for clean fermented feed is important for the sustainable production of livestock product. This paper presents a comprehensive review of the research progress, current status and development prospects of forageable natural woody plant feed resources. The nutritional composition and uses of natural woody plants, the main factors affecting the fermentation of woody plant silage and the interaction mechanism between microbial co-occurrence network and secondary metabolite are reviewed. Various preparation technologies for clean fermentation of woody plant silage were summarized comprehensively, which provided a sustainable production mode for improving the production efficiency of livestock and producing high-quality livestock product. Therefore, woody plants play an increasingly important role as a potential natural feed resource in alleviating feed shortage and promoting sustainable development of livestock product.
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Highlights

	A review of recent advances in the renewable use of natural woody plant.

	Natural woody plant produces clean feed to alleviate feed shortage.

	Fermented feed of woody plant produces livestock product with added value.

	Woody plant contributes to the sustainable production of livestock product.






1 Introduction

With the rapid development of the global economy, per capita consumption levels and demand for livestock products such as meat, eggs and milk are increasing (Komarek et al., 2021). Along with the development of livestock farming, the demand for quality forage is also increasing (Keeling et al., 2019). Currently, the main factor affecting livestock production is the insufficient supply of livestock forage, which in many countries is derived from feed crops, grasses, crop by-products and cereals (Cai et al., 2020a; Cai et al., 2021). With increasing global population and decreasing per capita arable land, traditional forage production methods cannot meet the demand for livestock feeding, leading to feed shortages and affecting the sustainable production of livestock products worldwide (Du et al., 2021b). Therefore, there is an urgent need to develop new feed resources, such as nutrient-rich natural woody plant resources, to meet the challenges posed by the rapid development of the livestock industry (Owen-Smith and Cooper, 1987; Vandermeulen et al., 2017).

The major woody plant available for feed worldwide are mulberry [Morus alba (L.)], moringa [Moringa oleifera (L.)], gliricidia [Gliricidia sepium (Jacq.)], leucaena [Kunth ex Walp. leucocephala (L.) de Wit], and paper mulberry [Broussonetia papyrifera (L.)]. These woody plants are deciduous trees or shrubs that are highly adaptable, widely distributed, drought tolerant and thrive in infertile soil, and can grow in a wide range of soil pH conditions, with high growth rates, high biomass yields, and low planting production costs (Anwar et al., 2007; He et al., 2019; Du et al., 2021a; Du et al., 2022c). In addition, the fresh branches and leaves of woody plants have a high crude protein (CP) content and are rich in various nutrients, such as bioactive components, amino acids, vitamins and macro minerals (Phesatcha and Wanapat, 2016; Oliveira et al., 2018; Wen et al., 2018; He et al., 2020; Du et al., 2021b).

Fresh branches and leaves of woody plants usually have a high moisture content, and the use of hay production methods not only increases the lignification of woody plant branches and leaves but also tends to cause leaf abscission during the drying process, resulting in a significant loss of nutrients (Du et al., 2021a). This suggests that hay processing is not suitable for the preparation of woody plant feeds. Silage, which is a fermented feed prepared from fresh forage for long-term storage, is considered a key technology for clean feed production of woody plant (Du et al., 2022a). In order to effectively utilize natural biomass resources, such as woody plant resources, to solve the problem of feed shortage and to improve the production capacity of livestock, this paper provides a comprehensive overview of the chemical composition and uses of feedable natural woody plants, the main factors affecting silage fermentation, the interactions between microbial co-occurrence networks and secondary metabolites, the regulatory mechanisms of silage fermentation, and the production of high-quality livestock products, with a view to providing important research information and technological support for the realization of the sustainable development of the animal husbandry.




2 Distribution and multifunctional utilization of woody plant

Forageable woody plants are characterized by their diversity and versatility, high biomass and rich nutrient content, making them suitable for feeding ruminants (Figure 1). Mulberry belongs to the family Moraceae and is native to north-central China. It is widely cultivated in China, Korea, Japan, Mongolia, India, Vietnam, Russia and other central Asian countries, as well as some European countries (Madhav and Carolyn, 2012). Moringa belongs to the family Moraceae and is found in the tropics of Africa and Asia, and is cultivated in Guizhou, Guangdong and Taiwan in China (Çelekli et al., 2019; Pagano et al., 2020). Gliricidia belongs to the family Leguminosae and is native to the tropical dry forests of Mexico and central America. In addition to its native range, it grows in many tropical and subtropical regions, including the Caribbean, northern parts of south America, central Africa, parts of India and southeast Asia, northern and central America, and central Africa (De Carvalho et al., 2017; Oliveira et al., 2018). Leucaena also belongs to the family Leguminosae, is native to southern Mexico and northern central America (Belize and Guatemala), and is cultivated in tropical regions (Rengsirikul et al., 2011). The paper mulberry belongs to the family Moraceae and is native to southwest China, but is now widely distributed throughout China, other Asian countries, mainland Europe and the Pacific islands (Peñailillo et al., 2016).




Figure 1 | Woody plants that can be used as forage.



Woody plants have multiple uses (Figure 2), mainly as edible and medicinal products, but also as feed, compost, bioenergy and fiber products (Jitjaicham and Kusuktham, 2016; Wen et al., 2018; Hao et al., 2020; Ajayo et al., 2022). Because the fresh branches and leaves of woody plants are rich in nutrients and functional components, they can be used as a potential feed resource with additional value (Du et al., 2021b). In addition, woody plants provide economic benefits to farmers by reducing feed costs and increasing the productivity of livestock (Franzel et al., 2014). As shown in Table 1, all woody plants can be used as medicinal plants and as a source of feed for cattle, sheep, pigs and poultry. Some of them are used as raw materials for food, rabbit feed, bioenergy, biogas and green manure. In addition, paper mulberry and mulberry are used as a raw material for paper and fibre products, and mulberry leaves are an important feed for silkworm.




Figure 2 | Multifunctional use of paper mulberry.




Table 1 | Major use of woody plant.



Some woody plants are rich in biofunctional components, such as polyphenols, carotenoids, alkaloids, terpenoids and sulphur-containing compounds, which have potent effects, including enhanced free radical scavenging and powerful reducing abilities. They also have anti-oxidant, anti-cancer, anti-inflammatory, hepatoprotective, hypotensive, anti-diabetic and hypolipidemic properties, and constitute therefore potential drugs for treating various diseases in humans and animals (Gopalakrishnan et al., 2016; Abd Rani et al., 2018). Gliricidia contains small amounts of coumarin, which can be used as a spice, but is generally not suitable for consumption (Lim, 2014). The leaves of woody plants, such as paper mulberry, mulberry, gliricidia and moringa, are rich in amino acids, fatty acids, vitamin E and beta-carotene, and their calcium and magnesium concentrations are higher than those of many vegetables. Therefore, they are used in many developing countries as leafy greens that provide plant-based protein and play a role in reducing hunger and combating malnutrition (Pakade et al., 2013). The leaves and seeds of woody plants can be eaten raw, cooked or added to food in the form of a dried powder. They are an ingredient in hot pots, teas, edible spices, beverages and yoghurt, and are therefore a popular health food in some Asian countries (Leone et al., 2015). The fruits of some woody plants contain large amounts of soluble sugars (Han et al., 2016), which are usually shed at maturity and decay on the ground, resulting in the loss of these resources. Using the fruits of these woody plants as a feedstock, biotechnology has been successfully developed to produce ethanol from their free sugars (Ajayo et al., 2022). The tree trunks of the paper mulberry and mulberry are rich in various chemical constituents, including cellulose, hemicellulose, lignin, waxes and gums, which are widely used in the production of paper and fibre products (Jitjaicham and Kusuktham, 2016). In addition, the leaves of mulberry, gliricidia and leucaena can be used as raw materials for biogas production and green leaf fertilizer (Tambone et al., 2020).

Woody plants are 90−99% organic matter (OM) and consist of 17−27% CP, 3−5% ether extract (EE), 11−21% true protein (TP) and 53−71% total digestible nutrient (TDN), with these ranges being generally higher than in forage crops and grasses (Table 2). The energy content and macro mineral (e.g. calcium, phosphorus, magnesium and potassium) concentrations in woody plant are also higher than in forage. Because woody plants are often utilized as fresh branches and leaves, their fibre and lignin contents are slightly different to those of forage. Woody plants contain the forage components required by livestock and are a high protein feed source. As a result, woody plants are referred to as “woody alfalfa” and their nutritional value is comparable to that of alfalfa (Zhang et al., 2019).


Table 2 | Chemical composition, energy, and macro mineral of woody plant and forage.






3 The main factor influencing fermentation feed of woody plant

Generally, forage crops and grasses grow well in the summer or tropical rainy season, but in the winter or dry season, cold and dry climatic conditions prevent forage crops from growing, resulting in the demand for feed from livestock far exceeding the production of feed (FAO, 2009). Therefore, woody plants have great potential for development as a feed resource for ruminant livestock, to make up for the shortage of feed. Woody plants are also harvested in large quantities in the summer and early autumn of temperate climates or in the tropical rainy season, and proper preparation and storage techniques after harvesting can effectively increase the self-sufficiency of local feed and the efficiency of livestock production (Su and Chen, 2020). Silage is a common traditional technique for the preparation and storage of forage crops and grasses and is an important means by which woody plants can be used effectively for feed production (Du et al., 2021b). The application of silage fermentation technology for the preparation of woody plant silage can avoid the loss of nutrients and enable long-term storage, thus solving the problem of livestock production during winter or drought seasons when feed is in short supply (Tao et al., 2020).

Silage is a stored feed made from fresh forage crops, grass and crop by-products, and is prepared by microbial fermentation under anaerobic conditions (Muck et al., 2018). Silage is widely used in many countries to make up for the lack of animal feed during the winter or in dry seasons. The fermentation of silage is influenced by various conditions, of which moisture, water-soluble carbohydrate (WSC), buffer energy and the epiphytic microbial community of the material are important factors affecting the fermentation process (McDonald et al., 1991). The appropriate moisture content for silage fermentation is 60−70%. Within this range lactic acid fermentation is promoted and the proliferation of spoilage microorganisms is inhibited. If the silage moisture content is too high, it tends to lead to butyric acid fermentation, dominated by clostridia, which decomposes proteins to produce ammonia nitrogen (NH3-N), thus reducing the fermentation quality of the silage. If the silage moisture content is too low, lactic acid bacteria (LAB) will be affected by the water activity and their growth will be inhibited, preventing them from producing large amounts of lactic acid to lower the pH of the silage. In addition, low moisture levels result in residual air not being effectively removed from the raw material, thus providing better conditions for harmful microorganisms such as aerobic bacteria and mold to survive, leading to poor quality fermentation (Du et al., 2022a). As shown in Table 3, the moisture content of fresh branches and leaves of woody plants can be as high as 70−80%, which is outside the ideal moisture range for silage fermentation. It is therefore necessary to make moisture adjustments when preparing woody plant silage. To make high quality silage, the material also needs to be above 6% WSC in dry matter (DM) and 105 LAB colony-forming unit per gram (cfu/g) in fresh matter (FM). As shown in Table 3, both the WSC content and the LAB count of woody plants were below the theoretical threshold. Moreover, microorganisms harmful to silage fermentation, such as aerobic and coliform bacteria, were present at higher levels than the LAB count. These harmful microorganisms can compete with LAB for nutrients during ensiling and will affect the fermentation quality of silage. The lactic acid buffer capacity (LBC) is also an important factor affecting silage fermentation. Du et al. (2022c) reported that the LBC of woody plants is similar to that of leguminous grasses, generally above 700 mEq/kg of DM. The LBC strength of the silage material is closely related to the mineral composition, as shown in Table 2 above. Woody plants are usually rich in mineral components such as K+, Ca2+ and Mg2+, and these cations neutralize the lactic acid and other organic acids produced by silage fermentation and inhibit the reduction of pH. This allows harmful microorganisms to grow and decompose proteins and produce NH3-N, resulting in low-quality silage fermentation (Cai et al., 2021). The chemical composition of woody plants in terms of moisture, protein, fiber and minerals varies at different growth stages and can directly affect the fermentation quality of silage (Du et al., 2021b; Du et al., 2022c). In addition, the growth stage and mixing ration of woody plant branches and leaves not only have an important influence on the fermentation quality of silage, but also on the digestibility and productivity of livestock (Anadón et al., 2014).


Table 3 | Main factor affecting silage fermentation of woody plant.






4 Characterization of fermentation feed prepared with woody plant

Woody plants in cultivation or in the native state are usually harvested by harvesters or by hand and then used for silage preparation. In recent years, woody plants have been grown in greenhouses by tissue culture and mechanically harvested after cultivation at a growth height of about 1−1.5 m. They can be harvested 4−5 times a year in tropical or subtropical regions. The fresh branches and leaves of harvested woody plants can have a moisture content of up to 80%. When they are prepared and stored as hay the leaves will fall off, causing the nutrients to be lost during the drying and storage process. Furthermore, the drying process increases the lignin content and reduces the nutritional value and palatability of woody plants to livestock (Du et al., 2021b). Silage fermentation is therefore a good way of preserving the nutrients of woody plants and ensuring a year-round supply of feed for livestock through storage (Du et al., 2021b). Woody plant silage is prepared in the same way as forage crops and grasses, i.e. the woody plants are harvested at a suitable growth stage and the material is cut directly into 1−2 cm. To make good-quality silage, agricultural by-products such as rice bran, wheat bran and corn bran are usually added at 10-15% to regulate the moisture and then packed into silos or drums, sealed and covered for a period of time (Du et al., 2021c). Silage prepared in this way is usually well fermented and can store the nutrients of the silage for a long time.

To investigate the natural fermentation characteristics of woody plant silage, fresh branches and leaves of woody plants were used as the raw material for silage preparation using a drumcan silo. Naturally fermented woody plant silage typically has a high pH, butyric acid and NH3-N content and a low lactic acid content (Figure 3). This is due to the high moisture content in the woody plant and the competitive use of WSC by the harmful epiphytic microorganisms, which prevents LAB from producing enough lactic acid to lower the pH during silage fermentation. This leads to butyric acid fermentation and the degradation of proteins to produce more NH3-N (Cai et al., 1999).




Figure 3 | Fermentation characteristics of woody plant silage. DM, dry matter; NH3-N, ammonia nitrogen. Data cited from the following references: paper mulberry from Du et al., 2022b; Mulberry from Zhang et al., 2020; Gliricidia and leucaena from Du et al., 2022c; Moringa from He et al., 2020.



To verify the natural fermentation characteristics of woody plant silage, a comprehensive analysis of the dynamic changes in microbial diversity and community structure during woody plant silage fermentation was conducted using the PacBio single molecule real-time (SMRT) sequencing technology. The Venn diagrams in Figures 4A, B clearly show the dynamics of the common and special microbial communities of woody plants before and after silage fermentation. Before ensiling, high moisture content woody plants under aerobic conditions are more suitable for aerobic microbial growth and, therefore, display high operational taxonomic unit (OTU) numbers and a rich microbial diversity. After ensiling, the double stress of the anaerobic and acidic environment created as fermentation progresses leads to the rapid death of some Gram-negative bacteria with thin cell walls. In the final stage of fermentation, Gram-positive bacteria that can adapt to an anaerobic and acidic environment, such as LAB, become the dominant microbial community and carry out lactic acid fermentation, lowering the pH and inhibiting the growth of harmful microorganisms, resulting in a significant decrease in the number and microbial diversity of OTUs (Méndez-García et al., 2015).




Figure 4 | Microbial diversity and community structure of woody plant. (A) Venn diagram depicting unique or shared bacterial OTU of 97% sequence identity before ensiling; (B) Venn diagram after ensiling; (C) Relative abundances of the bacterial communities at the species levels. PM, paper mulberry. Data cited from the following references: Paper mulberry from Du et al., 2022b; Mulberry from Zhang et al., 2020; Gliricidia and leucaena from Du et al., 2022c.



Among the microorganisms epiphytic to the fresh branches and leaves of woody plants, the relative abundance of LAB beneficial to silage fermentation is low, while the relative abundance of Gram-negative bacteria harmful to silage fermentation, such as Pantoea, Enterobacter and Pseudomonas, is high (Figure 4C). Pantoea agglomerans, the dominant bacterial community of woody plants, is a parthenogenic anaerobic Gram-negative pathogenic bacteria that is usually found on the surface of plants and is suitable for growth in neutral environments (Jacek et al., 2016). This kind of bacteria can compete with LAB for nutrients in the early stages of silage fermentation, breaking down glucose or other sugars and producing acids (Li and Nishino, 2013). Enterobacter constitute an aerobic or facultative anaerobic Gram-negative bacteria with a wide distribution and a large host range, which can be parasitic or symbiotic, epiphytic, saprophytic on humans, animals and plants, and can also survive in soil or water. If grown on plants, it can easily lead to blight (Si et al., 2023). Pseudomonas is a common aerobic or facultative anaerobic pathogen that prefers to live in moist environments, usually on soil, water, air and plants. It is designated as low pathogenic but is highly resistant to medication (Roberson and Firestone, 1992).

During ensiling, LAB can proliferate and use the WSC in the plant material to produce lactic acid and lower the pH. The anaerobic acidic environment that forms can play an important role in inhibiting the growth of harmful bacteria in the silage (Cai et al., 2020a). Figure 4C also confirms a significant increase in the relative abundance of LAB in woody plant silage, with Lactiplantibacillus plantarum becoming the main dominant species. This species of bacteria is able to respond rapidly to the dual stress of anaerobic and acidic ensiling environments, to carry out lactic acid fermentation and improve the fermentation quality of the silage. In addition, Enterobacter and Citrobacter have a proportional relative abundance in naturally fermented woody plant silage. Citrobacter constitute Gram-negative bacteria that utilize citrate as a sole source of carbon and may be associated with the production of citric acid aroma components in woody plant silage (Janda et al., 1994). This species of bacteria has a low acid tolerance and therefore has a low relative abundance in acidic silage environments. Enterobacter constitute some harmful silage bacteria that break down proteins in the early stages of silage fermentation, causing protein deamination and decarboxylation, which produce toxic compounds such as amines and branching fatty acids, resulting in foul-smelling silage (Ávila and Carvalho, 2020). This not only reduces the nutritional value of the silage and the palatability to the animal but can also have an impact on the hygiene and safety of the feed. Therefore, in terms of microbial community dynamics, naturally fermented woody plant silage does not reach a suitable level of quality and it is necessary to regulate the microbial community structure of the silage fermentation and promote lactic acid fermentation.




5 Regulating the anaerobic fermentation of woody plant



5.1 Fermentation regulation of woody plant silage by multiple preparation methods

To address the factors that hinder the fermentation of high-quality silage (i.e. high moisture content, strong LBC, low LAB count and low WSC content) in woody plants, rice bran and wheat bran have been added to adjust the moisture content and increase the fermentation substrate (Du et al., 2021a). Microbial additives, such as LAB, and cellulolytic enzymes have also been applied to improve the microbial community and increase the WSC content (Du et al., 2021b). In addition, hays including Napier grass and rice straw have been used to optimize the silage fermentation process of woody plants (Du et al., 2022a). The PacBio SMRT sequencing technology was applied to conduct an in-depth study of microbial diversity, co-occurrence microbial networks, metabolic pathways, final metabolites and the fermentation regulation mechanism of woody plant silage.

The moisture content of the rice bran and wheat bran used in the study was less than 10%. When mixed with woody plants at a rate of 10−30% of the FM, the moisture was adjusted to exactly 60−70% (Du et al., 2021a), which is the ideal moisture range for silage preparation. Woody plants have a similar epiphytic microbial community structure to forage crops and grasses, i.e. they have a higher relative abundance of harmful microorganisms and a lower relative abundance of LAB in the fresh material. The relative abundance of epiphytic L. plantarum from the woody plant material was below the detection level, but increased significantly after ensiling (Figure 5A). Thus, the aerobic environment created by woody plants prior to ensiling was not beneficial for the competitive growth of LAB, while aerobic microorganisms were at an advantage. Figure 5B shows that the relative abundance of clostridia in the mixed silage of woody plants and wheat bran was below the detection level, but the mixed silage of woody plants with rice bran increased the relative abundance of clostridia. Wheat bran effectively regulated the moisture and increased the fermentation substrate of woody plants, and the anaerobic conditions created by silage fermentation accelerated the succession of LAB, which became the dominant community and inhibited the proliferation of clostridia. The silage prepared with 30% wheat bran and 70% woody plants had the best microbial community structure. The addition of rice bran also served to adjust the moisture and fermentation substrate, but rice bran can sometimes be enriched with Clostridium spp., which is a strictly anaerobic Gram-positive bacteria whose spores tolerate the acidic and anaerobic environmental conditions of silage (Li et al., 2020). Clostridia breaks down sugars, organic acids and proteins during the silage process, producing butyric acid, NH3-N, carbon dioxide (CO2) and hydrogen (H2), thereby reducing the fermentation quality of the silage (Cassir et al., 2016). In addition, some proportion of clostridia is pathogenic and can be harmful to the health of livestock (Uzal et al., 2018). The microbial community dynamics in Figure 5C also confirmed that L. plantarum and Clostridium typhimurium were the two dominant bacteria in woody plant silage mixed with rice bran and wheat bran. There were significant differences in the relative abundance of these two species compared to other silage bacterial communities. Therefore, compared to rice bran, wheat bran is a more suitable exogenous addition to the silage fermentation of woody plants, not only to regulate the fermentation conditions but also to improve the microbial community structure, thus promoting woody plant silage fermentation.




Figure 5 | The community dynamics of lactic acid bacteria and clostridia in PM prepared with RB and WB before and after ensiling. (A) metaStat analysis of Lactobacillus plantarum; (B) metaStat analysis of Clostridium tyrobutyricum; (C) cladogram comparison of bacterial community. PM, paper mulberry; RB, rice bran; WB, wheat bran. The figure cited from Du et al., 2021a.



In addition, the fermentation characteristics of woody plant silage were explored by applying additions such as LAB inoculant and cellulolytic enzymes (Du et al., 2021b). Microbial additives can cause a significant decrease in microbial diversity in woody plant silage and the microbial community rapidly completes a dynamic succession process from Gram-negative to Gram-positive bacteria. In the anaerobic and acidic environment created by silage fermentation, Gram-negative bacteria such as Enterobacter asburiae die off rapidly, while LAB respond rapidly to the anaerobic conditions of silage and become the dominant community, dominating the fermentation process. Thus, microbial additives influence silage fermentation by improving the microbial community. In addition, the use of locally available low-cost crop straw and hay mixed with woody plants for silage making is a viable option for improving the silage fermentation quality. The results showed that the addition of Napier grass and rice straw allowed L. plantarum and Lactococcus cellulosus to act synergistically with each other, enabling LAB rapidly to become the dominant community for woody plant silage, and that the addition of 10−30% hay was effective in improving the fermentation quality of woody plant silage.




5.2 Mechanism of interaction between co-occurrence microbial networks and secondary metabolites during silage fermentation

The metabolites produced by silage microorganisms during fermentation have a strong influence on the fermentation quality, flavor and aerobic spoilage of silage (Ávila and Carvalho, 2020). Silage fermentation forms a microbial co-occurrence network system, which includes a complex process of dynamic succession of the microbial community and changes in their metabolites, which vary greatly from the different microorganisms through their metabolic pathways (Du et al., 2022c). The LAB produce metabolites, such as organic acids, ethanol, 1,2 propylene glycol and biogenic amines during silage fermentation, some of which play an important role in inhibiting the growth of harmful bacteria and improving aerobic stability (Guo et al., 2018). The LAB usually use WSC to produce lactic acid and lower the pH, which can improve the fermentation quality of silage (Okoye et al., 2022). In contrast, Enterobater species can ferment glucose to produce succinic acid, lactic acid, acetic acid, formic acid and ethanol, as well as producing CO2 and H2 gas, and increasing the DM and energy loss (Thompson et al., 2008). In addition, some metabolites such as lactic and acetic acid reduce the pH and inhibit the growth of aerobic bacteria and molds, which can improve the fermentation quality and aerobic stability of silage (Cai et al., 2020a). Thus, the microbial community structure and metabolites interact and influence the fermentation quality of silage.

The abundance levels of harmful microorganisms such as Enterobacter spp. and Clostridium tyrobutyricum were positively correlated, which may be related to the low-quality fermentation of the silage (Figure 6A). As silage fermentation progressed, L. plantarum rapidly formed the dominant community, which in turn replaced the dominant population of the harmful bacteria P. agglomerans in the early stages of fermentation.




Figure 6 | The microbial co-occurrence network (A) and correlation analyses between bacterial community and terminal fermentation product (B) at species level in paper mulberry silage. The figure cited from Du et al., 2021a.



A positive correlation was found between the moisture content and P. agglomerans, Sphingomonas spp., Aureimonas spp. and Methylobacterium spp. and between WSC and LAB (Figure 6B). This suggests that a high moisture content silage environment encourages the proliferation of these harmful bacteria and that WSC can promote the growth of LAB. In addition, LAB produce lactic acid during ensiling, which inhibits the growth of these harmful bacteria, thereby lowering pH and reducing the production of NH3-N. Clostridium beijerinckii form a nutrient-competitive interrelationship with LAB, i.e. C. beijerinckii undergo butyric acid fermentation, which promotes the production of propionic and butyric acids and hinders the proliferation of LAB. Acidovorax spp. are aerobic or facultative anaerobic Gram-negative bacteria that can use residual oxygen to produce acetic acid in the early stages of silage fermentation (Du et al., 2021a). Therefore, Gram-positive and Gram-negative bacteria (e.g. L. plantarum) form a mutually constraining opposition during silage fermentation; their community structure and metabolites interact with each other and influence the fermentation quality of the silage.

To explore the fermentation regulation mechanism of woody plant silage, non-targeted metabolomics techniques were used to study the mechanisms of interaction between the co-occurrence microbial networks and secondary metabolites of woody plant silage prepared with bran (Du et al., 2022a). A Spearman correlation analysis of the main bacterial community and metabolites of silage showed that the aromatic compound-like metabolites of silage were positively correlated with LAB, such as L. plantarum and Weissella paramesenteroides, and negatively correlated with other bacterial community members, such as C. tyrobutyricum and E. asburiae (Figure 7). Among the aromatic compounds, citric acid and L-malic acid are key intermediates in the tricarboxylic acid cycle metabolic pathway, which is produced by most LAB. Citric acid is formed by the carboxylation of acetyl coenzyme A and oxaloacetate in the tricarboxylic acid cycle and is involved in the metabolism of sugars, fats and proteins (Ke et al., 2017). During silage fermentation, citric acid can play a role in lowering silage pH and inhibiting the activity of undesirable fermentation fungi, such as yeasts and moulds. In addition, LAB in the silage fermentation process can metabolize citric acid to produce diacetyl and acetic acids, and other substances with flavor, which can improve the flavor of silage and the palatability to livestock. When animals are fed silage containing citric acid the proliferation of pathogens can be reduced and the production of toxic metabolites can be inhibited, which can improve the stress capacity of livestock. L-malic acid is an important natural organic acid with antioxidant properties that regulates silage pH and promotes the growth of LAB (Wang et al., 2009). During silage fermentation, LAB with the function of saccharifying starch can use starch directly for fermentation, thus producing L-malic acid, which will play a role in improving the silage fermentation quality. In addition, LAB can use D-(+)-cellobiose as a substrate for energy production, accelerating growth and inhibiting the proliferation of yeast, mold, clostridia and enterobacter. These findings suggest that silage microbiomics are closely linked to metabolomics. The microbial community structure can influence the types of final and secondary metabolites, which in turn are important factors influencing the fermentation quality of silage.




Figure 7 | Correlations between microbial community and metabolites in silage. Microbial community, main bacterial species; metabolites, differentially presented metabolites. The figure cited from Du et al., 2022b.







6 Woody plant and livestock product

To popularize the use of woody feed resources in livestock production, feeding experiments have been conducted using a variety of livestock, including cattle, sheep and poultry.

In experiments with fed cattle, Holstein cows fed total mixed fermentation (TMR) formulated with 10−15% paper mulberry instead of maize silage, alfalfa hay and oat hay had a similar DM intake and milk production to those fed with conventional TMR. However, the addition of paper mulberry to TMR diets significantly increased the serum levels of immunoglobulin A (IgA), immunoglobulin (IgG), catalase and superoxide dismutase and the total antioxidant capacity, but decreased the levels of 8-hydroxy-2′-deoxyguanosine. In addition, paper mulberry TMR can cause a significant decrease in the milk somatic cell count, enhance the immune and antioxidant function of cows and increase the polyunsaturated fatty acid content of milk (Si et al., 2018). The fresh branches and leaves of mulberry are rich in flavonoids and feeding them to weaned Holstein calves promotes the average daily gain and feed efficiency (Kong et al., 2019). Gliricidia leaves and elephant ear pods are rich in tannins and saponins. When a mixture of the two was fed to beef cattle, it increased the digestible CP intake, inhibited methanogenic bacteria in the rumen and reduced methane emissions (Isabel et al., 2019). Leucaena silage improves the DM intake, feed digestibility and rumen end fermentation products in dairy cows and reduces methane production (Giang et al., 2016). A TMR including moringa improves the milk fat content and levels of secondary metabolites, regulates rumen fermentation and inhibits methane production by dairy cattle (Dong et al., 2019).

In sheep feeding trials, replacing some of the soybean meal and corn stover with paper mulberry silage reduced total volatile fatty acids in the rumen, and increased DM intake and average daily gain of lambs (Xiong et al., 2021). When some of the hay and concentrate in the TMR was replaced by mulberry leaves, there was no significant difference in the digestibility of DM, CP, and crude fibre in sheep compared to the conventional TMR (Kandylis et al., 2009). In addition, silage prepared from a mixture of gliricidia with cassava improves growth performance, digestibility, feeding behavior and the carcass characteristics of lambs, and increases the yield of key commercial meats, such as loin and ham, as well as typical foodstuffs, such as lamb (Oliveira et al., 2018). Feed supplementation with moringaleaf extract increased milk production, reduced saturated fatty acids and increased the levels of unsaturated fatty acids and conjugated linoleic acid in goats (Kholif et al., 2018).

In poultry feeding trials, the use of woody plants, such as paper mulberry and mulberry, in place of some of the commercial feeds maintained good indicators in terms of the egg production rate, egg weight, fertilized egg hatching rate, growth performance and meat quality (Yang et al., 2020). There is great future potential for seedling production and breeding of woody plants for healthy livestock feeding with antibiotic substitutes.




7 Conclusion

To develop and utilize new woody feed resources to produce high-quality livestock products, this review provided a comprehensive overview of the composition and uses of natural woody plants that can be fed to animals, the dominant factors affecting woody plant silage fermentation, microbial succession patterns and the mechanisms of interaction between microbial co-occurrence networks and secondary metabolites. Woody plants are rich in nutrients and can be used for the preparation of fermented feeds and the production of value-added livestock products (Figure 8). This has important implications for alleviating feed shortages and promoting sustainable development of animal husbandry.




Figure 8 | Production potential of feed and livestock product from woody plant.
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Material

Chemical composition Protein composition Energy Macro mineral
(% DM) (% DM) (Mcal/kg) (g/kg DM)

Woody plant

Paper mulberry = 91.80 | 2465 = 455 @ 37.57 | 1852 6.06 298 2022 1620 @ 7007 | 1.69 1.82 119 180 048 047 @ 233

Mulberry 9320 1795 376 3000 2100 749 = 083 1704 161 6981 155 168 | 107 130 024 048 285

Gliricidia 9030 | 2591 402 5210 | 3452 | 1109 326 1836 894 | 5671 121 129 | 072 157 027 059 | 2.64

Leucaena 9262 2631 341  60.62 | 3749 | 1340 414 1859 1203 5319 LIl | LI8 | 062 126 023 042 | 256

Moringa 9850 | 2000 3.3 2500 1750 449 392 161 551 | 6311 167 = NF NF | 140 070 024 259
Forage

Corn 9310 911 273 5220 2870 @ 340 = 157 450 | 241 4675 081 = 081 | 027 032 019 020 | 166

Sugarcane top 94.65 6.77 1.80 76.10 4246 5.11 1.50 4.82 319 50.78 0.92 0.95 0.41 0.27 0.14 0.18 170
Alfalfa 81.30 15.93 4.80 47.30 39.70 7.60 148 3.50 10.59 5170 1.36 134 0.72 141 0.26 0.26 2.60

Napier grass 85.72 5.56 135 66.74 41.53 5.68 1.62 3.43 2.10 41.18 0.64 0.61 0.08 0.41 0.41 0.50 2.06

OM, organic matter; CP, crude protein; EE, ether extract; NDF, neutral detergent fiber; ADF, acid detergent fiber; ADL, acid detergent lignin; DM, dry matter; NPN, non-protein nitrogen; TP,
true protein; ADIP, acid detergent insoluble protein; TDN, total digestible nutrient; NEm, net energy for maintenance; NEL net energy for lactation; NEg, net energy for gain; Ca, calcium; P,
phosphorous; Mg, magnesium; K, potassium.

Data cited from the following references:

Paper mulberry from Du et al., 2022b; Mulberry from Zhang et al., 2020; Gliricidia and leucaena from Du et al., 2022¢; Moringa from He et al,, 2020; Corn from Wang et al., 2016; Sugarcane top
from Cai et al,, 2020a; Alfalfa from Liu et al,, 2018; Napier grass from Cai et al., 2020b.
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Material Moisture (%) (mEq/kg DM) Lg ctulg FM

Paper mulberry 81.25 4.14 89227 4.66 543

Mulberry 71.06 192 6373 411 5.68

Gliricidia 75.08 4.62 577.16 4.04 828

Leucaena 78.72 4.97 508.18 4.02 8.10

Moringa 80.20 488 506.71 356 3.87

WSC, water-soluble carbohydrate; LBC, lactic acid buffer capacity; DM, dry matter; cfu, colony-forming unit; EM, fresh matter. Harmful microbibe including aerobic bacteria, coliform bacteria,
yeast and mold.

Data cited from the following references:

Paper mulberry from Du et al., 2022b; Mulberry from Zhang et al., 2020; Gliricidia and leucaena from Du et al., 2022¢; Moringa from He et al., 2020.
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Data cited from the following references:

Paper mulberry from Singh et al., 1997; Cheng et al., 2001; Jitjaicham and Kusuktham, 2016; Hong et al., 2017; Si et al., 2018; Chen et al., 2020; Hao et al,, 2020; Wang etal., 2020; Dong etal., 2021;
Sheng et al., 2021; Tang et al., 2021; Xiong et al,, 2021; Ajayo et al,, 2022; Ma et al,, 2022; Wu et al, 2022,

Mulberry from Janardhan et al., 2008; Kandylis et al,, 2009; Dong et al., 2017; Kong et al., 2019 Amna et al., 2021; Ding et al., 2021; Liu et al., 2022; Magsood et al., 2022; Martinez et al., 2005;
Takasaki et al.,, 2011; Muck et al,, 2018; Wang et al, 2018; Song et al., 2021;
Gliricidia from Nallathambi Gunaseelan, 1988; Mpairwe et al., 1998; Srinivasulu et al., 1999; Phimphachanhvongsod and Ledin, 2002; Kagya-Agyemang et al., 2007; Hariyadi and Hartono, 2018;
Olugbenga et al., 2018; Isabel et al,, 2019; Aulanni’Am et al., 2021; Marsetyo et al., 2021; Zhang et al., 2022.

Leucaena from Hussain et al., 1991; Maasdorp et al,, 1999; Dana et al., 2000; Diaz et al., 2007; Giang et al., 2016; Harun et al,, 2017; Chigurupati et al., 2020;

Soedarjo and Borthakur, 1996; Santos-Ricalde et al., 2017; Tudsri et al,, 2019; Wang et al., 2021.

Moringa from Salem and Makkar, 2008; Mukumbo et al,, 2014; Santos-Ricalde et al., 2017; Kholif et al., 2018; Fulvia et al., 2019; Hossam et al,, 2019; Yang et al., 2020; Grosshagauer et al., 2021;
Wu et al,, 2021.
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